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Abstract: The innovative and environmentally friendly methodologies for
comprehensively enhancing the performances of high-strength steels without damage
to plasticity, toughness and heat/corrosion/fatigue resistance are being developed. In
recent years, nanoparticles elevate the field of high-strength steel. It is proposed that
nanoparticles have the potential to replace conventional semi-coherent intermetallic
compounds, carbides and alloying to optimize the steel. The fabrication process is
simplified and the cost is lower compared with the traditional methods. Considerable
research effort has been directed towards high-performance cast steels reinforced with
nanoparticles due to potential application in major engineering. Nanoparticles are found
to be capable of notably optimizing the nucleation behavior and precipitate process.
The prominently optimized microstructure configuration and performances of cast
steel can be acquired synchronously. In this review, the lattice matching and valence
electron criterion between diverse nanoparticles and steel are summarized, and the
existing various preparation methods are compared and analyzed. At present, there are
four main methods to introduce nanoparticles into steel: external nanoparticle method,
internal nanoparticle method, in-situ reaction method, and additive manufacturing
method. These four methods have their own advantages and limitations, respectively.
In this review, the synthesis, selection principle and strengthening mechanism of
nanoparticles in cast steels for the above four methods are discussed in detail.
Moreover, the main preparation methods and microstructure manipulation mechanism
of the steel reinforced with different nanoparticles have been systematically expatiated.
Finally, the development and future potential research directions of the application of
nanoparticles in cast steel are prospected.
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o date, iron and steel materials are still the most widely used metal materials
Tand structural materials '), The advantages of iron and steel materials are very
obvious, such as rich in resources, simple in production, low in cost, various and
stable in performance, and widely used. They play an important role in machinery and
engineering manufacturing . In recent years, mechanical engineering structures are
increasingly developing towards megatrends, such as large-span bridges, long-distance
oil and gas pipelines, super large ships and offshore drilling platforms . At the same
time, lightweight materials for the transportation and manufacturing industries, and the
demands of tools and moulds for high performance and long service life all put forward
the requirements of "high performance, high precision, easy processing, low cost
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and environmentally friendly" for iron and steel materials,
that is, to obtain high uniformity, fine microstructure and
consequently, high performances without increasing process
difficulty and production cost "\, High performance steel
represented by ultra-high strength steel is an urgent material
for national economy, national security and other key areas.
The main strengthening mechanisms of steel and other metal
materials are solution strengthening, dislocation strengthening,
grain refinement strengthening, second-phase dispersion
strengthening and phase transformation strengthening !>
refinement strengthening is the only way to improve the strength

1 Grain

and toughness of metals at the same time. Although second-
phase strengthening can improve the strength of the material,
it also can reduce the plasticity and toughness of the material.
The reason is that although the second phase can strengthen
the multiplication and interaction of dislocations, it also can
reduce the density of movable dislocations. However, the fine
second phase particle often has the effect of refining grains and
pinning grain boundaries to prevent microstructure coarsening,
which can offset the decrease of toughness "', Thus, except
the grain refinement strengthening, the second-phase dispersion
strengthening is the most preferred strengthening method.
Therefore, the grain refinement strengthening and second-phase
dispersion strengthening are the main methods of strengthening
and toughening metal materials "*.

In order to realize grain refinement strengthening and
second-phase dispersion strengthening, special technology is
needed. The second phase can be introduced or precipitated
in the steel matrix through alloying, heat treatment, addition
of nucleating agent, and reinforcement. It is found that nano-
sized reinforcement has a better strengthening effect than
micro-sized reinforcement. However, how to introduce nano-
sized reinforcement into the steel matrix to realize dispersion
distribution is a difficult problem because nanoparticles
are very difficult to disperse due to their high surface
energy. There is a specific gravity difference between the
reinforcement and the molten steel. How to fundamentally
solve the "bottleneck" problem that nanoparticles are difficult
to introduce into the molten steel and uniformly disperse, but
easy to be agglomerated and floated up, and how to realize the
uniform dispersion and efficient strengthening of nanoparticles
in the steel matrix, is a major problem. At present, there are
four main methods to introduce nanoparticles into steel:
external nanoparticle method, internal nanoparticle method,
in-situ reaction method, and additive manufacturing method.
These four methods have their own advantages and limitations,
respectively. In this paper, the above four methods will be
reviewed in detail, in order to give researchers inspiration.

In this review, the synthesis, type, selection principle,
and strengthening mechanism of nanoparticles in steel and
their further applications are summarized. The methods
of introducing nanoparticles into the steel matrix and the
mechanism of microstructure manipulation are systematically
expounded. Finally, the development and some potential
research directions in the future are prospected.
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1 Lattice matching and valence electron
criterion between nanoparticles and
steel

Whether as nucleation phase or strengthening phase, the
relationship between nanoparticles and crystal phase in
steel, such as lattice mismatch, valence electron, etc., has
important criteria for analyzing the nucleation efficiency and
strengthening effect.

The primary phase of molten steel during solidification can
be high temperature ferrite phase or austenite phase due to the
different carbon content. Therefore, in the calculation of this
study, the nucleation phases are 6-Fe (BCC) and y-Fe (FCC). In
this section, two-dimensional mismatches of various compounds
with y-Fe and 8-Fe at solidification temperature were
calculated. The relationship between lattice mismatches and the
effectiveness of heterogeneous nucleation catalyst was analyzed
and discussed. The research work of Pan et al. " showed that
the smaller the mismatch between the nucleation substrate
and nucleation phase, the more conducive to heterogeneous
nucleation. The logarithm of supercooling is approximately
linear with the two-dimensional mismatch of the nucleation
substrate and nucleation phase. If the mismatch 6 between
nucleation substrate and nucleation phase is less than 12%, the
heterogeneous nucleation effect is significant. The calculation

method of two-dimensional lattice mismatch is as follows "'
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where (hkl), is the low-index plane of nucleation substrate,
[uvw]; is the low-index direction in (hkl),, (hkl), is the low-index
plane of nucleated phase, [uvw], is the low-index direction in
(hkD),.
the interatomic distance along [uvw],, € is the angle between

s 18 the interatomic distance along [uvw],, .1, 18

[uvw], and [uvw],. The mismatches of 23 common compounds
(carbide, nitride, oxide and sulfide) with different low-index
crystal planes of 8-Fe and y-Fe in the process of metallurgy and
steel preparation at 1,500 °C were calculated. The minimum
mismatch between the nucleation substrate and the different
crystal planes of 8-Fe and y-Fe is taken as their mismatch, as
shown in Table 1.

Figure 1 shows the relationship between supercooling
degree and mismatch at 1,500 °C. It can be seen from Fig.
1 that the logarithm of supercooling is approximately linear
with the mismatch. Supercooling data measured by different
researchers can be divided into two groups. The data are
collected in Table 2. The logarithm of supercooling and the
corresponding mismatch data are regressed to two straight
lines, that is, the solid line in Fig. 1. The slopes of the two
straight lines are similar, but the intercept is different, which
may be due to different experimental methods by different
authors. Bramfitt " and Ohashi et al. ', the researchers of the
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Compound

Table 1: Crystallographic parameters of cubic, hexagonal and tetragonal compounds and their
mismatch with 5- Fe and y-F

Lattice type

16,18-20)
el ]

Lattice constant (nm)

Mismatch (%)

NDRY

o- Fe
y-Fe
Ca0O
CaS
MgO
MgS
MnO
MnS
NbC
NbN
TiC
TiN
TiO
VC
VN
ZrC
ZrN
CeO,
SiO,
Ce,0,
La,0,
Al,O,
Ti,O4
TiO,

ZrO,

Supercooling degree (°C)

Fm3m
Fm3m
Fm3m
Fm3m
Fm3m
Fm3m
Fm3m
Fm3m
Fm3m
Fm3m
Fm3m
Fm3m
Fm3m
Fm3m
Fm3m
Fm3m
Fd3m
P-3m1
P-3m1
P63mc
P63mc

P42/mnm

P42/nmc

a=0.48105
a=0.56903
a=0.42112
a=0.52033
a=0.44457
a=0.52233
a=0.44702
a=0.43934
a=0.43257
a=0.42419
a=0.41796
a=0.41819
a=0.41398
a=0.46961
a=0.45755
a=0.54112
a=0.71300
a=0.38910 ¢=0.60590
a=0.39381 ¢=0.61361

a=0.47589 ¢=1.29910

a=0.45937 ¢=0.295087

Fig. 1: Linear relationship between supercooling logarithm and mismatc
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11.72
16.98

2.16
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11.02
6.00
2.90
14.21
13.17
7.36
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0.77
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Table 2: Solidification supercooling of various substrates added

to 5-Fe 1'**
Measuring Nucleation Mismatch Supercooling Author
method substrate at 1,500 °C (%) degree (°C)
TiN 3.57 1.7 Bramfitt '")
TiC 5.32 1.8 Bramfitt ")
ZrN 11.42 7.0 Bramfitt '")
Andot zrc 14.25 136 Bramfitt "
Ce,0, 4.49 3.0 Ohashi #"
AlL,O, 8.04 13.9 Ohashi "
Sio, 14.02 29.5 Ohashi #"
MnO 9.49 52.7 Fischer ¥
Ce,0, 4.49 19.4 Takahashi #?
TiN 3.57 15.2 Nakajima **
e Gl Al,O4 8.04 35.0 Nakajima **
method Ti,0, 6.61 56.6 Nakajima
Ti,O4 6.61 28.7 Suzuki
ALLO, 8.04 51.6 Suzuki *
MgO 3.58 51.8 Suzuki #

first group of data, added substrate particles into 80 g and 300 g liquid
pure iron, respectively, by ingot method, then cooled and solidified,
and measured the supercooling degree. In the second group of data,
researchers Takahashi ) and Nakajima et al. " melt 0.22-0.32 g and
0.2 g pure iron, respectively, on the substrate surface into droplets, by
using the micro drop method; then cooled and solidified, and measured
the supercooling degree. By comparing the two sets of data, it can be
seen that the supercooling measured by the ingot method is significantly
lower than that measured by the micro drop method. It can be seen
from Fig. 1 that as the mismatch between the nucleation substrate
and d-Fe decreases, the solidification supercooling decreases. In other
words, the smaller the mismatch &, the more conducive of the iron to
heterogeneous nucleation. According to the lattice mismatch theory, the
smaller the mismatch 9, the greater the lattice matching degree between
the nucleation substrate and nucleation phase, the lower the interface
energy between the nucleation substrate and the nucleation phase, and
the greater the possibility of heterogeneous nucleation. The theoretical
description of lattice mismatch for the heterogeneous nucleation effect
of nucleation substrate on the nucleation phase is consistent with the
reality. The supercooling degree of 6-Fe homogeneous nucleation is
about 150 °C "%, After adding the substrate (such as tin, Ce,O;, etc.),
which has an obvious effect on the heterogeneous nucleation of 4-Fe,
the solidification supercooling of 8-Fe decreases to about 50 °C """
1 If the supercooling is less than 50 °C as the judging condition for
the obvious heterogeneous nucleation of §-Fe, according to the two
straight lines regressed in Fig. 1, it can be seen that the mismatch
& should be less than ~8% and ~18%, respectively. In this study, the
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criterion of heterogeneous nucleation mismatch was
determined according to the solid line. In other words,
in the micro drop method, when the mismatch & is
less than 8%, the nucleation substrate has an obvious
heterogeneous nucleation effect on the nucleation
phase. According to the criterion of mismatch §<8%,
the nucleation substrates which have significant effect
on the heterogeneous nucleation of -Fe phase are
VN, CaS, VC, TiO, La,0,, TiN, MgO, Ce,0,, TiC,
Ce0,, Ti,05, NbN. While, TiO,, ZrO,, Ti,0,, MgS,
Si0,, MnS, CaO, CeO, and Al,O; are the effective
nucleation substrates for the heterogeneous nucleation
of y- Fe phase.

It is impossible to explain the phenomenon that
TiC and CaS are the effective heterogeneous sites of
austenite dendrites in the process of non-equilibrium
solidification of austenitic steel by using the theory
of interface coherent correspondence. Liang et al. >
reported that the interface coherent correspondence
was not the essential requirement for the effective
catalyst substrate by using Yu's solid and molecule
empirical electron theory and the TFD (Thomas Fermi
Dirac) model improved by Cheng. Based on Tillen's
electrostatic effect theory, the valence electron model
of the heterogeneous nucleation of austenitic steel
were established. The model consists of three layers:
V-Fe hybrid state stable layer, V-Fe core double lattice
electron layer and core hybrid state stable layer. The
valence electron criterion for evaluating the catalyst
effectiveness of heterogeneous site was given. Based
on this, the catalyst effectiveness of VC, NbC, TiC,
TaC, ZrC, and CaS was investigated. The advantages
of catalyst effectiveness are: TiC > ZrC > CaS >
TaC > NbC > VC ! Compared with the results of
interface coherent theory, the catalyst effectiveness
obtained by the valence electron criterion is more
practical. At the same time, the wettability of VC,
NbC, TaC, ZrC and TiC substrates to Ni liquid and
the catalyst effectiveness of ZrC, TiC, TiN and TiO
substrates on heterogeneous nucleation of Au droplet
were evaluated. The calculated results are in good
agreement with the experimental results.

Tiller W et al. "’ pointed out that the uneven
distribution of free electrons between the nucleation
substrate and the nucleation phase results in the
migration of free electrons at the interface between the
nucleation substrate and the nucleation phase, and the
redistribution of free electrons results in the change of
energy y.. The greater the free electron mobility, the
larger the absolute value of y.. Because y, is always
negative, the smaller the interface energy between
the nucleation substrate and the nucleation phase, the
more likely the heterogeneous nucleation will occur.

In classical electron theory, the method of Bond
Length Difference (BLD) is used to calculate
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the valence electron structure of the constituent atoms in
molecules or solids. Therefore, the empirical formula of

covalent bond distance can be expressed as follows !'™:

D, (n,)=R,(1) + R(1) - pign, @
where u and v are the two bonding atoms, 7, is the value of
covalent bond electron pair on the covalent bond a. D, (n,)
is the bond length of the covalent bond a. R(1) and R (1) are
the half of the bond length of the single bond, respectively.
p is the parameter determined by the electron pair of the
strongest covalent bond. If the valence electron structure of the
constituent atoms in the selected molecules or solids is correct,
the distance of each covalent bond determined by the atomic
state parameters 7, (the number of covalent bond electron),
n, (the number of lattice electron), and R(1) (the half of the
bond length of the single covalent bond) should be consistent
with the corresponding covalent bond distance measured in
the experiment. From this, the valence electron structure of the
constituent atoms in molecules or solids can be determined.

The mobility of lattice electrons can be characterized by the
difference in the volume density of lattice electrons between
the nucleation substrate and the nucleation phases. Therefore,
the lattice electron density p can be proposed here. For a
structural unit of the crystal:

p= i Z nii (3)
Vo
where i represents each atom in the structural unit, while
>.n; is the total number of lattice electrons of all atoms in the
structural unit, and V is the volume of the structural unit.

In order to characterize the mobility of lattice electrons
between the nucleation substrate and the nucleation phase, the
characteristic parameter Ap is defined as follows:

2(,0 h— P s)
Pnt Ps
where p, and p, are the lattice electron density of the nucleation

substrate and the nucleation phase, respectively.
According to classical electron theory, the valence electron

Ap = 4)

structure of the constituent electrons of the nucleation substrate
and the nucleation phase is calculated by the method of bond
distance difference """, The data are listed in Table 3. According
to the calculated valence electron structure, the lattice electron
density p of the nucleation substrate and the nucleation phase,
and the characteristic parameter Ap between the nucleation
substrate and the nucleation phase are obtained. The data are
listed in Table 4. Based on the electrostatic interaction theory
and the classical electron theory, the larger the characteristic
parameter Ap between the nucleation substrate and the
nucleation phase, the greater the difference in the lattice electron
density between the nucleation substrate and the nucleation
phase. The greater the mobility of the lattice electron, the
better the heterogeneous nucleation effect. The experimental
results show that the heterogeneous nucleation effect of various
substrates relative to the nucleation phase described by the
empirical electron theory is in accordance with the reality.

In this section, the lattice matching and valence electron criteria

between various nanoparticles and steel are summarized. This will
provide guidance in the selection of nanosized reinforcements
for steel. In the following sections, the influence of various
nanoparticles on the microstructure and mechanical properties of
steels prepared by four different methods are summarized.

2 External nanoparticle method

While the typical production methods for metal-matrix
composites are difficult and expensive, the conventional
casting routes suffer from inhomogeneity and agglomeration
of the added nanoparticles. The addition of nanoparticles is the
simplest way to prepare nanoparticle reinforced steel “***. The
main bottleneck problems of the external nanoparticle method
are: (i) the nanoparticles are not easily introduced into the
molten steel, (ii) the nanoparticles easily agglomerate and hard
to disperse, and (iii) the nanoparticles easily float up due to the
high specific surface area of nanoparticles and the huge specific
gravity difference between the nanosized reinforcement and the
molten steel. In order to solve the above problems, the master
alloy containing pre-dispersed nanoparticles is used as the
carrier of nanoparticles. When the master alloy is added into the
alloy melt, the nanoparticles in the master alloy are gradually
dispersed into the molten steel with the dissolution of the matrix
alloy, which solves the appeal problem well.

Xiao et al. ® proposed to improve the microstructure, stability,
and the density of nano-sized NbC by adding Ti, and to prepare
surface-modified (NbTi)C nanoparticles to improve their
distribution uniformity in the steel molten. The composites were
produced by the following procedure: the (NbTi)C nanoparticles
combined with Fe powders were prepared by mechanical
alloying and high-energy ball milling. Then the (NbTi)C/Fe
composite powder was obtained in a vacuum tubular furnace.
Finally, the 1045 steel matrix composite modified with the (NbT1)
C nanoparticles was melted in a vacuum induction melting
and casting furnace to get the cast ingot, and then air cooled to
room temperature. With the addition of (NbTi)C nanoparticles,
the amount of ferrite increases, and the pearlite colonies are
separated by bulk ferrite, leading to the pearlite refining to an
irregular shape, and the cementite lamellae degenerating into
rod-like and dot-like shapes. The average diameter of (NbTi)C
particles is approximately 50-200 nm with ellipsoid shape, and
the mean grain size of the sample in which 0.14wt.% (NbTi)C
nanoparticles were added is dramatically refined and sharply
decreased to 34 um, while the average grain size of the as-cast
steel without (NbTi)C nanoparticles is about 184 pm. With the
increase of the number of (NbTi)C nanoparticles from Owt.% to
0.71wt.%, the hardness, yield strength and tensile strength of the
as-cast 1045 steel increase from 214 Hv to 277 Hv, 376 MPa to
535 MPa, and 499 MPa to 754 MPa, respectively.

Li et al. P fabricated the GCr15 bearing steel strengthened
by trace multiphase ceramic nanoparticles with the Fe-Nb-Cr-C
nanocrystalline alloy as carrier of nanoparticles, and prepared
by in-situ synthesis and rapid solidification. An alloy with the
same density as steel is easily directly added into the liquid
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Table 3: Calculated valence electron structure of the constituent atoms in nucleation
substrate and nucleation phase "

Nucleation substrate or

nucleation phase Hybridization R(1) (nm)
5-Fe Fe B11 0.11343 4.0021 1.3319
y-Fe Fe B11 0.11343 4.0021 1.3319
Al 4 0.11900 2.5296 0.4704
AlLO,
o 1 0.06432 6.0000 0
Ca 4 0.12446 1.4670 0.5330
CaO
o 2 0.07084 2.0000 0
Ca 4 0.12446 1.4670 0.5330
CaS
S 3 0.12144 2.0000 0
Ce 4 0.15720 2.1765 0.8235
Ce,0,
o 3 0.07775 6.0000 0
Ce 4 0.15720 2.1765 0.8235
CeO,
o 2 0.07084 6.0000 0
La 5 0.16212 2 e 0.7078
La,0,
o 2 0.07775 6.0000 0
Mg 3 0.12604 1.3022 0.6978
MgO
o 1 0.06432 6.0000 0
Mg 3 0.12604 1.3022 0.6978
MgS
S 3 0.12144 6.0000 0
Mn 9 0.12013 3.6203 0.6898
MnO
o 4 0.07895 2.0000 0
Mn 9 0.12013 3.6203 0.6898
MnS
s 2 0.07775 2.0000 0
Nb B3 0.13267 4.0377 0.9623
NbC
© 6 0.07630 4.0000 0
"~ Nb B3 0.13267 4.0377 0.9623
N 1 0.07165 3.0000 0
<o Si 4 0.11700 3.6638 0.3362
I
: o 1 0.06432 6.0000 0
o Ti B10 0.12373 3.3858 0.6142
I
C 6 0.07630 4.0000 0
o Ti B10 0.12373 3.3858 0.6142
|
o 2 0.07084 6.0000 0
Ti B10 0.12373 3.3858 0.6142
Ti,0,
o 3 0.7775 6.0000 0
o Ti B10 0.12373 3.3858 0.6142
I
: o 3 0.7775 6.0000 0
e Vv c7 0.11413 3.2609 1.4783
C 4 0.07630 3.6638 0.3362
W Vv c7 0.11413 3.2609 1.4783
N 1 0.07165 3.0000 0
e zr B10 0.14039 3.3858 0.6142
:
G 6 0.07630 4.0000 0
. zr B10 0.14039 3.3858 0.6142
’
N 1 0.07165 5.0000 0
o zr B10 0.14039 3.3858 0.6142
;
: o 3 0.07775 6.0000 0
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Table 4: Calculated lattice electron density p of the nucleation substrate and the nucleation phase, and

the characteristic parameter Ap between the nucleation substrate and nucleation phase

Electron density

Nucleation substrate

[18]

Characteristic parameter Characteristic parameter

p (enm?)

ALO, 2.216x10*
CaO 1.915x10*
CaS 1.157x10*
Ce,0, 2.073x10*
CeO, 2.079x10*
La,0, 1.718x10*
MgO 3.738x10*
MgS 1.981x10*
MnO 3.140x10*
MnS 1.936x10*
NbC 4.309x10*
NbN 4.539x10"
SiO, 0.736x10*
TiC 3.035x10*
TiN 3.219x10*
TiO 3.365x10*
Ti,O, 2.322x10*
TiO, 1.968x10*
VC 9.924x10*
VN 8.334x10*
ZrC 2.372x10*
ZrN 2.565x10*
ZrO, 1.738x10*

steel, so the main component of Fe-Nb-Cr-C nanocrystalline
alloy to refine GCr15 is iron. With 93.0wt.% cast iron, 6.5wt.%
pure niobium and 0.5wt.% pure chromium as raw materials,
Fe-Nb-Cr-C mother alloy is obtained in vacuum furnace. Then,
in the rapid vacuum quenching furnace, the master alloy is
made into ribbon by melt spun. The results show that a large
number of ceramic particles are distributed in the Fe-Nb-Cr-C
master alloy. Compared with the traditional treatment process,
after modification and heat treatment, the microstructure of
the GCrl5 has been significantly optimized as follows: the
matrix grain of GCrl5 is obviously refined, the number of
carbide particles is increased, and the sizes of all kinds of
carbide particles are reduced obviously. They found that the
heterogeneous nucleation of ceramic nanoparticles in bearing
steel and the Cr,C; nanoparticles in the master alloy induced the
formation of M,C; carbides in the matrix of GCrl5. Therefore,
the amount of the second phase is greatly increased and the
steel matrix is significantly strengthened. The hardness, wear
resistance, impact toughness and yield strength of the GCrl5
bearing steel have been significantly improved, respectively.
In particular, after adding nanoparticles, the tensile strength
of the tempered GCrl5 bearing steel reaches 2,025.7 MPa,

Ap (5-Fe) Ap (v-Fe)
1.345 1.354
1.421 1.429
1.629 1.634
1.380 1.389
1.379 1.388
1.473 1,480
1.006 1.019
1.404 1.412
1.131 1.142
1.415 1.424
0.896 0.910
0.854 0.868
1.756 1.759
1.154 1.165
1.114 1.126
1.083 1.095
1.319 1.328
1.407 1.416
0.131 0.148
0.303 0.320
1.307 1.316
1.261 1.271
1.467 1.475

and the elongation after fracture is about 1.54 times that of the
unmodified GCrl15. In conclusion, the addition of nanoparticles
can significantly refine the microstructure of the steel, increase
the amount of the second phase and improve the strength and
plasticity of the steel. It can be seen that the strengthening effect
of trace nanoparticles on steel is significant.

In authors’ previous work 7" the trace nanoparticle
reinforced cast 40Cr steel was also prepared by adding
nanoparticles into the molten steel based on pre-dispersed
nanosized bi-phase TiC-TiB,/Al master alloy. The master alloy
mainly contains a-Al, spherical TiC particles and prisms or
lamellar TiB, particles. The particles are separated by aluminum
without obvious agglomeration. The average particle size of
the mixed particles is 190 nm. The pre-dispersed nanosized bi-
phase TiC-TiB,/Al master alloy is put into the ladle, then the
molten steel is flushed into the ladle, the master alloy is melted,
and the nanoparticles are gradually dispersed in the molten steel.
The aluminum in the master alloy can also be simultaneously
used as an oxygen scavenger to react with oxygen to form AL,O;
at a high temperature. Then, the Al,O; is removed during the
melting process. This method not only successfully introduces
nanoparticles into the molten steel, but also contributes to the
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uniform dispersion of nanoparticles and the removal of oxygen
from the steel. The experimental results show that a series of
significant changes have taken place in the microstructure of
the steel: the ferrite-pearlite structure of the as-cast steel and the
bainite structure of the steel after heat treatment are refined, the
grain size is reduced, and the content of carbide nanoparticles
is increased remarkably. The refinement of the microstructure
is caused by the enhancement of nucleation and the inhibition
of the dendrite growth by the bi-phase TiC-TiB, nanoparticles.
The refined microstructure with evenly dispersed nanoparticles
offers better properties: yield strength (1,246 MPa), tensile
strength (1,469 MPa), fracture strain (9.4%), impact toughness
(20.3 J-cm™) and hardness (41 HRC) for the steel with 0.018
wt.% bi-phase TiC,-TiB, nanoparticles, which are increased by
15.4%, 31.2%, 4.4%, 11.5%, and 7.9% compared with the 40Cr
steels without nanoparticles.

The external addition method is to add the prepared fine
particles into the molten steel from the outside in the process of
melting or casting. Compared with in-situ precipitation method,
the size and quantity of the nanoparticles are more controllable.
There is no high requirement for the purity of molten steel,
the production process is simple, and the energy consumption
is low. Moreover, the nanoparticles play an important role in
refining the solidification microstructure of steel materials and
the subsequent hot working process "**”. Although there are still
some problems in the external nanoparticle method, the master
alloy method has achieved the introduction of nanoparticles into
the steel matrix successfully, and the effect on microstructure
manipulation and performance strengthening is significant.
This provides a new method for us to prepare trace nanoparticle
reinforced steels with a pre-dispersed nanoparticle master alloy.

3 Internal nanoparticle method

Internal nanoparticle method is the main method to prepare
nanoparticles strengthening steels. The traditional medium- and
high-carbon alloy steels can be regarded as internal nano-sized
carbide strengthening steels™*). In general, uniform dispersion
and precipitation of in-situ nanoparticles can be achieved by
optimization of the heat treatment process, deformation induced
precipitation, and alloying **!. Optimization of the heat
treatment process is the main method to control the precipitation
and distribution of nanoparticles. The microstructure of carbide-
free bainite/martensite steel is refined, and hydrogen diffuses
more slowly in the steel, thus improving the corrosion fatigue
property ““. Mazaheri et al. ' found that ultrafine equiaxed
ferrite and homogeneously distributed martensite islands
were acquired, and ultrahigh tensile strength and appropriate
ductility were obtained in cold-rolled dual phase steel by
intercritical annealing at 790 °C for 8 min and quenching with
water. In terms of 9Cr-1.7W-0.1C reduced activated ferritic-
martensitic steel which is usually operated at high temperature,
lower normalizing temperature will lead to more and finer
carbides, thus ensuring high yield strength “’. The size and
dispersity of the second phase dispersion such as precipitates
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and intermetallics also determine the performances of steels.
It is found that the dispersion of second phase particles can be
improved by repeated forging at high temperature. The excellent
creep resistance of Fe-Al alloys at high temperature is induced
by the uniform distribution of fine second phase particles .
Moreover, Ren et al. ! found that the second phase containing
Ti, Al, Si, Mn and S can serve as the nucleation sites of blisters
which have high binding energy to hydrogen. Under the
pressure of hydrogen, blisters can propagate discontinuously or
continuously. Xu et al. “” studied the nanoscale precipitation
and its influence on the strengthening mechanism in low-
carbon ultra-high strength steel, which was hot-rolled at
different temperatures and subjected to various isothermal aging
conditions. The steel has a yield strength of ~1,730 MPa and
elongation-to-failure of ~13% under the peak aging condition, of
which ~740 MPa is contributed by precipitation strengthening.

Combined with heat treatment in the process of deformation,
deformation induced precipitation can realize nano strengthening
in the process of profile preparation. Tian et al. ®” studied the
effect of deformation on the precipitation hardening behavior
of a 2.8 GPa maraging steel. The experimental steel was firstly
melted in a 300 kg vacuum induction furnace and then remelted
in a vacuum arc melting furnace. After homogenization at 1,250
°C for 24 h, the ingot was hot forged into 100 mm square rods at
1,100 °C followed by air-cooling. The bars cut from the forged
rods were solution treated at 850 °C for 1 h in a vacuum furnace
and then quenched with water. The specimens with a thickness
of 5 mm were cut from the quenched bar and then cold rolled to
a final thickness of 3 mm and 0.5 mm to achieve a 40% and 90%
thickness reduction at ambient temperature, respectively. Finally,
the specimens were aged at 480 °C for different times and then
air cooled to ambient temperature. The hardness of the quenched
specimen is 291.4 HV, which increases to 379.7 HV and 390.3
HV after 40% and 90% thickness reduction, respectively. The
typical lath martensite microstructure with high dislocations
density can be identified, while the matrix is clean without visible
precipitates. The specimens treated at peak aging condition
(quenched specimen) show dispersed nano-size precipitates in
the matrix, which are finally identified as Ni;(Ti, Mo).

On the basis of heat treatment process, it is a hot topic to
control the composition and size of precipitates by adding
certain elements or compounds. Kim et al. ©" reported that the
FeAl-type hard intermetallic compound (B2) was introduced as
the strengthening second phase into the high-aluminium low-
density steel to alleviate the harmful effect of intermetallic
compound on the ductility of Fe-based alloy by controlling its
morphology and dispersion. The high-specific-strength steel
(HSSS) sample was produced in an induction melting furnace
under argon atmosphere with a heat treatment process in the
order of homogenization, hot and cold rolling, annealing and
water quenching. When the local recrystallization proceeds
quickly during annealing, the B2 phase precipitates in the size
of 200-1000 nm at the grain boundaries of recrystallized fine
austenite to form the microstructure of fine particles distributed
between B2-stringer bands in the steel matrix. Otherwise, B2
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phase precipitates in the size of 50-300 nm along the shear
bands in the non-recrystallized coarse austenite grains. The
dislocations pile up or bend at the phase interface and the B2
particles are not sheared by gliding dislocations leading to high
work-hardening rate and ultrahigh yield strength. As shown in
Fig. 2, after thermal treated at 900 °C for 2 min and then cooled
at the rate of 30 °C-s™, the specific ultimate tensile strength, the
specific yield strength and the tensile elongation of the HSSS

are 227 MPa-g"'-cm’, 199 MPa-g"-cm’ and 20.3%, respectively,
which are 1.5 times, 1.7 times and 10 times that of 2000 series Al
alloy, respectively. Also, these properties are significantly higher
than those of the k-carbide-strengthened TRIPLEX steel and the
fully martensitic press hardening steel (PHS), and almost the
same strength as that of the Ti6Al4V titanium alloy with better
plasticity. It shows great potential of lightweight application.
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Fig. 2: (a) Specific ultimate tensile strength (SUTS) versus elongation to fracture of HSSS compared with press
hardening steel (PHS) and the available literature data ®*'** (AA2000 is a commercial aluminium alloy);
(b) Specific yield strength (SYS) versus density-compensated tensile toughness increased during uniform
elongation (UE) of HSSS compared with the selected metallic alloys with high specific strength '

This is also a way to achieve nano-TiC precipitation
by adding Ti element. Huang et al. *” used in-situ nano-
TiC particles to further enhance the wear resistance of
low alloy wear resistant steel without increasing hardness
to avoid deterioration of the forming, processing and
welding performance of the steel. The microstructure of
all steels after heat treatment is martensite, but with the
increase of Ti content, the martensite microstructure
becomes finer, and a large number of fine TiC particles
(300-400 nm in diameter) are distributed in the
martensite matrix. The higher the content of Ti in steel,
the higher the content of Ti dissolves and the finer the
particles generate. There are two types of nano-sized
TiC precipitation: spherical and cylindrical. Although
the TiC particles consumed the C element in the
matrix, thus reducing the hardness and strength of the
experimental steels, the wear resistance did not decrease.
In terms of wear performance, the mass loss is inversely
proportional to the TiC particle content. Specifically, the
microhardness of the 0.6 Ti steel and 0.015 Ti steel is
404 HBW and 507 HBW, respectively, while the mass
loss of the 0.6 Ti steel and 0.015 Ti steel is 2.1 g and
2.6 g, respectively. In Celada-Casero's work ", under
different isochronal conditions, decreasing the heating
rate will increase the volume fraction of nanometric
Ni,(Ti, Al) particles and promote the partial recovery
of martensite in 12Cr-9Ni-4Mo-2Cu-1Ti-0.4Al steel.
The microstructure heated at 0.1 °C-s” exhibits larger
precipitates than that austenitized at 10 °C-s”. Shi et al.

I investigated the microstructure evolution of in situ

nanoparticles and their effects on the mechanical properties of HSLA-
100 and the strengthening mechanism. During the experiment, as shown
in Fig. 3, the steel was melted in a vacuum melting furnace, and the Al
and Ti alloying elements were added in the form of Al and Ti compound
twisted wires to the melt by the trace-element regional supply method.
At the same time, argon was blown from the bottom before the last stage
of casting. The inclusions in the as-cast steel have a core-shell structure,
in which the core is mainly AL,O, with a small quantity of Ti and the
shell is MnS, as well as a small amount of CaS with an average size of
2 um. The second phase is Ti;O; with a monoclinic structure, whereas
the matrix is a body-centered cubic a-Fe structure. In addition, a large
number of nanoparticles are uniformly dispersed in the matrix with a
diameter of 5-10 nm. Chemical composition analysis shows that the

Al and Ti twisted wires

) .\r.rll ;
Convention feld

Ay =1 50m

Fig. 3: Schematic of the trace element regional supply
method, and the microstructure evolution in casting
and tempering process 3
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precipitates in the tempered steel are mainly Nb(C, N) and Ti,O;.
If there are no in situ nanoparticles, the Nb(C, N) can nucleate
on grain boundaries or dislocations. Gao et al. ! investigated
the deformation behaviors of Fe-0.18C-1.45Si-1.47Mn (wt.%)
a-iron nanopillars by in-situ transmission electron microscopy.
One nanopillar contains no Ti nor Mo (labeled Ti-Mo-free
steel), the other contains 0.1wt.% Ti and 0.19wt.% Mo (labeled
Ti-Mo-bearing steel). Result indicates that the Ti and Mo
promote the carbide to precipitate along the interphase. The in-
situ observation provides a direct evidence that the movement
of dislocations is limited by the interphase-precipitated nano
carbides, resulting in a small improvement of strain and a
significantly enhancement of strength.

Rare earth elements can not only purify the molten steel, but
also can significantly enhance the properties of steel by the oxide
nanoparticles formed during rare earth purification “***. The
creep property of 9Cr F/M steel was improved by the addition of
yttrium. Although the initial creep rates of 9Cr-0Y and 9Cr-0.3Y
are almost the same, the creep rupture life of 9Cr-0.3Y is about
2-3 times longer than that of 9Cr-0Y, and the longer the steady
state creep stage, the lower the minimum creep rate. During the
creep process, the grains and martensitic laths are coarsened.
M,;C, carbides, MX/M,X-type carbonitrides and Fe,W/Mo
Laves phase appeared along the boundary in both specimens. For
9Cr-0.3Y, due to the diffusion and local segregation of dissolved
yttrium and oxygen atoms at high temperature and the promotion
of creep stress, the nano-sized oxide clusters are formed during
creep. The softening of microstructure recovery is compensated
by the dispersion strengthening of nano-particles and the balance
of them is the reason for longer steady state creep stage of the
creep curves. In Qiu’s work ", martensitic laths were found
in Fe0.11C9.1Cr1.71W steel, and Y,O; precipitated on the lath
boundary. Y,O; precipitates with a size of approximately 180 nm
were observed at the sub-grain boundary. The presence of nano-
sized Y,O; indicates that the ESR process removes the larger
inclusions and retains the submicron-sized inclusions. Some Ti-
and W-containing precipitates with a size of about 20 nm were
also found in the alloy, which were identified as (Ti,W)C, while
in Zhan’s work " 'Y and Y-Zr were respectively added to 9Cr-
RAFM steel. The experiment was carried out in a vacuum casting
equipment with an electromagnetic stirrer. There are abundant
fine Y-S-O particles and Y-Zr-S-O particles in the two doped
steels, respectively. The density of fine particles (size < 500 nm)
in steels is about 1.06x10" and 9.82 x10'° m”, respectively.

According to the above introduction, nanoparticle reinforced
steel can be effectively prepared by adding alloying elements,
combining with appropriate plastic forming process and heat
treatment process. The method is simple and efficient, and
the effect of microstructure manipulation and strengthening is
remarkable. However, some alloying elements with high cost need
to be added, which is very sensitive to the heat treatment process.

4 In-situ reaction method

The most representative method of in-situ reaction method is
powder metallurgy ), but in the manufacturing process, there
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will be pollution, and it is difficult to prepare large-scale and
complex-shape structural components, and the cost is very
high. Considering the cost of adding alloying elements, it is
a very ingenious idea to use impurity elements in the steel-
making process to realize the purification of impurity elements,
transform impurity elements into treasure and form nanoparticles
for strengthening steel. Nanosized oxide dispersion-strengthened
steel is a special method developed from in-situ reaction method.
Nanosized in-situ oxide dispersion-strengthened (ODS) steel is
one of the most promising structural metal materials “*’*. The
stable nano-sized oxides with uniform dispersion can effectively
hinder dislocations and pin on grain boundaries. In order to
establish a fantastic microstructure and improve the performance
of ODS steel, a lot of research has been carried out. Through
previous studies ", it is found that the size and dispersion
of oxide, and the orientation relationship between oxide and
matrix are the main factors to optimize the microstructure and
performance of ODS steels. Zr was added to ODS steels ", the
precipitated oxide particles (rhombohedral Y,Zr;0,,) were in
fine sizes and coherent or semi-coherent with the matrix. The
fine precipitated particles can prevent dislocations from moving,
thus improving the strength and ductility simultaneously. The
nano-Y,Ti,O, particles are located at the grain boundaries ",
The oxide particles containing Cu, Y and O elements are located
inside the grains and precipitated in nano-sized. Most of the
particles gather in the Y-rich phase and wrap around the Cu-
rich phase. The Y-rich phase is semi-coherent with the matrix,
and the Cu-rich phase is beneficial to the precipitation of Y-rich
phase. Thus, the high-temperature mechanical properties are
improved due to the ultrafine grains and the nano-sized oxide
particles. Dou et al. " found that the dispersion of oxide
particles was significantly promoted and the formation of
Y-Al-O was inhibited due to the addition of Zr in Fe-15Cr-2W-
0.5Ti-7A1-0.4Zr-0.5Y,0; alloy. Besides, the oxide nanoparticles
composed of Y,Zr,0,, and Y,Zr,0, have a coherent or semi-
coherent relationship with the steel matrix. Hence, the strength,
irradiation damage resistance and corrosion resistance are
significantly optimized. ODS Eurofer steel strengthened by
Y-(Ce, Hf, La, Sc, and Zr) complex oxides ! was studied and
compared as well. It was found that the precipitates pinned on
the grain boundaries of ODS steel can refine the dispersoid.
The results show that the particle spacing is an important factor
to control the strengthening effect of dispersoid, that is, the
lower particle spacing has a greater contribution to the yield
strength. After Y-(Ce, Hf, La, Sc, and Zr) complex oxides
strengthening, the yield strength of ODS steel is improved, and
the microstructure with the finest size and the lowest particle
spacing has the highest strength. Nano-sized MnSiO; was
observed in austenitic stainless steel, and the grain growth was
hindered by Zener-pinning effect . At 1,200 °C, it was found
that the metastable Rhodonite particles transformed into stable
MnCr,0O,. In this way, nano-sized MnCr,0, particles were used
to refine the microstructure and enhance the strength. Adding
nano-TiO, particles into the weld bead has a great contribution
to the improvement of the strength, ductility and especially the
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toughness, which is mainly due to the increase of the size and
surface density of acicular ferrite with the increase of Ti content
in inclusions ", Gd,0, and Ti were added into nickel alloy by
mechanical alloying. Both the grains and precipitates (Gd,TiOs)
were refined, and the particle spacing was decreased. After the
addition, the distribution of precipitates is more uniform ", It is
also found that there is no intermetallic reaction at the interface
of Al,O,/steel, and the interface of nano-Al,O; particles and Mn-
Cr steel is well bonded. Their dissolution leads to the formation
of Ti-based nanoprecipitates, resulting in a good combination
of high strength and toughness. Thus, the strength of Mn-Cr
steel was improved by nano-Al,O;. In addition, the investigation
shows that the combination of CNTs and oxide nanoparticles
enables CNTs to be evenly distributed in the oxide matrix, which
is conductive to the tribological properties at high temperature
[ Heat treatment process also plays an important role in
the microstructure and properties of steel by influencing the
dissolution and precipitation process of the solute. The Fe-14Cr-
2W-0.3Ti-0.2V-0.07Ta-0.3Y,0; alloys with different annealing
times were studied. It is found that the microstructure and
the whole secondary phase can be controlled by adjusting the
annealing process. With the increase of annealing temperature,
M,,C; particles were dissolved and TiC precipitation was
promoted. No coarsening of Y,Ti,O, was found ™. Fe-14Cr
ODS alloy was prepared by mechanical alloying and spark
plasma sintering, and annealed at different temperatures. After
annealing at 600 °C for 5 h, the microstructure stability and
strengthening effect were significant *\. After austenitizing at
900 °C for 20 min, air cooling and tempering at 280 or 370 °C
for 2 h, the full martensite steel is transformed into carbide-free
bainite/martensite steel.

5 Additive manufacturing method

The conventional preparation process of ceramic nanoparticle
reinforced steel includes melting, dispersion and casting, but
due to the diversity of physicochemical properties of ceramic
particles and steel, it is easy to cause inhomogeneous dispersion
and poor interface combination.

In order to overcome these challenges, environmentally-
friendly additive manufacturing (known as 3D printing) has
been extensively investigated ****. Through computer design
and data processing, it is a low-cost, novel and booming
technology to obtain complex 3D components directly from the
stacked powder layer-by-layer. It is a highly nonequilibrium
solidification process. For the metal materials reinforced by
ceramic particles fabricated by this method, the content of
ceramic particles is usually very high. Selective laser melting is
one of the additive manufacturing methods that can realize rapid
solidification by high density laser beam and local melting ***"),

3D printing has become popular all over the world, but it is
currently most suitable for plastic and porous steel materials,
which are too weak for hard-core applications. Some new
technologies have been used to improve additive manufacturing
and to obtain more compact, precise and high-quality printed

parts, as shown in Fig. 4 (a) ™

have devised a way to 3D print tough and flexible stainless steel,
an advance that could lead to faster and cheaper way to make
everything from rocket engines to parts for nuclear reactors and
(%] "as shown in Fig. 4 (b). A series of complex cooling,
reheating and rolling steps achieves a material with a microscopic
structure with tightly packed alloy grains and thin boundaries
between the grains that create a cell-like structure. When the
metal is bent or stressed, the atom planes in the grains slide past
one another, sometimes leading to the interconnection of crystal

. At this point in time, researchers

oil rigs

defects and consequently the fracture. But strong boundaries can
prevent these defects, making the material tough but still flexible
enough to form the desired shape. The 3D printing researchers
from Lawrence Livermore National Laboratory have long been
attempting to reproduce this structure. They begin with a layer of
powdered metal alloy particles and place them on a flat surface.
Then, a computer-controlled high-power laser beam moves back
and forth on the surface. The particles are heated by the laser and
then melted and fused together. The surface then drops down
a step, another layer of powder is added, and the laser heating
process is repeated to bind the newly melted material to the layer
below. By repeating this tier-by-tier addition, engineers can build
complex shapes, such as rocket engines **.

316L stainless steel reinforced by nano-carbide ceramic
particles was successfully fabricated by selective laser melting ™.
The acquired microstructure is dense and defect free. The matrix
of austenite phase is ultrafine (0.5 pum), almost equiaxed, finer
than that of unreinforced steel, and the distribution of nano-
VC, reinforcement is uniform. Thus, the mechanical properties

(a)

Solidification. front

Ultrasonic sonotrode

(b))

Fig. 4: (a) Improved 3D printing technology, (b) a new
technique is set to strengthen the 3D printed
stainless steel parts, such as this rocket engine
component #*"1
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of the printed 316L steel are significantly improved. In the
0.5wt.% TiB,/S136 mould steel manufactured by selective laser
melting, TiB, particles formed annular nano-sized structures
with uniform distribution, with an average thickness of 350 nm,
which is conductive to grain refinement and grain-boundary
strengthening "', It is also found that flowability is an important
parameter for selective laser melting. As a solid lubricant, nano-
sized SiC improves the flowability of 316L steel powder. The
increase in hardness is due to the dissolution of SiC during heat
treatment ", In addition, the laser energy density used in the
selective laser melting process has an effect on the microstructure,
hardness and tribological behavior of metal materials. In 316L
steel reinforced by TiC, TiC is formed by a self-propagating
reaction driven by a large negative enthalpy during ball milling,
and the TiC nanoparticles can evenly distribute and refine the
microstructure. However, with the decrease of laser energy
density, microstructure tends to be finer due to the higher cooling
rate. The hardness and wear resistance also change with the
variation of laser energy density “”. Y,0, strengthened 316L
steel was prepared by selective laser melting, in which the nano
inclusions were finer and distributed uniformly. The effect of
Y,0; on dislocation pinning and segregation reduces the stress
concentration and delays necking, and simultaneously improves
the strength and ductility of 316L steel .

Laser metal deposition is another commonly used additive
manufacturing method driven by electron beam or laser,
which is used to fabricate near-net shaped structures of various
materials. Metallic wire or powder is deposited directly in the
molten pool, and different types of powder can be sprayed to
the designated location. The improvement of microstructure and
performance is realized. Oxide-dispersion strengthened steel
was also manufactured by laser metal deposition, and its density
was more than 99%. Compared with unreinforced steel, its high-

temperature compression strength has also been enhanced “***.
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6 Microstructure manipulation and
strengthening mechanisms of
steel reinforced by nanoparticles

Nanoparticles play an important role in solid-liquid phase
transformation. According to the previous calculation, the
heterogeneous nucleation effect depends on the interface energy
between the second phase particle substrate and the nucleation
phase. The smaller the interface energy is, the more conducive
to heterogeneous nucleation. The factors that affect the interface
energy are the lattice mismatch (3) and electrostatic potential
between nucleation substrate and nucleation phase, the chemical
properties and surface morphology of nanoparticles, etc. In
the solidification process, as shown in Fig. 5, the fine second
phase particles dispersed in the molten steel can be used as the
heterogeneous nucleation sites of the crystalline primary phase
to increase the nucleation rate. Meanwhile, some nanoparticles
that are not involved in nucleation will be trapped in the
dendrites by the solid-liquid interface, and most of them will
be adsorbed at the front of the solid-liquid interface, which will
hinder the growth of dendrites, so as to realize the refinement of
9% The grain refinement results
in the phenomenon of nucleation sites saturation. In the study

solidification microstructure !

of adding ZrC nanoparticles to the molten liquid of low carbon
steel, it is found that when the volume fraction of ZrC is more
than 0.5%, the nucleation sites will tend to be saturated, and
the effect of grain refinement is obviously weakened . At the
same time, the existence of nanoparticles is conducive to inhibit
the element segregation, which is beneficial to the refinement
and dispersion of precipitates; and the weakening of the as-
cast microstructure segregation is helpful to the diffusion and
uniformity of elements in the process of heat treatment.
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Fig. 5: Schematic illustration of the effects of nanoparticles on the dendritic growth during solid-liquid

phase transformation

The nanoparticles in the steel matrix also have a significant
effect on the solid-state transformation. In the process of hot
working, the fine second phase particles distributed in the steel
can hinder the growth of grains. The inhibition depends on the
pinning effect of particles on the grain boundary. The smaller
the size of nanoparticles and the larger the volume fraction of
nanoparticles, the more significant the pinning effect on the
grain boundary, and the finer the grains form ", For example,
the lattice mismatch between grains and nanoparticles is very
small, so the existence of nanoparticles is equal to the increase
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of nucleating particles, which can refine grains """, Due to the

fine microstructure obtained and the area of grain boundary
increased, the preferred nucleation position increases during the
transformation. At the same time, the second phase particles in
the grains can also become the nucleation site of grains, which
can significantly increase the nucleation rate, refine the grain and
promote its more uniformly distribution "*. It has been proved
that Ti,O, is an effective core for heterogeneous nucleation of
intragranular ferrite. Low carbon steel containing Ti,O4 can
form lath-like intragranular ferrite with disordered orientation



Special Review [IFFTN]Y

Vol.17 No.2 March 2020

FOUNDRY

and cross each other, i.e. acicular ferrite "), Similarly, as shown
in Fig. 6, the existence of nanoparticles can promote martensitic
transformation, and the distribution of nanoparticles along the
martensitic lath can effectively improve the high temperature
stability of martensitic structure.

The main strengthening mechanisms of steel reinforced
by nanoparticles are grain refinement strengthening, second

Austenite

phase strengthening and comprehensive strengthening of
microstructure. Second phase strengthening is the most
important strengthening mechanism. Therefore, the reduction
degree of ductility caused by the second phase increases with the
increase of particle size and volume fraction, but the resulting
reduction can be offset by grain refinement ",

Formation of martensite
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Fig. 6:

Schematic illustration showing the effects of nanoparticles on martensitic transformation and

precipitated phase during the solid-state phase transformation

7 Summary

In recent years, construction for energy, ocean, aviation,
equipment, bridges, and other industries has obviously shown a
trend toward large-scale and heavy-duty, and the corresponding
demand for high-strength and large-scale key basic materials
of iron and steel is very urgent. However, with the increase
of strength, it is very difficult to improve the comprehensive
properties of materials, such as plasticity and toughness,
weldability, fatigue resistance, heat resistance/corrosion
resistance. The demand for high-quality and high-performance
structural materials promotes the innovation demand for efficient
strengthening means. The existing ultra-high strength steel is
mainly based on the semi coherent intermetallics precipitates
and carbides to achieve ultra-high strength. However, the
strengthening design of this kind of ultra-high strength steel,
which is determined by the interaction of elastic distortion field
and dislocation, not only needs to add a lot of expensive alloying
elements, but also needs to be melted under harsh conditions.
The heat treatment process is complex, the cost is high, and the
service safety and reliability also need to be improved. All of
these have greatly restricted the application and development
of ultra-high strength steel. Therefore, it is an important way
to make a breakthrough in the research of new generation of
high strength steel by developing innovative strengthening

and toughening methods and innovative alloy composition
design. At the technical level, it is still an important research
direction to explore new methods of nanoparticle high-efficiency
strengthening steel. Though there are still some problems
with the external particles, but they can stabilize the particle
composition and have little influence on the heat treatment
process. Meanwhile, in the process of liquid-solid transformation,
the external particles can play the role of nucleation and control
the growth of dendrites. Therefore, it is still a major research area
to develop new methods for efficient addition and dispersion of
nanoparticles. At the same time, the action mechanism of the
external particles and steel matrix on the nucleation and dendrite
growth is also an important part of basic scientific research.

In the aspect of in-situ nanoparticles, the acquisition of
nano-sized reinforcement with coherent relationship with steel
matrix is especially the main development direction. On the
one hand, it can significantly reduce the nucleation barrier of
the precipitated phase, promote the uniform distribution of the
precipitated phase with high density and good thermal stability,
and effectively alleviate the micro elastic distortion around
the reinforced particles, consequently improving the macro
uniform plastic deformation ability of material. On the other
hand, the reinforced phase can effectively prevent dislocation
cutting, so as to obtain a new type of aging steel with excellent
comprehensive properties. It also opens up a new research
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idea for the development of other ultra-high strength materials.
The phase transformation kinetics, strengthening mechanism,
size and microstructure characteristics of the nano-sized
reinforcements and the compound precipitation in the matrix
need further study. Scientific problems such as precipitation
behavior and mechanism, the interface structure between
precipitation and matrix under plastic deformation, and the
temperature field fluctuation of nano-sized reinforcements and
compound precipitation all will become research hot topics.

In the field of additive manufacturing (under extreme non-
equilibrium solidification), the influence of nanoparticles on
the solid-liquid phase transformation and solid-solid phase
transformation in steel has been studied. But, the precipitation
behavior and mechanism of nano precipitates under the
condition of extreme non-equilibrium solidification are still not
clear, which will be an important research direction and content
in the future. The application properties and strengthening
mechanism of nanoparticle reinforced steel, such as plasticity
and toughness, creep resistance, heat/corrosion resistance, wear
resistance, weldability, fatigue resistance and so on, are also hot
topics. In the future, it will be an important research content to
control the coarsening of HAZ (heat affected zone), stabilize the
microstructure of the weld and HAZ, and improve the welding
efficiency of nanoparticle reinforced steel.

[105]

Overall, as Professor Greer concluded in a review:

"Studies of the effects of nanoparticles added to melts have
opened a new field of research." Relevant researchers are invited
to keep up with the trends and look forward to the breakthrough
of basic research and the implementation of major engineering
applications in the field of nano-strengthening metals, so as to
benefit our world.
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