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Abstract

The high-strength low-alloy steel plates with varying Ni/Mo contents were manufactured using the thermos-mechanical
control process. The investigation was conducted to explore the effect of Ni/Mo microalloying on microstructure evolution
and mechanical properties of the steel. The results revealed that the increase in Ni content from 1 to 2 wt.% reduced the
transition temperature of ferrite and the growth range of ferritic grain was narrowed, which promoted grain refinement. The
optimized combination of grain size, high-angle grain boundaries (HAGBs), and martensite-austenite (M—A) islands
parameter contributed to the excellent impact toughness of S1 steel at —100 °C (impact absorbed energy of 218.2 J at
—100 °C). As the Mo increases from O to 2 wt.%, the matrix structure changes from multiphase structure to granular
bainite, which increases the average effective grain size to ~ 4.62 um and reduces HAGBs proportion to ~ 36.22%.
With these changes, the low-temperature impact toughness of S3 steel is weakened. In addition, based on the analysis of
the characteristics of crack propagation path, it was found that M—A islands with low content (~ 2.21%) and small size
(~ 1.76 pm) significantly retarded crack propagation, and the fracture model of M—A islands with different morphologies
was further proposed. Furthermore, correlation between behaviour of delamination and toughness was further analysed by
observing delamination size and impact energy parameters.

Keywords High-strength low-alloy steel - Microstructural regulation - Ni addition - Mo addition - Crack propagation -
Low-temperature toughness

1 Introduction Generally, the mechanical property of steel is usually

governed by distinct microstructural [4]. For example,

Recently, high-strength low-alloy (HSLA) steels have
achieved extensive application in ship plates, automobiles,
bridges, and other domains due to their excellent
mechanical properties and low cost [1, 2]. Furthermore, as
one of the basic mechanical properties of low-carbon alloy
steel, enhancing the low-temperature toughness is of great
significance to expand its scope of application [3]. The
perpetual pursuit of researchers has been to enhance the
low-temperature toughness of HSLA steel while main-
taining high strength through composition design or pro-
cess regulation.
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Zhao et al. [5] reported that acicular ferrite was conducive
to the improvement of toughness, and fine martensite-
austenite (M-A) islands and residual austenite can retard
crack propagation. Qi et al. [6] demonstrated that, in
comparison to lath martensite, acicular ferrite exhibits an
improved effective grain boundary density that facilitates
the deflection of cracks and hence promotes impact
toughness. Hosseini et al. [7] showed that the residual
austenite content, the size of copper precipitates, and dis-
location density have significant effects on the mechanical
properties of steel. Therefore, it is feasible to enhance the
toughness of steel by controlling the microstructure (e.g.,
equal grain size, phase component content, dislocation
distribution, precipitation).

Microalloying combined with thermos-mechanical
control process (TMCP) is an effective means to obtain
desired microstructure of low-carbon steel [8, 9]. The
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commonly used alloying elements are Ni, Mo, Nb and Ti,
etc. Among them, Nb/Ti is generally considered to be
strong forming elements of precipitates. For instance, Hu
et al. [10] studied the influence of Ti on medium Mn steel
microstructure and mechanical properties. The results
indicated that 3% Ti promotes the refinement of the lam-
inar structure and the precipitation of carbides. Compared
with Nb and Ti elements, the effect of Mo on the properties
of steel is complex and controversial. For example, Kong
et al. [11] showed that the increase in Mo content promoted
the formation of M—A islands and weakened the toughness
of steel. On the contrary, Fu et al. [12] believe that the
addition of Mo inhibits the coarsening of precipitates,
which is conducive to improving the impact energy. In
addition, Ni element plays a vital role in improving the
toughness of HSLA steel [13]. As an austenite stabilizing
element, the content of residual austenite/ferrite/bainite can
be adjusted by adding Ni [14]. Simultaneously, Ni can
effectively reduce dislocation resistance in metal and pro-
mote dislocation crossing slip at low temperatures, thereby
increasing the energy dissipation and improving the impact
toughness [15]. However, the effect of Ni/Mo alloying on
the microstructure and mechanical properties of the core of
medium thickness ship plate steel has not been systemati-
cally studied. Therefore, it is meaningful to further explore
the mechanism of Ni/Mo alloying.

Based on the principle of microalloying, HSLA steel
with varying compositions was prepared using the TMCP
process with a low compression ratio. A comprehensive
investigation was conducted on the influence of chemical
composition on both microstructural features and
mechanical properties. The influence of Ni/Mo content on
the evolution of microstructure, the relationship between
M-A islands and low-temperature toughness, and tough-
ening mechanism of delamination cracks were emphati-
cally analyzed.

2 Experimental

2.1 Materials

Experimental steel ingots (~ 100 kg) were prepared with
high purity metals of Ni, Mo, and Fe, etc. (purity > 99.99

Table 1 Chemical composition and T}, of HSLA steels

wt.%), which were melted in a vacuum induction furnace.
The billet thickness is 120 mm and its chemical composi-
tion is listed in Table 1. The steel plates of different
compositions are named as S1, S2 and S3, respectively.
Generally, the non-recrystallization temperature (7)) of
the steel can be calculated as follows [16, 17]:

T =887 + 446w + 890w; + 363wa; — 357w+
6445wy, — 644wl + 732wy — 230w/

Az =862 — 182we — 76. 1wy, + 1168wt + 1121ws+
1804wnp — 2852wy — 0.084wc,

(2)

where w; is the concentration of element i (C, Ti, Al, Si,
Nb, V, Mn, S, N, Cr), wt.%. According to Egs. (1) and (2)
and the composition of steel, T}, of S1, S2 and S3 steels is
930.9, 932.3, and 931.9 °C (see Table 1). In addition, T, is
considered to be the highest temperature without recrys-
tallization. To ensure the consistency, S1-S3 steels were
subjected to the same TMCP as presented in Fig. 1. Before
rolling, the billets were heated to ~ 1200 °C and held for
4 h using a box resistance furnace to guarantee the
homogeneity of the microstructure. Then, the $450 mm
two-high mill, equipped with a water cooling system, was
used for two-stage controlled rolling. The hot rolling
conditions were as follows: the initial rolling temperature
for rough rolling was about 1100-1050 °C, while the fin-
ishing rolling temperature was about 820-800 °C. All steel
billets were rolled to 32 mm over 7 passes, and the
reduction schedule of the 7 passes was: 120 — 100 —
82 —» 70 - 61 —» 53 - 40 — 32 (mm), while the inter-
mediate billet thickness was 82 mm. After rolling, all the
samples were first cooled to ~ 400 °C by water, followed
by air cooling to room temperature.

2.2 Mechanical properties testing

Charpy impact tests were executed at temperatures of —20,
—40, —60, —80 and —100 °C utilizing an Instron SI-IM
Canton MA. The V-notched impact samples were taken
along the rolling direction (RD) with dimensions of
10 mm x 10 mm x 55 mm, where the V-notch was
positioned along the thickness direction (TD). Tensile tests
were conducted at room temperature using a CMT5105-

Steel Clwt. % Mn/wt.% Si/wt. % Ni/wt.% Cu/wt. % Nb/wt.% Ti/wt.% Mo/wt.% Fe/wt.% Tw/°C
S1 0.05 1.85 0.206 1.96 0.25 0.03 0.015 - Balance 930.9
S2 0.05 1.84 0.202 0.97 0.25 0.03 0.015 - Balance 932.3
S3 0.05 1.85 0.203 0.96 0.25 0.03 0.015 0.20 Balance 931.9
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Fig. 1 Processing schematic diagram of rolling and cooling processes
of steels

SANS microcomputer-controlled electronic universal test-
ing equipment at a crosshead speed of 3 mm min~'. The
V-notched impact samples and tensile samples were
obtained from the 1/2 thickness of the steel plates. And
every test (impact and tensile test) was performed three
times for all samples to guarantee the accuracy of the
experimental data.

2.3 Microstructure characterization

The distinctive samples were procured at 1/2 thickness of
the steel plate. The standard test samples were mechani-
cally polished and then etched by a 4 vol.% Nital solution.
Subsequently, the microstructure was evaluated through
the utilization of an optical microscope (OM, Olympus)
and scanning electron microscope (SEM, FEI Quanta 600).
For transmission electron microscopy (TEM) studies, the
samples were mechanically polished from both sides to a
final thickness of ~ 40 pm. Subsequently, disks with a
diameter of 3 mm were punched out and twin-jet polished
using 10% perchloric acid in ethanol at —25 °C. TEM (FEI,
Talos F200X, USA) was operated at 200 keV. Addition-
ally, samples taken after Nital solution etching were treated
with LePera solution [18] to better observe the
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characteristics of M—A islands by OM. The shape, size, and
content of the M—A islands were determined by computer
graphics software (Image-Pro Plus, IPP). The fracture
morphology of the Charpy impact samples and tensile
samples and the crack propagation path of the impact
fracture after nickel plating were analyzed via SEM and
OM. Moreover, to comprehensively analyze the charac-
teristics of effective grain size (EGS) and grain boundary,
etc., an electron back-scattered diffraction (EBSD, ZEISS
crossbeam 550) analysis was performed on samples that
underwent electropolishing utilizing an electrolyte con-
sisting of 12 vol.% perchloric acid mixed with 88 vol.%
ethyl alcohol.

3 Results
3.1 Microstructures

The optical microstructures of S1, S2, and S3 steels at 1/2
thickness are depicted in Fig. 2a, c, e. S1-S3 steels are
composed of multiple phases, i.e., polygonal ferrite (PF),
acicular ferrite (AF) and granulate bainite (GB), while
there exist significant divergences in terms of their content
and distribution. S1 steel contained abundant AF (~ 45
vol.%), PF (~ 20 vol.%), and a few GB (~ 33 vol.%). S2
steel contained ~ 41 vol.% AF, ~ 28 vol.% PF and ~ 26
vol.% GB. Compared with S1 and S2 steels, a full GB
(~ 98 vol.%) structure has been observed in S3 steel (see
Fig. 2e). In addition, SEM images of S1, S2, and S3 steels
at 1/2 thickness are depicted in Fig. 2b, d, f. Different
shapes of M—A islands were observed in the microstructure
of the experimental steels. The granular M—A islands are
evenly distributed in grain boundaries and matrix in S1
steel, and a similar situation was observed in S2 steel. In
contrast, M—A islands in S3 steel are presented in a dis-
ordered distribution with a large size. And some of M—A
islands are aggregated into a necklace-like structure, as
depicted in Fig. 2f.

In addition, to observe the details of M—A islands in
steel, S1-S3 samples were etched again with LePera
solution. OM micrographs of M—A islands are illustrated in
Fig. 3a, c, e. TEM images are illustrated in Fig. 3b, d, f for
S1-S3 steels. M—A islands in S1 and S2 steels tend to
appear mostly as fine particles, which transform into large
blocks and necklace-like configurations in S3 steel (blue/
red line in Fig. 3e, f). It is noteworthy that larger/necklace-
like M—A islands tend to form along the grain boundaries,
where additional energy and commensurate compositional
fluctuations can be obtained (see Fig. 3) [19, 20]. The
content and size data of M—A islands collected through IPP
are presented in Table 2. Compared to S2 and S3 steels, M—
A islands in S1 steel have the smallest size (average size



Impact of Mo/Ni alloying on microstructural modulation and low-temperature toughness of high-strength low-alloy steel 1749

Fig. 2 Microstructure characteristics of S1-S3 steels at 1/2 thickness. a,

of ~ 1.76 pm) and the lowest content (2.21%). The dif-
ference in M—A islands parameter is intricately linked to
the chemical composition, rolling, and subsequent cooling
schedules of the steel [21]. Besides, M—A islands could be
detrimental to the toughness due to its hard and brittle
nature.

Upon conducting further TEM analysis of the steel,
spherical carbides have been observed in S1-S3 steels, as
depicted in Fig. 4. It can be seen that the carbides are
distributed randomly and evenly on the matrix. In addition,
the average size of precipitates in S1-S3 steels was further
measured. The precipitates in S3 steel are finer
(5.82 £ 1.3 nm) and more abundant, while the precipitates
in S1 (7.78 & 2.6 nm) and S2 (7.63 £ 2.4 nm) steels are

b S1 steel; ¢, d S2 steel; e, f S3 steel

coarser and sparser. The energy dispersion spectrum anal-
ysis verified that the carbides in S3 steel are predominantly
composed of elements like Mo, Nb, and Ti, unlike those in
S1 and S2 steels which primarily contain elements like Nb
and Ti.

To further analyze crystallographic features and grain
boundary characteristics, EBSD characterization was con-
ducted and the inverse pole figure (IPF) maps and grain
boundaries distribution maps of the S1-S3 steels at 1/2
thickness are depicted in Fig. 5. The misorientations higher
than 15° as high-angle grain boundaries (HAGBs) are
represented by blue lines, and the misorientations between
2° and 15° as the low angle grain boundaries (LAGBs) [22]
are indicated by the red lines. The grain boundary maps
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Fig. 3 Morphology and distribution of M/A islands in S1-S3 steels. a, b S1 steel; ¢, d S2 steel; e, f S3 steel

reveal that the distribution of HAGBs and LAGBs is more
uniform in S1 steel than that in S2 and S3 steels (Fig. Sa, c,
e). The misorientation angle distribution and fraction of
LAGBs and HAGBs are depicted in Fig. 6. The results
indicate that HAGBs percentage are evaluated as 43.43%,
47.16%, and 36.22% for S1, S2, and S3 steels, respectively.
Additionally, EGS has been further revealed based on the
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parameter of HAGBs. Figure 6b presents the average EGS
with standard deviation (standard deviation is the arith-
metic square root of the variance and reflects the dispersion
of a data set). Correspondingly, the average EGS for these
samples is 3.60 pm (S1), 3.98 um (S2), and 4.62 um (S3),
respectively. From the grain boundary misorientation dis-
tribution figure maps (Fig. 5a, c, e), it is seen that S1 steel
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Table 2 Statistical information of M-A islands at 1/2 thickness
obtained by IPP

Sample Average maximum chord Maximum Content/
length/pm size/pm %

S1 1.76 32 2.21

S2 1.88 4.5 2.74

S3 2.80 10.5 3.84

had not only a high proportion of HAGB but also a uniform
distribution, which contributed to refining the average
EGS.

Considering the above results, it is incontrovertible that
the different Ni/Mo contents play a paramount role in
determining the microstructure characteristics. The
microstructural changes caused by component regulation
presumably have an important effect on the properties of
the material, so that further delving the mechanical prop-
erty is necessary.

3.2 Mechanical property
3.2.1 Tensile property

The engineering stress—strain curves and the statistical
results of tensile properties of S1-S3 steels at 1/2 thickness
are depicted in Fig. 7. S3 and S2 steels had the higher yield
and tensile strength, while S1 steel had the superior total
elongation. Table 3 shows the detailed tensile data of
experimental steels. S1 steel exhibits the lowest tensile
strength (667 MPa) at all test temperatures. In contrast, S2
and S3 steels show a higher tensile strength of 689 and
768 MPa, respectively. S1 steel boasts impressive total
elongation (25%), whereas the total elongation of S2 and
S3 steel falls short at a mere 20% and 17%. Furthermore,
the micro-hardness values of S1-S3 steels are recorded as
201.40, 225.50, and 237.15 HV (Fig. 7b), respectively,
which corresponds to their tensile properties.

SEM micrographs of the tensile fracture surface are
depicted in Fig. 8. Based on the macroscopic fracture
diagram, the fracture of all samples exhibited a cup-cone
type, accompanied by a prominent necking phenomenon.
Moreover, compared with S2 and S3 steels fracture mor-
phology in Fig. 8d, f, it becomes apparent that the dimples
on the fracture surface of S1 steel are both larger and
deeper. The above-mentioned features indicate that severe
plastic deformation occurred in S1 steel during impacting,
which is conducive to obtaining more excellent ductility.
Furthermore, the plastic deformation energy for dimple
formation (U) can be calculated by Eq. (3) [23, 24]:

U:(TbXDDPXMXADP (3)

where M is constant; Dpp is the diameter of the dimple; ay, is
the tensile strength; and App is the dimple area. Equation (4)
indicates that big and deep dimples are conducive to the
enhancement of toughness. Therefore, large diameter dim-
ples (Ds; = 6.06 £ 4.98 um) > (Dg; = 4.84 &+ 3.45 um) >
(Ds3 = 4.63 £ 2.27 pum), where D is the average diameter
of the dimple on the fracture surface) on the fracture sur-
face can consume more energy, which is conducive to the
improvement of ductility.

3.2.2 Charpy impact test and fracture characteristic

The impact energy and fibrous region ratio of S1-S3 steels
at 1/2 thickness, tested within the temperature range of
—20 to —100 °C, are depicted in Fig. 9. The results show
that the impact energy of S1-S3 steels decreases with
decreasing test temperature, but the impact energy of Sl
steel decreases more slowly than that of S2 and S3 steels,
especially at lower temperatures (below —40 °C). S1 steel
presents the lowest reduction in impact energy as 91 J at
the impact temperature range spanning from —20 to
—100 °C. In contrast, S3 steel shows the highest impact
energy reduction of 129 J. When the impact temperature is
reduced to —100 °C, the impact energy drops to a lower
level for S2 (111.4 J) and S3 (18 J) steels. Nevertheless, S1
steel still maintains a higher impact energy (218.2 J), as
shown in Fig. 9a.

To conduct a comprehensive observation of the fracture
morphology and fracture mode, the fracture morphology of
S1-S3 steels tested at —100 °C are performed in Fig. 10.
The macroscopic fracture shows that the proportion of
fibrous zone on the fracture surface of S1 steel (~ 23.3%)
is significantly higher than that of both S2 (~ 7.8%) and
S3 (~ 0%) steels (Fig. 9b), indicating that S1 steel pre-
sents more excellent impact toughness. In addition, the
fracture of S3 steel exhibits typical cleavage facets
(Fig. 10h, 1), which is a definitive indication of brittle
fracture [6, 25]. The relatively flat fracture possessed weak
crack propagation restraint, resulting in low impact
toughness. Conversely, S1 and S2 steels exhibit complete
ductile fractures, which can be distinguishable by a lot of
evenly dispersed dimples on the fracture surface (Fig. 10a—
f). The large and deep dimples on the fracture surface can
effectively absorb substantial energy during the fracture
process (which is related to the nucleation and growth of
micro-voids), thus retarding the crack initiation and prop-
agation and improving the low temperature toughness
[26, 27].

To further analyze the fracture process, the crack
propagations path of S1 and S3 steels at —100 °C was
performed, as depicted in Fig. 11. The primary crack of S1
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steels at 1/2 thicknesses. a, b S1 steel; ¢, d S2 steel; e, f S3 steel

and S3 steels is propagated in a manner of being straight
and deflected alternately. The discrepancy lies that the
primary crack of S1 steel shows greater roughness and
denser zigzag turning areas (Fig. 11) during the propaga-
tion, whereas the primary crack in S3 steel remains com-
paratively flat, as depicted in Fig. 11. The larger-angle

@ Springer

deflection and more frequent crack deflection will consume
more energy, so that the impact toughness of S1 steel is
better under the same test conditions. Furthermore, as
illustrated in Fig. 11b, c, there are numerous secondary
cracks and plastic deformation regions around the large-
angel/stable deformation zone in S1 steel. However, S3
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Fig. 5 Grain boundary misorientation distribution and IPF maps of S1-S3 steels at 1/2 thickness. a, b S1 steel; ¢, d S2 steel; e, £ S3 steel

steel exhibits no plastic deformation, and only secondary
cracks are presented, even under the large-angel deforma-
tion zone, as shown in Fig. 11f, g. The occurrence of
plastic deformation and secondary cracks necessitates more
energy expenditure, which is conducive to the improve-
ment of impact toughness and resistance to fracture under
extreme conditions.

3.2.3 Delamination characteristics

As depicted in Fig. 12, delaminated cracks of varying
magnitudes are witnessed on the surface of the impact

fracture at different temperatures and the delamination is
perpendicular to the fracture surface. S2 and S3 steels
delamination commences to make an appearance at
—20 °C, while S1 steel commences to reveal prominent
delamination at lower temperatures (—60 °C). Further, as
the impact temperature decreases, a noticeable increasing
tendency can be observed in the length of the delaminated
crack on the surface, while its width exhibits a parabolic
trend, initially increasing before tapering off as exhibited in
Fig. 12. Moreover, the delamination itself exhibits brittle
fracture characteristics, as illustrated in Fig. 12j-1. With S3
steel as the representative sample, the propagation depth of
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angles (a) and average EGS and its standard deviation (b)

the delaminated cracks was further analyzed to reveal the
interaction between delamination and low-temperature
toughness, as depicted in Fig. 13. Clearly, the depth of the
delaminated crack experiences a gradual amplification with
the decrease in temperature. In addition, an obvious plastic
deformation zone was observed near the delaminated crack
(Fig. 13e), which is the direct evidence of delamination
toughening.

4 Discussion
4.1 Microstructural evolution

The microstructure is intricately linked to chemical com-
positions and hot rolling processes. In the present work,
different microstructures (like phase content, grain
boundary distribution and grain size) in S1-S3 steels were
obtained by composition regulation under the same pro-
cess, as illustrated in Sect. 3.1. The reasons for
microstructural evolution are discussed in detail in the
following paragraphs.

@ Springer

Fig. 7 Engineering stress—strain curves (a), Vickers microhardness
(b) and tensile strength, yield strength, elongation and surface
shrinkage (c) of S1-S3 steels at 1/2 thickness

As the element of stable austenite, Ni can expand the
austenite phase region and significantly decrease the
transformation temperature of austenite into ferrite
[28, 29]. Lowering the temperature at which ferrite tran-
sitions leads to the narrowing of its growth interval, which
limits the growth of grains. Therefore, the increase in Ni
content can effectively refine the grains, that is, the grains
of S1 steel are finer (EGS is 3.60 pm). Concurrently, as a
solid solution element, Ni can effectively inhibit the dif-
fusion rate of the C element, increasing the activation
energy for diffusion [7]. Therefore, Ni can suppress dif-
fusive transformation. As the bainitic transformation is
through a semi-diffusionless mechanism, increasing the Ni
content results in higher bainite content in S1 steel under
the same TMCP process. Additionally, bainite lath/sub-
grain boundaries are commonly LAGBs [30], which results
in HAGBs being slightly lower in S1 steel compared to S2
steel.

Several studies indicate that the molybdenum element
can shift the continuous cooling transition (CCT) curve to
the right, and delay/suppress ferrite formation while pro-
moting or extending bainite formation field [31, 32].
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Table 3 Room temperature tensile property of S1-S3 steels

Sample Tensile strength/MPa  Yield strength/MPa  Total elongation/%  Yield ratio  Section shrinkage/%  Vickers microhardness/HV

S1 667 498 25 0.74 84.0 201.40
S2 689 543 20 0.78 71.5 225.50
S3 768 590 17 0.77 67.2 237.15

Fig. 8 Morphologies of tensile fractures at 1/2 thickness of S1-S3 steels. a, b S1 steel; ¢, d S2 steel; e, f S3 steel
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Fig. 10 Microscopic impact fractographs of S1-S3 steels at —100 °C. a—c S1 steel; d—f S2 steel; g—i S3 steel

Therefore, more under-cooled austenite can transform into
bainite in Mo-containing steel under the same TMCP
process. This is the fundamental reason for the formation of
full GB microstructure in S3 steel, as shown in Fig. 2e, f.
This indicates that Mo promotes the formation of GB,
which is consistent with the result of Chen et al. [33] and
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Tian et al. [14]. Bainite usually has a high dislocation
density, which is easy to cause dislocation entanglement
and dislocation motion disorder. This property is conducive
to improving the strength of steel [34]. In addition, GB is
usually composed of bainitic ferrite (BF) and M—A con-
stituents dispersed in the BF matrix [35]. Thus, S3 steel
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V-notch}’

Fig. 11 Morphology along cross-section near impact fracture tested at —100 °C. a S1 steel; e S3 steel; d observation locations near V-notch; b, c,

f, g magnified morphology corresponding to local region

contains a greater quantity of M—A islands (Fig. 3e, f) that
are relatively hard and further increase the strength of S3
steel. In addition, HAGBs are mostly found between the
battens of different bain groups. It can be seen from EBSD
(Fig. 5d) that GB presents the same or similar color,
indicating that their misorientation is small. Therefore, the
high content of bainite causes an increase in the proportion
of LAGBs in S3 steel, as depicted in Fig. Se. In addition,
Fig. 4 reveals that the addition of Mo promotes the pre-
cipitation of carbides and refines their size. This is mainly
because Mo can reduce the diffusion coefficient of other
precipitated elements, retard the precipitation time, and
refine the precipitates [36]. There is also evidence to sug-
gest that the addition of Mo helps reduce the interfacial
energy between the precipitated phase and the matrix,
thereby increasing the density of the precipitates. Addi-
tionally, carbides generally preferentially nucleate at dis-
locations [37], and GB usually has high-density
dislocation. Therefore, there are more abundant carbide
nucleation sites in S3 steel, which further promotes the
formation of carbides. These nano-size precipitates can

hinder the dislocation sliding and result in a desired pre-
cipitation-strengthening effect by pinning effect. There-
fore, the bainitic transformation, dislocation strengthening
and precipitation strengthening can explain the improve-
ment in the tensile strength of the S3 steel.

Based on all the above results, we find that it is feasible
to adjust the microstructure of the steel by controlling the
alloying component. Adding a proper amount of Ni is
helpful to refine grain and adjust phase content. The pro-
motion function of Mo on bainite transformation is a
complex process. Mo elements played a role in regulate the
morphology of precipitates.

4.2 Relationship between microstructure
and low-temperature toughness

As is well-known, as a rigid second phase, the M—A island
is crucial to the toughness of steel. Generally, the critical
fracture stress can be calculated as follows classical Grif-
fith theory [38]:
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Fig. 12 Macroscopic impact fracture morphologies and delaminated cracks characteristic of S1-S3 steels at different temperatures. a—c S1 steel;
d—f S2 steel; g—i S3 steel; j-1 fracture morphology corresponding to local region

nEy! 1/2
o= (7 25) @
where 7/ is the effective surface energy; v is the Poisson’s
ratio; d, is micro-crack size; and E is the Young’s modulus.
Here, the maximum width of M—A island can be referred to
as dop [5]. Equation (4) indicates that diminishing the
diameter of M—A islands could increase the critical fracture
stress, consequently augmenting the challenge of fracture
propagation and improving low-temperature toughness. To
further verify the above conclusion, the microstructure of
S1 and S3 steels near the impact primary crack was further
analyzed by SEM, as depicted in Fig. 14. Clearly, the
primary crack changes the direction once it encounters the
small-size and uniformly dispersed M—A islands. This
phenomenon is more prominent in S1 steel as indicated by
the yellow arrows in Fig. 14a. On the contrary, the primary
crack passes straightly through the large-size M—A islands;
moreover, micro-voids also tend to arise in larger or clo-
sely connected M—A islands, as shown in Fig. 14b. This
indicates that stress concentration is more likely to occur at

@ Springer

large-size M—A islands, which assists cleavage fracture
[39]. The effect of M—A islands on crack propagation can
further understand through the model of crack propagation
in Fig. 14c, d. M-A island size around the crack was fur-
ther calculated, and the results showed that small-size
(< 2.2 um) and uniformly dispersed M—A islands have a
powerful retarding effect on crack propagation and create a
more tortuous propagation path, which will consume more
energy and promote toughness. For comparison, these
large-size (> 2.2 pm) M-A islands do not impede the
crack propagation, but become the main locations of crack
germination. These results are consistent with several
research groups. As demonstrated by Li et al. [40], the
coarse M—A island along the grain boundary is the main
factor promoting brittle fracture, while the smaller M—A
island is favorable in obtaining high toughness. Li et al.
[24] also found a comparable toughness enhancement
phenomenon in the presence of minuscule M—A islands.
Moreover, the content of M—A islands also has a sig-
nificant effect on the low-temperature toughness. In our
present study, the low-temperature toughness (LT) is
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Fig. 13 Depth of delaminated crack at different temperatures of S3 steel. a —20 °C; ¢ —40 °C; f —60 °C; h observation locations near V-notch;

b, d, e, g magnified morphology corresponding to local region

negatively influenced by the increase in M-A islands
content (MC) (i.e., LTSI > LT52 > LT53, MCSI < MCSZ <
MCs;z), indicating that an overabundance of M-A islands
can intensify fracture and weaken the toughness. It has also
been reported that M—A islands at grain boundaries are more
sensitive to fracture and stringer M-A islands are easier to
detach from the matrix [21]. Through comprehensive anal-
ysis of M—A islands parameter, low content (2.21%) and
small size (1.76 um) of M—A islands are the key to promote
the excellent low-temperature toughness of S1 steel. On the
contrary, the large size (2.8 pum) and high content (3.84%) of
M-A islands deteriorate the low-temperature toughness of
S3 steel.

Generally, in the process of crack propagation, the
deflection effect occurs when the crack encounters

HAGBs, which blunt crack tips and delayed fracture.
However, not only LAGBs has no hindrance to crack
propagation, but their aggregation distribution is more
likely to cause stress concentration and cause fracture
[41, 42]. Therefore, the high density and uniform distri-
bution of HAGBs in S1 steel are an effective barrier to
crack propagation, which further improves the toughness of
S1 steel. In addition, the ductile-brittle transition temper-
ature (DBTT) of steel can be determined by Eq. (5) [43]:

DBTT = T, — Kd~'* (5)

where T, is a variable that depends on tensile properties;
d is EGS; and K is constant. Therefore, EGS refinement has
an obvious effect on DBTT reduction. Therefore, the
higher density of HAGBs (43.43%) and fine average EGS
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Fig. 14 Effect of M—A islands morphology on crack propagation in S1 and S3 steels (a, b) and model of crack propagation at M—A islands (c, d)
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Fig. 15 Relationship between delamination and impact toughness at
different temperatures (a) and transverse delamination mechanism (b)

(3.6 um) in S1 steel are another reason for its excellent
low-temperature toughness. In conclusion, besides the
effect resulting from M-A islands, EGS, grain boundary
misorientation and so on have an important effect on low-
temperature toughness. The key to achieve excellent low-
temperature  toughness lies in  multidimensional
microstructure optimization.

@ Springer

4.3 Delamination toughening mechanism

Generally, delamination is a common phenomenon for the
fracture surface of hot-rolled steel, which is usually related
to microcrack, weak interface, and texture, etc. [44, 45].
This delamination phenomenon can be found in some
reports. For instance, Cao et al. [46] reported that delam-
ination makes the ferrite/martensite steel obtain high-im-
pact energy. Yang et al. [47] demonstrated that the
absorption of energy by delamination during the fracture
process engenders additional plasticity and increases the
impact energy. These studies evinced that delamination is
advantageous to the improvement of toughness.

In our present study, the delamination is parallel to the
rolling surface (Fig. 15b), which is conducive to reducing
the triaxial stress [44]. The deep groove shape delamination
gives the main fracture a jagged appearance, which passi-
vates the main fracture surface and expends energy, and
contributes to the improvement of toughness, even though
delamination itself is a brittle fracture. In addition, as an
example, S3 steel is used to calculate the volume of
delamination according to its length, width and depth at
different temperatures (delamination of smaller size
(< 0.10 mm) was ignored) to evaluate its contribution to
toughness, as depicted in Fig. 15. The volume of delami-
nation changes in a parabolic manner as temperature
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Fig. 16 Impact specimen fracture macroscopic topography at different temperatures

decreases, as shown in Fig. 15a, indicating that the
enhancement of toughness by delamination exhibits a
fluctuating characteristic. Delamination toughening can be
described as progressing via three stages: delamination
incubation stage (I), delamination expansion stage (II), and
delamination degradation stage (III) (Fig. 15). When the
impact temperature is high or impact energy is high,
delamination does not form or form small-size delamina-
tion (stage I). At this stage, complete ductile fracture
manifests in the sample, as exhibited in Fig. 16a. Delam-
ination begins to appear and gradually strengthens with a
further decrease in impact temperature (stage II). At this
stage, the effect of delamination on toughness is progres-
sively strengthened, which substantially retards the
decrease rate of the impact energy, and effectively reduces
the DBTT, as shown by the red line in Fig. 15. As the
temperature continues to decrease, the brittleness of the
sample increases (stage III). At this stage, the delamination
toughening effect is gradually weakened, and the impact
energy decreases sharply. The delamination will disappear
when the sample is completely brittle fracture, as shown in
Fig. 16c¢.

5 Conclusions

1. The addition of 2 wt.% Ni in S1 steel resulted in lower
austenite to the ferrite transition temperature, which
retards the growth of ferrite and refines grain size.
Refined average effective grain size (3.60 pm), dense
HAGBS and tiny M-A islands (1.76 pm) synergically
inhibit crack propagation. The optimized microstruc-
ture greatly reduces DBTT, and thus, S1 steel obtains
the optimal impact toughness (Charpy impact energy
of 218.2 J at —100 °C).

2. Addition of Mo promotes the formation of granular

bainite during TMCP. By adding 0.2 wt.% Mo, the
average EGS coarsened from 3.98 to 4.62 um, HAGBs
content decreased to 36.22%, and the average size of
M-A islands increased from 1.88 to 2.80 pum. In
addition, the addition of Mo is beneficial to the
refinement and precipitation of carbides. With these
changes, the tensile strength is increased while the
low-temperature toughness greatly deteriorates.

3. During the fracture process, delamination plays a

critical role in improving the impact toughness due to
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its effective dissipation of the energy, and impedes the
decline of impact energy, reducing DBTT. Especially
in the delamination expansion stage, the toughening
effect is most prominent.
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