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Abstract: Steel has a dominant position among other engineering materials
due to its abundance and the easiness of achieving a variety of properties with
different treatments, low cost, and recycling possibilities. Today’s modern en-
gineering tends to develop new innovative materials that will have superior
properties at a reasonable cost when compared to conventional steel. The de-
velopment of advanced characterization methods on a small measuring scale
and computational material design has increased the possibilities and interest
in implementing nanotechnology in steel. Steel’s microstructure can be mani-
pulated at the nanometer scale, resulting in significant advancement in proper-
ties. Nevertheless, there are still many challenges to overcome, such as man-
ufacturing large components of bulk nanocrystalline steel, and nanostructured
steels have high strength and low ductility, making them difficult for certain
applications and thus commercialization. This paper provides a review of the
new emerging nanoengineered steels, with discussions on properties and po-
tential applications. The era of nanoengineered steel has only recently begun,
and its adoption is expected to accelerate in the coming years as new research
findings demonstrate significant benefits.

Keywords: properties, nanoengineered steel, innovative, processing, micro-
structure.

1. INTRODUCTION

Steel metal alloy is the most important material on the planet, widely used in
a wide range of market sectors and industries, including buildings, infrastructure,
manufacturing and electrical equipment, transportation, and all types of metal prod-
ucts that we use every day. It is considered the most sustainable material in construc-
tion and structural engineering because it can be recycled and reused without com-
promising its properties, and it has the highest weight-strength ratio when compared
to other construction materials [1]. However, the constant need for advancement in
today’s society has led researchers and engineers to implement innovative techno-
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logies for further advancement in steel weldability, and mechanical and corrosion
resistance properties. In general, a good combination of properties at a low cost is
preferable. Higher strength with good formability, weldability, wear, and fracture re-
sistance sounds impossible, but nanotechnology may make it possible. Various types
of properties can be obtained by manipulating metal material on a micro-scale, but
with nanotechnology, changes in composition, size, and shape of structure are done
on a nanoscale, opening new possibilities, and potentially resulting in completely
new properties. It is also critical to understand that every advancement in the prop-
erties of steel or other construction materials will result in the use of thinner compo-
nents and the reduction of natural resources, both of which are critical for protecting
and preserving the environment.

Steel is used in the construction industry on bridges and buildings that are
subjected to cyclic loading, which causes stress concentrations, crack initiation,
and structural failure [2]. Adding copper nanoparticles to steel, according to re-
search, reduces surface irregularities and stress risers [3][4]. This will reduce crack
initiation and failure, resulting in increased safety with less monitoring and an
increase in structure lifespan. When subjected to higher loading, tempered mar-
tensite steel is very sensitive to hydrogen, resulting in delayed fractures in steel
bolts, limiting their strength to 1200MPa [4]. Improvements in delayed fracture
problems are achieved by incorporating vanadium and molybdenum nanoparti-
cles in high-strength bolts because the particles reduce the influence of hydrogen
embrittlement and the inter-granular cementite phase [4].

Nanoparticles can improve steel’s corrosion resistance, making it more durable
than traditional isolations [5]. Furthermore, the addition of calcium and magnesium
nanoparticles improves the heat-affected zone grains [5]. These are just a few ex-
amples of useful applications of nanoparticles on steel to give you an idea of the
possibilities that nanotechnology offers. Steel research has a long history, but there
are still existing problems and new demands that must be addressed. This paper sum-
marizes current research and advancements in nanoengineered steel, with a focus on
property enhancement and application.

2. NANOENGINEERED STEEL DEVELOPMENT AND PROPERTIES

The primary consideration in the design of steel structures is the selection of
steel based on strength, as it is the most fundamental mechanical property, as well
as the awareness of additional treatments and strengthening options. In general, a
recent discovery indicates that removing imperfections or defects can significantly
increase the strength of crystal materials [6]. As the volume of the material lowers,
the strength of the crystals goes up, increasing the probability of avoiding defects. In
fact, ultra-high strength in steel can be achieved by either narrowing crystals to the
point where they are defect-free or by introducing a relatively high density of defects
to form dislocation motion barriers [7].
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Carbon steel wire production is an excellent example of macroscale nanoengi-
neered steel. It is made by drawing high carbon pearlitic steel wire and subjecting
it to severe plastic deformation, which multiplies dislocations and produces a dense
dislocation substructure. The nano-scaled structure of cementite includes amorphous
and nano-crystalline regions, as well as ferrite with a high dislocation density and su-
persaturated carbon atoms [8] The pearlitic wires are suitable for use in automobile
tires and bridges, with a maximum strength of 4000 MPa [8]. Although the potential
of nano-engineered steel is enormous and obvious, mass production of bulk nano-
crystalline steel with good properties at a low cost remains difficult.

Today, there are numerous novel methods for producing nanoengineered steels.
With the introduction of new analytical tools for the atomic-level characterization
of steel microstructures, such as aberration-corrected scanning transmission elec-
tron microscopy (STEM) and atom probe tomography (APT), new opportunities for
detailed analysis of nano-scaled precipitates, their interaction with dislocations, and
the microstructural cluster of solute atoms have emerged. The design has evolved
from a single type of nanoparticle precipitation to a combination of two or more
types with different compositions, crystal structures, and properties, resulting in a
very good combination of properties on a macroscopic level [8]. The subsequent
section describes and summarizes the various processing methodologies and alloy
development aspects that are currently being investigated for nanoengineered steel
fabrication.

Bottom-up and top-down methods can be used to create nanoengineered met-
als. Bottom-up materials are assembled by agglomerating atoms and molecules using
vapor deposition or fast solidification, whereas top-down materials are refined using
severe plastic deformation (SPD)[9]. SPD is used in techniques such as high-pres-
sure torsion (HPT) and equal channel angular extrusion processing (ECAP), which
transform a bulk material into a new one with nanocrystalline properties. SPD tech-
niques are excellent choices for nanoscale grain size refinement, resulting in excep-
tionally high strength in conventional steels and low tensile ductility [10]. There is
also a method for improving workpiece properties based on surface modification
by friction, which employs tools similar to those used in friction welding [9]. Ther-
momechanical controlled processing (TMCP) is a method of controlling the nano-
structure through precipitation hardening, hot rolling, and cooling [10]. To create a
thermally stable twin structure on the nanoscale, plastically strained nanoengineered
steels, such as high-manganese TWIP steels, are used. If further treated for recovery
or work hardening, this can result in a very good yield and tensile strength combi-
nation [10].

In addition, there is growing interest in the phase-reversion transformation ap-
proach for producing austenitic stainless-steel microstructures composed of nano
and ultra-fine grains [10][11]. This method employs severe deformation to induce
strain-induced transformation of austenite to martensite, which is then reverted to
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austenite via reversion annealing. This is accomplished through reversion diffusion
or the martensitic shared reversion mechanism [11]. The nano-grained/ultra-fine
structures exhibit a remarkable combination of strength and ductility [10]. The mi-
crostructure results in high yield strength and excellent elongation when deformation
and phase reversion annealing are optimized [11]. Another approach to achieving
martensite steel is through a computational design, in which computational models
are created and used to control alloy chemistry, temperatures, cryogenic treatment,
and multi-step aging for the purpose of improving the mechanical properties and
corrosion resistance of steel [9],[12].

In manufacturing, there are solid-state processing techniques known as me-
chanical alloying and consolidation mechanical alloying that involve alloying iron
and carbon powders with high-energy ball milling [9]. Some techniques also in-
volve repeated cold welding, fracturing, and rewelding of powder particles in a
high-energy ball mill [13]. According to the research in the article [13], nanocrys-
talline phases are produced in nearly every alloying system, grain refinement can
be up to the nano-level, and materials such as nanocomposites and metallic glasses
can be produced, additionally, this process can be used to synthesize some ad-
vanced materials. Combination of transformation-induced plasticity (TRIP) effect
with maraging treatment in Fe- Mn base alloy system is also a methodology that
is used for nano-crystallization of steel. The steels are low-carbon (below 0.02%)
martensitic mix with the addition of intermetallic nanoparticles such as Ni, Ti, Al,
Mo. Strength can be enhanced by the formation of nanosized precipitation, and it is
important for ductility. This approach is a combination of precipitation hardening
with TRIP effect providing steels with good strength and ductility at a low cost.

Surface nano-crystallization of steel is a method of producing a surface layer
by subjecting the steel to surface treatment without changing its composition. A new
generation of bainitic steels has also been developed using accurate phase trans-
formation theory for bainitic reaction. At various levels, a new variant of bainitic
steels known as NANOBAIN has been studied with plenty of remarkable micro-
structural features and properties. The ductility of nanostructured bainite is generally
improved by increasing the bainitic treatment temperature, and also with moderate
work-hardening and higher damage resistance, the total elongation of nanostructured
bainite improves [14]. High stresses, on the other hand, cause brittle fractures of the
material in samples with lower ductility long before plastic instability is predicted.
In some cases, delaying the formation of the necking by increasing the incremen-
tal work-hardening rate at later stages of the uniform deformation region increases
uniform elongation. Fig. 1 is an example of developed nanostructured bainite after
isothermal treatment [15].
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Figure 1 Typical nanostructured bainite microstructure obtained in the 0.8C alloy after
isothermal treatment at a) 220 °C and b) 270 °C [14].

Triplex steels are based on Fe-Mn-C-AL with an austenitic FCC matrix and 8%
ferrite and nano-sized carbides that are orderly distributed in the matrix and have
high strength, formability, and energy absorption capacity [9]. Glassy ferrous alloys,
which are metallic glasses that have been devitrified with heating above crystalli-
zation temperature, are also being developed [9]. These can be used in coatings as
powders to increase wear and corrosion resistance [9].

3. APPLICATION OF NANOENGINEERED STEELS

Nanoengineered steel is widely used in defense (ballistic armor), aerospace
(lending gears), medical (needles and clips), sports (bike frames), oil and gas (pipe-
line steel), nuclear (fuel cladding tubes for nuclear reactor), power (exhaust com-
ponents heavy-duty diesel engines), automotive (body-structural and safety parts),
industrial (cutting tools, bearings), and many other fields [9]. The interest in using
nanostructured steel is at its highest point, attracting and motivating industrial com-
panies to use the benefits of nanostructured steel through innovative approaches at
an affordable price. Steel metallurgy has progressed in recent years, resulting in high
yield strengths, ductility, and toughness of conventional steel, all of which are im-
portant in applications such as the automotive and aerospace industries [16]. When
used in extreme conditions such as nuclear fusion power plants and space vehicles,
nano-engineered steels have good mechanical properties [16].

There are several advantages and motivations for using nanoengineered steel
in the transportation sector to increase strength levels. Ultra-fine grain size steels
are ideal for achieving weight reduction, increased fuel efficiency, and a corre-
sponding reduction in CO2 emissions [9]. TRIP - Maraging steels are ideal for
lighter vehicles due to their improved impact resistance and formability [9]. They
can also be used in anti-seismic dampers and self-adjusting turbine blades because
they exhibit the shape memory effect [16]. They can provide greater radiation-in-
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duced embrittlement resistance, greater survivability in a neutron radiation envi-
ronment, and higher creep strength in the nuclear industry [9]. Higher operating
temperatures can improve economic performance and also result in increased safe-
ty, dependability, and lower emissions.

In the power generation, mining, cement, and concrete industries, nano-engi-
neered steels reduce erosion, corrosion, and wear [9]. So far, experience with car-
bon-rich ultra-high-strength steels has resulted in brittle fractures and poor weld-
ability due to rapid cooling. These issues do not arise in the case of nanoengineered
steels strengthened by nanoscale precipitates because the carbon content is low,
making them an excellent choice for additive manufacturing and re-manufacturing
of complex geometries in the automotive, locomotive, and marine industries [16].

At temperatures around 500°C, nanostructured steels can be used; above this
temperature, precipitates grow or dissolute, and dislocations can climb over them,
resulting in softening and creep deformations [16]. At cryogenic temperatures, they
have low impact toughness. According to research, the right chemistry and precipi-
tate size plays an important role in the structure and thus properties of the materials
[16]. Nanoengineered steels are providing enhanced corrosion resistance for high
strength and toughness steels in aerospace and the navy [9].

4. CONCLUSIONS

The development of nanoengineered steels is still in its early stages, and more
research into design strategies and manufacturing techniques for production is re-
quired. There is no doubt that exceptional strength properties are possible; however,
ductility requires further improvement. Furthermore, significant investments and ap-
plication development are required for commercial viability to expand the applica-
tion of nanoengineered steels.

This review summarizes current knowledge on the methodologies used to cre-
ate nanoengineered steels, the properties obtained, and the key benefits of their use
in various industries. Numerous analytical material characterization and computa-
tional techniques are being developed to better understand the complex evolution
sequences from solid solution, clustering, and precipitation. Nanoscale features play
an important role in controlling mechanical properties, which is why more research
on strengthening mechanisms is needed.
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HAHOUWHXKEHEPCKU YEJIUILIUA:
OCOBHUHE N TIPUMJEHA

Enucasera Jlonuesa, Anekcanapa Kpcrescka

Casxerak: Yennk nMa JOMUHAHTHY MO3HUIH]y Meljy OCTaIUM HHKCHEPCKHM
MarepujasumMa 300T Tora MITo Ta MMa y n300HIbY, pa3IMYKuTa CBOjCTBA CE JIAKO
MOTy NOCTUNH Pa3INYUTUM TPETMaHUMa, HMa HUCKY [IMjeHy 1 MOTYRHOCT pe-
LUKJIaXe. JlaHanmy caBpeMEeHN MHKESHEPUHT TEXKH Jla pa3BHje HOBE WHOBA-
THUBHE MarepHjajie Koju he nMartH cyrnepuopHa CBOjCTBa MO Pa3syMHOj IIEHH, Y
nopehemy ca KOHBEHIIMOHAIHUM YeJIMKOM. Pa3Boj HanpenHUX MeToza 3a Ka-
paxkTepuzalmjy y MajiuM MjEpHUM jeJIMHHIIAMa, K0 M KOMITJyTePCKH JTU3ajH
Marepujaia, nopehaiau cy MOryhHOCTH M MHTEpECOBambe 3a UMILUIEMEHTALN]Y
HAHOTEXHOJIOTHje Y YenuK. Pa3Boj HampeaHnx MeTona 3a KapakTepusanujy y
MaJIUM MjE€pPHUM jeJMHHUIIaMa, Ka0 M KOMIJYTEpCKH JIU3ajH Marepujajia, Io-
Behanm cy MoryhHOCTH M MHTEpecOBame 3a UMIUIEMEHTAIIN]y HAHOTEXHOJIO-
ruje y uesuk. MUKpOCTPYKTypOM YeMKa MOXKE C€ MaHMITYJIMCAaTH Ha HaHO-
pasMepH, IITO Pe3yITHpa 3HAYajHUM MOO0JbIIAkeM CBOjcTaBa. MelyTum, jorr
YBHjEK MMa MHOTO M3a30Ba Koje Tpeba npeBaszuhiu, Kao MITo je IPOU3BO/IbHa Be-
JIMKUX KOMITOHEHTH OJl HAHOKPUCTAIHOT YeJIHKa, TaKol)e HAHOCTPYKTypHpaHH
YEJUIM UMajy BUCOKY YBPCTONY M HHCKY TYKTHIIHOCT, IITO OTEXKAaBa HHXOBY
MIPUMEHY, a CaMMM THUM M KoMeprujanuzanujy. OBaj paj aaje mperie] HOBUX
HaHOMHKEHEPCKHUX YEJIMKa, Ca JTUCKYCHjOM O CBOJCTBMMA U IOTEHIIMjATHIM
npumeHama. Epa HaHO-NIpoM3BeIEHOT YeNrKa je Modesia HEeAaBHO, a OYeKyje
ce na he ce meroBo ycBajambe yOp3aTH y HapeJIHUM TOJMHAMA MOIITO HOBA
HCTpaKUBaIba MOKa3yjy 3Ha4ajHe MPEIHOCTH.

Kibyune peun: cBojcTBa, HAHOWHKEHEPCKU UMK, HHOBAaTHBHOCT, 00paja,
MHKPOCTPYKTYpa.
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