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Technological Properties and Applications
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Abstract: Steels belong to the most popular structural materials. Depending on
their chemical compositions and applied heat or thermo-mechanical treatment,
steels are characterised by various microstructures as well as diverse mechanical
and functional properties. Recent years have seen the significant development
related to the design of chemical compositions and manufacturing technologies
used in the production of nanostructural steels. The article describes the meth-
ods used when manufacturing nanostructural steels and presents characteristics
of selected i.e. high-strength nanobainitic steels in terms of their microstructure
as well as mechanical and functional properties. The second part of the article
is concerned with the present and prospective applications of nanobainitic steel
products as well as summarises information found in related reference publica-
tions regarding the above-named steels.
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Introduction energy at sub-zero temperatures (within the

Recent years have seen the significant develop- range of -40°cC to -60°c). Other, simultaneous-
ment of steels characterised by high strength ly performed, research works are concerned
(R,>1500 MPa). The aforesaid trend results with new steel grades characterised by strength
from the growing demand for structures ex- exceeding 2000 MPa or steels having lower
posed to higher stresses, where the use of high- strength, yet characterised by unique opera-
strength steels is profitable both in terms of tional properties such as high abrasive wear
cost efficiency and operational properties (e.g. resistance or fatigue. An important issue re-
frameworks of high-rise buildings, self-pro- lated to production technologies enabling to
pelled cranes and construction equipment). obtain the high-strength characterised by re-
To provide high structural safety within a wide quired operational properties, the minimum
range of operational properties, high-strength use of alloying elements and the lowest possi-
steels should be characterised by high impact ble manufacturing costs.
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Primary parameters characterising structur-
al steels (subjected to various stresses/loads)
include tensile strength, yield strenght, total
elongation, impact toughness and crack resist-
ance. To achieve the specified requirements
numerous research works are carried out con-
cerning the design of high-strength structur-
al steels without compromising required crack
resistance at sub-zero temperatures. In addi-
tion, the aforesaid steels should be character-
ised by high weldability and other technological
properties including cold formability, in-use
stability etc. In recent years, the development
of structural steels has been concerned with
quenched and tempered grades such as s690q,
$890Q, $960Q, s1100Q and s1300Q as well as
with TMcP (thermomechanicaly controlled pro-
cessed) steels characterised by higher tough-
ness (8355M, S460M S500M, S700M and S1100M).
Figure 1 presents the chronological develop-
ment of structural steel grades presently used
in welded structures.
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Fig. 1. Development of quenched and tempered structural
steels and TMCP steels [1]

The industrially made steels and iron-based
alloys characterised by the highest yield strength
are maraging type steels (e.g.: X2NiCoMo18-8-5,
X2NiCoMo18-9-5, X2NiCoMoTil8-12-4 and
X3NiCoMoTil8-9-5), where R, amounts to
up to 2.4 GPa without compromising applica-
ble ductility (As=5+6%). Other research works
are concerned with the development of marag-
ing type steel having a yield strength exceeding
3.8 GPa (MSs500-550ksi) [2]. Figure 2 presents
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the maximum yield strength values in relation

to the primary groups of structural steel grades

made industrially and used when making weld-
ed structures or machinery elements. The yield

strength and tensile strength are important

properties of steels, yet, presently, significant em-
phasis is given to the development of steels char-
acterised by higher crack resistance, particularly
atlow temperatures, without compromising the

highest possible strength. In addition, it is not
less important to develop a production tech-
nology enabling to achieve the highest possible

strength and ductility with the lowest possible

addition of alloying elements, increasing pro-
duction costs and, usually, worsening the weld-
ability of steels.
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Fig. 2. Maximum yield strength values of structural steel
grades presently obtainable in industrial conditions: 1 — IF
type steels; 2 — ferritic-pearlitic conventional; 3 - pearlit-
ic-ferritic medium-carbon microalloyed; 4 — low-carbon
microalloyed/low-alloy having the ferritic/bainitic struc-
ture; 5 — low-alloy multi-phase (ferrite/bainite/martens-
ite); 6 — pearlitic microalloyed/low-alloy; 7 — low-carbon
low-alloy/medium-alloy having the microstructure of
lath (dislocation) martensite; 8 — alloyed quenched and
tempered; 9 — classical maraging [3]

It can be assumed that the maximum strength
obtainable in relation to iron and its alloys is
the strength of the Fe-a whiskers amounting
to approximately 13 GPa. It should be empha-
sized that the size of the cross-section of test-
ed whiskers did not exceed 8 um, whereas its
maximum length amounted to 20 mm [4]. For
this reason, the making of a structural material
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having the structure of the whisker is highly un-
likely. In general, it can be stated that the great-
er the necessary cross-section of a structural
element, the more difficult it is to obtain a mi-
crostructure characterised by the satisfactory
combination of high strength and high ductil-
ity. In relation to small cross-sections of metal-
lic products it is possible to obtain a very high
yield strength of up to 5.5 GPa (thin steel wire
subjected to very high cold strain in the process
of drawing) [5]. However, because of the very
small cross-section, the usability of the above-
named product is very limited.

In Figure 3, numbers 12, 13 and 14 designate
new classes of potentially applicable steels char-
acterised by the highest presently obtainable
yield strength [3]. Based on results of tests con-
cerning steels and alloys of group 13 and 14 it
can be stated that nearing a yield strength of
approximately 3.5 GPa is accompanied by a de-
crease in ductility to a value close to zero. In
view of the foregoing it can be concluded that
the primary challenge in relation to research on
the development of ultrahigh-strength struc-
tural steels and iron alloys is the development of
methods making it possible to increase the duc-
tility of the above-named steels and alloys. The
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Fig. 3. Maximum presently obtainable yield strength
values of steels and iron alloys at the stage of research and
development: 10 — unalloyed/low-alloy ferritic/bainitic ul-
trafine-grained; 11 — unalloyed/low-alloy ferritic/bainitic
nanograined; 12 - high-carbon alloy having the nanolath
bainite structure; 13 — ultrahigh-strength maraging; 14 -

amorphous alloy; 15 — Fe-a whiskers [3]
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basis for such research is the development of
theories describing deformation and hardening
mechanisms. Previously developed theories did
not apply to the analysis of deformation pro-
cesses in relation to nanocrystalline and amor-
phous structures [3].

Microstructure - nanostructure

One of the methods enabling the effective im-
provement of mechanical properties of steels
is the refinement of the matrix grain, leading
to an increase in the yield strength in accord-
ance with the Hall-Petch equation [6] and
a decrease in the nil ductility transition tem-
perature (Fig. 4)
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Fig. 4. Effect of the grain size on the yield strength and nil

ductility transition temperature [1]

There are 5 classes (types) of the microstruc-
ture of metals and single-phase alloys affecting
strength, ductility and some other technologi-
cal and functional properties [7]:

— ideal crystal (monocrystal),
— polycrystalline microstructures:

o conventional microstructure,

o ultrafine-grained microstructure,

° nanograined microstructure,

> amorphous state (Fig. 5).

In multiphase steels each of the phases can be
characterised by one of the above-named re-
finement degrees. Additional elements of the
microstructure are interphase boundaries. By
convention, the upper ultimate limit size of the
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Matrix grain size

technique enabling the manufacturing of
large-sized products having the nanomet-
ric structure in their entire volume, typical
of steel products which could find practical
applications. The use of the thermo-mechan-
ical control process when making plates in
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Fig. 5. Structures of metals and alloys in relation
to the matrix grain size [7]

matrix grain in relation to a material having the
ultrafine-grained microstructure is restricted
within the range of 5 um to 1 um. Further grain
refinement leads to the submicron structure
and, afterwards, to the nanocrystalline (nano-
grained) structure. There are no clear bounda-
ries determining the range of the matrix grain
size in relation to the nanostructure. H.K.D.H.
Bhadeshia suggested to use the term of “nano-
structure” in cases, where the mean size of ma-
trix grains separated by high-angle boundaries,
measured using the mean intercept length on
the flat cross-section, is restricted within the
range of 20 nm to 50 nm [8]. The above defi-
nition refers to uniaxial, lamellar and lath mi-
crostructures. This study adopted the definition
of the nanostructure proposed by Bhadeshia.
However, after taking into consideration oth-
er proposed definitions, the adopted upper ul-
timate mean intercept length in relation to the
nanograined structure amounted to 100 nm [7].

Nanograined and ultrafine-grained materi-
als can be obtained using the following tech-
nologies [9]:
condensation in inert gas,
mechanical alloying,
electrodeposition,
crystallisation from the amorphous material
(devitrification),
severe plastic deformation,
methods involving thermomechanical (ther-
moplastic) processes.
The use of severe plastic deformation enables
the formation of the nanostructure in small-
er volumes, yet this direction of research did
not lead to the development of an industrial
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microalloyed steels enables to achieve a fer-

rite grain having a minimum size restrict-

ed within the range of 2 pm to 3 um [10].
Further grain refinement could be obtained
through high deformation within the ferritic
range or even using interoperational cold roll-
ing [11, 12]. The use of complicated deformation
operations and heat treatment cycles enable to
obtain a grain sized below 1 um, yet such tech-
nologies are unfit for industrial applications
[7]. H.K.D.H. Bhadeshia et al. [13-16] demon-
strated the possibility of obtaining carbide-free
lower bainite having morphological features
characteristic of the nanostructure. Although
such morphological types of bainite were ob-
tained previously [17], the results of tests per-
formed by H. Bhadeshia paved the way for the
development of industrial technologies ena-
bling the manufacturing of nanostructural steel
products. In addition to the use of the bainitic
transformation when making the nanostruc-
ture, research works are also concerned with
the obtainment of nanopearlite [18, 19] and na-
nomartensite [20, 21].

Nanobainitic steel

Microstructure and mechanical
properties

A new approach to the making of nanostruc-
tures in steels proposed by H. Bhadeshia about
15 years ago [13, 14], involving the controlling of
phase transformations, led to the determination
of fundamentals applicable when making na-
nostructural steels having the structure of car-
bide-free lower bainite and retained austenite,
amounting to 15-35% by volume. The necessi-
ty of obtaining assumed properties of nanos-
tructural bainitic-austenitic steel (nanobainitic
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Table 1. Chemical compositions of nanobainitic steels, wt. % [7, 22-26]
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R:(fflrri';;e C Mn Si Cr Mo s Ti Al | Co | Cet
[7]* 0.55+ 2.00+ 1.75+ 1.25+ 0.70+ 0.09+ 0.006+ 0.015+ ) 1.40
0.60 2.15 1.95 1.40 0.85 0.12 0.009 0.025
[22] 0.79 1.98 1.51 0.98 0.24 - - 106 | 158 | 136
0.79~+ 1.98~+ 1.56+ 0+
(23] 0.80 501 159 1.0 0.24 - - Lol 1.51 1.40
[24] 0.87 1.54 1.16 - 0.28 - - 1.13 - 1.40
[25] 0.82 2.05 1.66 0.22 0.36 - - 0.051 - 1.22
[26] 0.76 1.04 1.63 1.31 - 0.10 - 0.01 - 1.20

*steel NANOS-BA®© developed at Instytut Metalurgii Zelaza (Institute of Ferrous Metallurgy)

> Ce=C+Mn/6+(Cr+Mo+V)/5+(Ni+Cu)/15

steel) and taking into consideration the compro-
mise related to the reduction of technological
difficulties accompanying the manufacturing
process, resulted in the development of grades
characterised by various chemical composi-
tions and combinations of strength and ductili-
ty (Table 1). Because many applications require
high crack resistance, research works are fo-
cused on increasing the toughness of products
made of nanobainitic steels at high strength.

Nanobainitic steel is characterised by high
formability within a temperature range typical-
ly applied for hot rolling of structural steels. The
final heat treatment of products made of nano-
bainitic steels can be performed directly after
hot rolling or as a separate technological oper-
ation. In cases of tests or low-volume produc-
tion involving the use of various temperatures
and processing times, a heat treatment with
re-austenitisation is applied. Figure 6 presents
the schematic heat treatment of products made
of nanobainitic steels. A cooling rate is adjust-
ed in relation to the thickness and the chem-
ical composition of a specific heat so that the
one-phase austenitic structure in relation to an
isothermal transformation point can be main-
tained. By adjusting temperature and time of
isothermal heat treatment time it is possible
(within a certain range) to control mechanical
properties of steels [7].

Figure 7 presents a typical structure of the na-
nobainitic steel observed (using a transmission
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Fig. 6. Schematic final heat treatment of products made of
nanobainitic steel [7]

0.5 pm

Fig. 7. Microstructure of steel NANOS-BA® subjected to
austenitisation at a temperature of 950°C for 20 minutes
and to isothermal heat treatment at a temperature of 225°C
for 70 hours; thin foil, transmission electron microscope;
(a) — example of a typical nanolath structure characterised
by high dislocation density, (b) — areas of retained austenite
visible in dark field image (bright areas) [7]

electron microscope) on a specimen having
the form of a thin foil. The microstructure
of the steel is composed of lath packets of
laths and less regular areas of carbide-free
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bainite characterised by high dislocation den-
sity (Fig. 7a) and retained (untransformed)
austenite having the form of nanolaths and
submicron-sized grains (Fig. 7b). The size of
a grain/laths, the arrangement and the volume
fraction of morphological constituents depend
primarily on the chemical composition, tem-
perature and time of isothermal transformation.
As regards steel NANOs-BA©, the mean width of
the nanobainite laths was restricted within the
range of 60 mm to 100 nm, whereas the con-
tent of retained austenite was restricted within
the range of 15 to 35% by volume [7].

A characteristic of the nanostructured bainit-
ic-austenitic steel is its high ductility expressed
by high values of elongation in tensile static
test combined with high strength. The above-
named properties result from the structural
mechanisms of plastic deformations occur-
ring in the above-named steel, with an im-
portant role played by retained austenite. One
of the mechanisms increasing ductility is the
TRIP effect, involving the partial or complete
strain-induced transformation of retained aus-
tenite into "fresh” martensite. Figure 8 presents
ranges of tensile strength and total elongation
(in a static tensile test), characteristic of various

30

o]
[
1 N

h
(=]
1

Elongation, %

0

UM S [T SR et WL T ) . ), Y J Y o, S
13 1,4 15 16 17 1,8 19 20 21 22 23 24 25
Strength, GPa

Fig. 8. Ranges of tensile strength and elongation in the
tensile test characteristic of various grades of ultra-
high-strength structural steels: UC/M - quenched and
tempered and martensitic steels, NB — nanobainitic steels,
MAR-AG -maraging steels [7]
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grades of ultrahigh-strength structural steels,
i.e. quenched and tempered steels, nanostruc-
tured bainitic-austenitic (nanobainitic) steels
and maraging steels characterised by the high-
est strength.

Formability characteristics of ultrahigh-
-strength steels having various types of the
microstructure (Fig. 9) affect the usability of
individual steel grades in specific operating
conditions. Machinery parts can be repeatedly
exposed to strong loads within the elastic range
as well as within the range of plastic strains.

Results of tests concerning the mechanical
properties of plates made of steel NANOsS-BA®
subjected to heat treatment (using parameters
restricted within the ranges presented in Fig. 6)
and of nanobainitic steels subjected to tests in
other research centres are presented in Table 2.

As a result of the standard heat treatment per-
formed using the parameters restricted within
ranges presented in Figure 6, products made of
steel NANOs-BA® are characterised by impact
energy restricted within the range of 8 Jto 12 ]
at a temperature of -40°c and by impact energy
restricted within the range of 15 ] to 20 J at am-
bient temperature. Known theories concerning
mechanisms of crack formation in steels having
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Fig. 9. Schematic tensile curves in the “stress” (calculated
as the proportion of force to the initial cross-section) —
“percentage total elongation of the specimen” system of

ultrahigh-strength steels having various structures:

1 - steel having the martensitic structure or the structure

of tempered martensite, 2 — nanobainitic steel, 3 - nanos-

tructured one-phase steel [7]

No. 3/2018



http://bulletin.is.gliwice.pl/
http://creativecommons.org/licenses/by-nc/3.0/

the lath bainitic structure
or martensitic structure re-
vealed that an increase in
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Table 2. Mechanical properties of plates made of steel NANOS-BA® subjected to
heat treatment using parameters restricted within the ranges presented in Fig. 6
and of other nanobainitic steel grades [7, 22-25]

Ultimate . .
the toughness of products  tensile | Y14 Total | Uniform | o o @ ce
made of steel NANOS-BA® strength strength | Ro./R,, | elongation | elongation publications

Ro,z, GPa As, % Au, %

could be obtained by re- _R. GPa
ducing the size of bainite 1.85+2.20|1.30+1.45| 0.65+0.69 | 12.5+19.5 | 9.5+13.8 [7]**
lath packets [27, 28]. The 0.96 0.77 0.80 6.0* - [22]
above-named reduction 170+2.26|1.24+1.48|0.62+0.74 4.6+29.0* - (23]
could be achieved by there- ~ 2-20 - - 7.06% - [24]
finement or sectioning (di- 187 - - 7.53* - [25]

vision) of primary austenite
grain into smaller areas us-
ing heat treatment methods, e.g. grain section-
ing and isothermal transformation (GsIT) [29].
The aforesaid method enables the refinement of
bainite lath packets and, consequently, an in-
crease in toughness. The use of the GSIT-based
treatment significantly increased the toughness
of nanobainitic steel NaANos-BA® (Fig. 10).

Applications and implementation
potential of nanobainitic steels

In recent years, applications of nanostructured
bainitic steels have been the subject of numer-
ous projects and analysis performed by research
centres all over the world. Authors of work [30]
presented a wide range of research dedicated
to industrial applications of nanostructured
steels. The tests involved two groups of steel
grades having a carbon content of 0.6% and
a carbon content restricted within the range
of 1.0% to 0.8%. In the above-named work the
authors presented technological stages con-
cerning the manufacturing of products and
semi-products made of the nanostructured
steels as well as material characteristics within
a wide range of mechanical properties, fatigue
strength or abrasive wear resistance. The tests
related to the making and further processing of
materials were performed in industrial condi-
tions, using isothermal temperatures of 220°c,
250°C and 270°c. In relation to steel contain-
ing 1% C, the hardness amounted to 625 HY,
R,., was approximately 1.65 GPa; R,, amounted
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Remarks: *¢; (total elongation), ** steel NANOS-BA®
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Fig. 10. Impact energy vs. test temperature for the Char-
py-V specimens made of steel NANOS-BA® subjected to
the standard heat treatment 9500C/2250C/70h and the
GSIT treatment: 950°C/160°C/225°C/70 h [29]

to approximately 2.1 GPa and the total elon-
gation was 16.4%. In relation to steel contain-
ing 0.6% C, the hardness amounted to 600 BV,
R,.» was approximately 1.5 GPa; R,, amounted
to approximately 2.0 GPa and the total elonga-
tion was 11.9%. Work [31] involved tests aimed
to assess the usability of nanostructured bai-
nitic steel in three chemical composition var-
iants, i.e. Fe-1% C-1.5% Si, Fe-0/.8% C-1.5% Si
and Fe-0.6% C-1.5 % Si, in elements of equip-
ment requiring high abrasive wear resistance
and fatigue strength. In relation to steel contain-
ing 1.0% C in the variant characterised by the
fraction of retained austenite volume amount-
ing to 33%, the hardness amounted to 625 BV,
R,.,» was approximately 1.7 GPa; R,, amounted to
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approximately 2.1 GPa and the total elongation
was 21.3%. In turn, in relation to steel contain-
ing 0.6% C in the variant characterised by the
fraction of retained austenite volume amount-
ing to 20%, the hardness amounted to 600 Hv,
Ro., was approximately 1.5 GPa; R,, amounted to
approximately 2,0 GPa and the total elongation
was 19%. In the abrasive wear resistance tests,
the nanostructured steel was characterised by
a significantly lower specific wear ratio (SWR),
i.e. below1x 107 in comparison with standard
abrasion resistant steels grades [31]. As regards
the fatigue strength of the nanostructured steel,
the tests did not reveal any significant advan-
tages over commercial steel grades having the
structure of lower bainite or that of tempered
martensite. Work [32] presented specific fea-
tures of the nanostructured steel important
in terms of the industrial processing of prod-
ucts, illustrated with an example of the chem-
ical composition Fe-0.55% C-1.95% Mn-1.82%
Si-1.29% Cr-0.72% Mo. The authors discussed
features of semi-finished products at individual
production stages, from casting through plastic
working to the final heat treatment. The authors
also characterised, among other things, the sus-
ceptibility of the nanobainitic steel to interden-
dritic segregation during solidification and the
resultant banding of the microstructure in hot
rolled products. In addition, the authors indi-
cated the susceptibility to surface decarburisa-
tion and crack formation during cooling, e.g.
after hot rolling. It was suggested that the final
heat treatment be performed within a contin-
uous process, directly after hot rolling, to pre-
vent the formation of cracks during the cooling
of plates to ambient temperature. In relation
to the analysed chemical composition of the
steel made in industrial conditions in the form
of hot rolled sheets/plates having thicknesses
restricted within the range of 3 mm to 12 mm,
the obtained strength amounted to 1.9-2.0 GPa
whereas the total elongation amounted to 15%.
The result of the cold bending test to reach an
angle of 180° was positive.
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The year 2018 saw the completion of the EU
project entitled Understanding basic mecha-
nisms to optimize and predict in-service prop-
erties of nanobainitic steels [33] concerned with
the industrial-scale production of nanobainit-
ic steel products for specific applications, e.g.
products characterised by high fatigue strength.
Project participants indicated advantages and
limitations of the production and applications
of nanobainitic steels. Special attention was
given to unstable mechanical properties man-
ifested by reduced ductility. The participants
linked the aforesaid effect with, among oth-
er things, the mechanical stability of retained
austenite and performed detailed tests to de-
termine the importance of this phase. It should
be noted that the test materials were mostly
steels characterised by a high carbon content,
i.e. min. 0.67%. The obtained strength exceed-
ed 2.0 GPa and the yield strength point reached
1.9 GPa, yet the total elongation not exceeding
approximately 12% and, particularly, impact en-
ergy (kv) below 10 ] were not satisfactory. The
report is a valuable material-related database
containing results of tests concerning prop-
erties and the microstructure of nanobainitic
steels. In relation to 0.6% C-1.5% Si steels, the
authors demonstrated that the content of car-
bon in retained austenite in the form of blocks
(grains) amounted to 3.2 at.% and 6.2-7.5 at.%
in relation to an isothermal transformation at
220°C and 250°c respectively (6 at.% of carbon
corresponds to 1.5% wt. %). In turn, the con-
tent of carbon in austenite in the form of thin
laths (film having a thickness restricted with-
in the range of 5 nm to 15 nm) was restricted
within the range of 10 at.% to 17 at.% and did
not depend on the isothermal transformation
temperature.

Authors of works [34, 35] demonstrated the
application potential of nanostructured steels
in high-energy impact occuring under condi-
tions, when ballistic shields are exposed to fire.
In works [34, 35] the authors presented exem-
plary applications of bainitic steels in the form
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of armour shields. The plates
were exposed to armour-pierc-
ing ammunition fire, in ac-
cordance with the Stanag 4569
requirements [36] in relation
to level 1 and 2 (Fig. 11) .

High mechanical proper-
ties combined with satisfactory
toughness [37] are decisive for
practical applications of new
steel grades, e.g. in structures
and/or machinery elements
(Table 3). Other important
factors include technological
properties adjusted to exist-
ing or planned manufacturing

Industrial sector

Fig. 11. Photograph of 10 mm thick plate made of nanobainitic steel NA-
NOS-BA-210/120 exposed to armour-piercing fire; positive test results — the
lack of penetration and cracks on the plate.
(a) ammunition cal. 5.56x45 mm M193; 1 — 980.5 m/s; 2 — 984.1 m/s
(b ) ammunition cal. 7.62x39 mm API BZ; 3 - 722.6 m/s; 4 — 731.4 m/s

Table 3. Prospective applications of nanobainitic steels

Applications

processes and acceptable pro-
duction costs.

The production technol-
ogy of nanobainitic steels
requires extended low tem-
perature heat treatment last-
ing between 70 and as many as
400 hours (depending on the
chemical composition and re-
quired properties). In addition,
a high carbon content restrict-
ed within the range of approx-
imately 0.5% to approximately
1.0% is the reason for tech-
nological problems including
susceptibility to cracking re-
sulting from the exceeding of
a specific cooling rate. Pres-
ently, many laboratories are
carrying out research aimed to optimise the
technology and reduce nanobainitic steel pro-
duction costs (particularly process duration).
The machining, including cutting and grind-
ing, of products made of nanobainitic steels
should be applied so that a heating tempera-
ture should not exceed a isothermal processing
temperature. Bending or forming following the
finishing heat treatment is possible, yet plastic
deformation accompanying the above-named

industry

Others
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Defence industry
Machinery industry

Mining and mineral

Automotive industry
Aerospace industry
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Armour elements
Cutting tools, bearings

Parts of equipment characterised by high
abrasive wear resistance

Elements of injection systems in Diesel engines
Element of aircraft landing gear

Frames of mountain bikes

Fig. 12. Specimens of steel NANOS-BA®O after the bend test
(a: variant 210/120; b: variant 275/120)

operations induce structural changes (primari-
ly the transformation of retained austenite into

"fresh" martensite) and, consequently, signit-

icant changes in mechanical properties. The
effect of plastic deformation on the mechani-
cal properties of products made of nanobainit-
ic steels are not sufficiently known yet. Where
possible, the forming operation should be per-
formed before the final heat treatment, in the
softened state, after slowed down cooling from
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the austenite stability range or after soft anneal-
ing at temperature below A;.

Figure 12 presents photographs of the spec-
imens after static bend tests. The static bend
tests of nanobainitic steel NANOS-BA® were
performed using specimens cut out of 8 mm
thick plates using a a bending bar of a diame-
ter 35 mm and the distance between the sup-
ports amounting to approximately 8o mm. The
adopted bending conditions were the same as
in relation to plates of standard martensitic ar-
mour steels. The tests involved selected types of
heat treatment. Specimens 210/120 and 275/120
were subjected to bending to reach an angle of
180° after unloading. During the tests the ob-
tained angle exceeded 180°. The surfaces of the
bent specimens did not reveal cracks nor were
they partially torn in the bent areas; the imag-
es of the areas subjected to observations were
magnified several times.

Weldability of nanobainitic steels

The nanobainitic steel is characterised by a car-
bon equivalent (Ce) restricted within the range
of 1.2 to 1.4 (Table 1), leading to limited welda-
bility [7]. In turn, a high carbon content restrict-
ed within the range of 0.55% to 1.0% increases
the susceptibility of the steel to hardening as
well as to crack formation in the weld and in
the HAZ. At the same time, a high carbon con-
tent of up to 1% makes it possible to reduce the
temperature of the martensitic transformation,
in order to form the nanobainite. A similar ef-
fect can be obtained using a high content of
nickel combined with a reduced content of car-
bon. However, previously developed theories
indicate that the level of a substitutive chemi-
cal element necessary for the reduction of the
martensitic transformation temperature could
preclude the formation of bainite because an
excessive content of nickel reduces the differ-
ence between temperature B, and M, [39]. In
cases of low carbon contents it was noticed
[40] that thin laths of bainite tended to merge
and formed grains of larger sizes, thus reducing
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strength and impact energy [41, 42]. Until to-
day, the research works dedicated to the devel-
opment of nanobainitic steels characterised by
low carbon contents have not produced desir-
able results.

Nanobainitic steels are also characterised by
a high content of manganese (1.0+2.15%), which
combined with a carbon content of more than
0.5% results in deteriorated weldability. A sil-
icon content in nanobainitic steels restrict-
ed within the range of 1.16% to 1.95% may lead
to the lamellar cracking of plates, induced by
welding process-related heating and shrink-
ing. A chromium content of up to 1.4% is re-
sponsible for the significant hardening of the
heat affected zone, necessitating the applica-
tion of preheating. Another chemical element
worsening the weldability of nanobainitic steels
is molybdenum (up to 0.85%), increasing the
hardenability of the HAZ [43].

Taking into consideration the chemical com-
position leads to the conclusion that the weld-
ing of nanobainitic steels could be accompanied
by the following problems [44]:

— cold cracking,

— formation of brittle martensite,

— precipitation of cementite.

The prevention of the above-named negative
phenomena accompanying the welding of nano-
bainitic steels may require the use of preheating
and a precisely adjusted heat input to the joint.
On the other hand, nanobainitic steels are char-
acterised by the significant heat treatment-in-
duced grain refinement. During welding, the
temperature in the HAZ exceeds the tempera-
ture accompanying the heat treatment process.
The foregoing leads to irreversible microstruc-
tural changes in the heat affected zone. One of
solutions could involve the welding of elements
in the state preceding the heat treatment (i.e. in
the softened state) and subjecting the obtained
joints to the final heat treatment. Other solutions
could involve the process of welding performed
with the use of a filler metal or the performance
of the post-weld heat treatment of the joints.
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Previously performed mMa welding tests
involved the nanobainitic steel characterised
by a strength of 2500 MPa. The objective of
work [45] was to investigate the effect of a high
silicon content (restricted within the range
of 0.86% to 1.63%) in the weld deposit on
the properties of joints and the microstruc-
ture. Static tensile tests revealed that the yield
strength of the weld deposit was lower than
830 MPa, whereas its tensile strength amount-
ed to 950 MPa. The weld deposit microstruc-
ture was composed of bainite and martensite.
The microstructure did not contain ferrite
formed as a result of the diffusive transforma-
tion (known as allotriomorphic ferrite) [46]
nor did it contain the Widmanstitten type
structure, present in weld deposits of typical
structural steels.

L. Yuan et al. [47] subjected a structural steel
to laser surfacing performed using a nanobai-
nitic filler metal characterised by a strength
of 1280 MPa and an elongation of 6.4%. Sub-
sequent metallographic tests revealed that the
overlay weld microstructure was composed of
nanobainite and retained austenite. The width
of bainite laths was restricted within the range
of 50 nm to 8o nm, whereas the width of aus-
tenite laths was restricted within the range of 10
nm to 30 nm. The mean hardness of the over-
lay weld amounted to 610 HV.

S.G. Hong et al. [48] made laser welded
joints in a nanobainitic steel (Fe-0.78% C-1.03%
Si-1.54%Mn). The authors suggested that the
welding process be followed by an additional
heat treatment aimed to eliminate cold cracking
and prevent the formation of the undesirable
martensitic microstructure. The additional heat
treatment involved the reduction of the joint
temperature to T; (<M,) followed by fast heat-
ing (in less than 10 seconds) to temperature T,
(>A,) and by cooling to room temperature. The
applied heat treatment resulted in the forma-
tion of the ferritic microstructure with a slight
amount of retained austenite and cementite in
the HAZ. The hardness in the HAZ amounted to

No. 3/2018

BIULETYN INSTYTUTU SPAWALNICTWA

[@)ev-ne |

350 HV. The joints did not reveal the presence
of cold cracks. The authors did not present re-
sults of tests concerning the mechanical prop-
erties of the joints.

K. Fang et al. [24] develop a TI1G welding-
-based method enabling the joining of a nano-
bainitic steel (0.87% C, 1.16% Si, 1.54% Mn, 0.49%
Ni, 113% Al). The above-named method involved
an additional mechanical treatment performed
directly after the welding process. The afore-
said method involved the movement of the im-
pact head travelling at a constant rate (welding
rate amounted to 1.5 mm/s). The head followed
the welding torch at a distance of 30 mm. The
temperature of the area subjected to impact
amounted to 600°C and was monitored during
the process. After the completion of the welding
process, the joints were subjected to a heat treat-
ment in a furnace. The heat treatment was per-
formed at a temperature of 250°c and was 1.5 and
2.5 hours in duration. The use of the addition-
al impact and heat treatment led to an increase
in the content of bainite (from 40% to 80%) in
the steel and prevented the formation of cracks.
Additional technological procedures enabled the
refinement of bainite laths.

The use of additional heat treatment makes
it possible to increase the strength of a joint.
The authors of work [25] made a T1G welded
joint in a nanobainitic steel (0.82% C, 1.66% Si,
2.05% Mn, 0.36% Mo, 1.06% Ni, 0.05% Al) and
subjected the joint to a 5 day-long heat treat-
ment at a temperature of 230°c and 250°c. The
strength of the base material in the as-delivered
state amounted to 1877 MPa, whereas the elon-
gation amounted to 7.53%. After the heat treat-
ment at a temperature of 250°c, the strength of
the joint amounted to 1913 MPa, whereas the
elongation amounted to 5.14%. In turn, after
the heat treatment at a temperature of 230°c,
R, =2115 MPa, whereas A=2.3%. The use of ad-
ditional heat treatment reduced the hardness
in the welded joint to 600 HV. Before the heat
treatment, the above-named hardness amount-
ed to more than 850 HV [26].
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The study of available reference publica-
tions concerning the welding of nanobainitic
steels justifies the conclusion that the above-
named issue is not well known yet. For this
reason, having in view the prospective appli-
cations of nanobainitic steels it is necessary
to test their weldability. It can be hypotheti-
cally assumed that the most favourable join-
ing methods in terms of nanobainitic steels
should be arc methods, e.g. T1G, and friction
welding in the solid state. Both methods en-
able the making of welded joints without the
use of filler metals and allow the precise ad-
justment of technological parameters of the
process. The next article by the authors of
this study will present test results concern-
ing welded joints made of nanobainitic steels.
Further research will involve tests performed
using the M1G/MAG method and concentrat-
ed welding power sources.

Summary

Increasingly high requirements related to
strength of the structures combined with re-
duced weight necessitate the development of
new structural materials, including innova-
tive grades of steels. Recent years have seen
significant progress in the development of
chemical compositions and technologies en-
abling the manufacturing of nanostructured
(including nanobainitic) steels. Nanobainitic
steels are characterised by high strength (R,
up to 2200 MPa) and satisfactory toughness.
As a result, nanobainitic steels can be used
when making structures and machinery ele-
ments. Various research works have revealed
the significant application potential of nano-
bainitic steels high-energy impact conditions,
e.g. as ballistic shields. It should be noted that
among structural materials used in mass ap-
plications, nanobainitic steels are character-
ised by the highest strength-ductility product
(R,xA). The strength of nanobainitic steels is
similar to that of maraging steels, yet the lat-
ter are significantly more expensive.
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The production of elements made of nano-
bainitic steels is significantly inconvenienced by
along final heat treatment and a high carbon con-
tent (up to 1%), leading to technological problems
and limited technological and metallurgical weld-
ability. The first issue is being approached by per-
forming intense research works aimed to modify
the chemical composition of bainitic steels ena-
bling the reduction of heat treatment duration.
The second problem requires the use of preheat-
ing and/or post-weld heat treatment.

The above-presented study was performed
within research activity financed by
Instytut Spawalnictwa and the Institute
for Ferrous Metallurgy.
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