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Abstract: Generally, the development of ship plate steels is mainly concerned with the improvement
of strength and toughness, such as F32 and F36. Due to the strength—ductility trade-off, it is difficult
to combine excellent ductility with strength improvement, resulting in a poor deformation ability
of the traditional ship plate steels during collision. In the present study, a series of high-ductility
ship plate steels with property gradients were obtained by multi-phase microstructure control. The
strength—ductility matching mechanism was analyzed. Meanwhile, the roles of M/ A islands and
lamellar pearlites in plastic deformation were also revealed. The results show that the microstructure
of “quasi-polygonal ferrite + granular bainite + M/A islands + fewer lamellar pearlites” has the best
strength—ductility match. The excellent ductility is mainly dependent on dispersive kernel average
misorientation, recrystallized grains without distortion, and soft grains. In addition, the longer branch
crack can effectively relieve the stress concentration at the tip of the main crack. Compared with
lamellar pearlites, the dispersed M/ A island grains have a higher strength contribution and more
stable y-fibers, which is beneficial to delay the appearance of internal micro-voids and micro-cracks.
However, the lamellar pearlites can coordinate deformation only when the orientation of thinner
lamellae exceeds two.

Keywords: high-ductility ship plate steel; multi-phase; M/ A island; strength—ductility match; tensile
failure behavior

1. Introduction

In recent years, the development of ships has shown a trend of large scale and high
speed, which has led to a high incidence of maritime traffic accidents, and even destroyers
equipped with advanced radar systems have not been spared [1]. In addition, when lique-
fied natural gas (LNG) and liquefied petroleum gas (LPG) carriers collide, they lead to the
leakage of cargo and cause environmental pollution [2,3]. The application of FH32 and FH36
high-strength ship plate steels has gradually increased due to both high strength and excel-
lent low-temperature impact toughness [4,5]. Unfortunately, due to the strength—ductility
trade-off, it is often difficult to combine excellent ductility with strength improvement [6].
To improve the deformability in the collision, a double-layer hull or the introduction of
porous glass heterogeneous spheres has been used [7]. From the perspective of light weight,
it is also possible to use high-ductility steel plates to improve the impact energy absorbed
while ensuring strength.

By intelligently adjusting the chemical composition and heat treatment process, the
multi-phase microstructure control can be achieved, allowing dislocation engineering to
break through the limit of the strength—ductility trade-off. During plastic deformation,
the soft and hard phases can coordinate with each other [8-10]. Based on the above
ideas, Dong et al. took the lead in proposing the concept of multi-phase, meta-stable,
multi-scale M? microstructure steels (third-generation low-alloy structural steels) [11].
Compared with the typical ferrite-pearlite (F-P) steels of the first generation and the
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ferrite-bainite/martensite (F-B/M) steels of the second generation, the high-strength bai-
nite/martensite matrix combined with the transformation-induced plasticity (TRIP) effect
of metastable austenite in M> microstructure steels, which are mostly used as automo-
tive steels and construction steels, can improve the comprehensive properties [12-15].
Ismail et al. developed fibrous dual-phase steel with excellent crack resistance by sub-
temperature quenching of the fully o’ microstructure, and the elongation was only about
20% [16]. This is attributed to the limited improvement in ductility of ferrite-martensite
(F-M) dual-phase steels due to significant dislocation strengthening and rigid properties
of lath or massive martensite [17,18]. By contrast, Shang et al. obtained stable ultrafine
retained austenite by intercritical annealing and tempering of low-carbon copper-bearing
medium-manganese steels, so that the TRIP effect occurred in a wide range, and the elon-
gation was up to about 27% [19]. However, due to the high cost and complicated process,
the above-mentioned methods are not suitable for the production of ship plate steels. At
present, the multi-phase microstructure control of high-ductility ship plate steels to improve
the strength—ductility match has been rarely studied.

The multi-phase microstructure control of high-ductility ship plate steels should take
ferrite as the matrix to control the morphology and distribution of lamellar pearlites (LP),
bainites, and M/A islands. The plastic deformation mechanism of lamellar pearlites is
often attributed to cementite lamellae’s orientation, bending, or kink failure. In a certain
range, by increasing the hardness difference between the soft and hard phases, the effect of
phase transformation strengthening can be fully exerted [20-22]. When the deformation
substructures within grains undergo sufficient static recovery and recrystallization, the
adverse effects of dislocation and substructure strengthening on plasticity can be reduced.
M/ A island particles have a dispersion strengthening effect similar to that of the second
phase, so the introduction of dispersively distributed M/ A island particles can achieve a
better strength—ductility match [23-25]. However, when lath bainite (LB) exists, the M/A
islands of the long-axis ratio divide the prior austenite grains and are roughly parallel to
the lath ferrites, where a large number of high-density dislocations are accumulated and
restricted [26,27].

In this paper, the multi-phase microstructure control with a strength—ductility match-
ing gradient was achieved by using a specific composition and online optimization of
the “relaxation-laminar cooling-air cooling” three-stage cooling process. The influence of
multi-phase microstructure differences on the contribution of strength and ductility was
analyzed, and the fracture behavior during tensile failure of different microstructure types
was studied, which promote the development of high-ductility ship plate steels.

2. Materials and Methods
2.1. Materials and Process

The chemical composition of the steel is shown in Table 1. The design of low-C and
high-Mn ensures good low-temperature toughness and weldability while making up for
the lack of strength, especially tensile strength [28]. Microalloying elements such as Nb, V,
and Ti usually prevent the growth of austenite grains at high temperatures, inhibit ferrite
nucleation, and produce carbonitride precipitates during cooling. Therefore, considering
the effect of grain size, ferrite content, and precipitates on ductility, a small number of
microalloying elements should be added, and a better strength—ductility match is mainly
obtained through the multi-phase microstructure control of the soft and hard phases [29].

Table 1. Chemical composition of the steel (wt.%).

Si

P S Ni Al Nb A\ Ti Fe

0.1

1.55

0.2

0.009 0.001 0.1 0.05 0.01 0.005 0.01 Bal.

By JMatPro software (version 7.0, Sente Software, Guildford, UK), the temperatures
of Ag1 and Az were measured to be 830.9 °C and 688.0 °C, respectively. The continuous
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cooling transition (CCT) curve is shown in Figure 1a. The nonrecrystallization temperature
(Tnr) was calculated to be about 880 °C according to Equation (1) [30].

Tyr= 887 + 464C + 890Ti 4 363Al — 3575i + 6445Nb — 6441/ Nb+732V —230v/V (1)
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Figure 1. (a) CCT curve; (b) schematic diagram of the thermomechanical control process.

The billets were prepared by vacuum melting and then forged to a 60 mm thick
ingot. Rolled to 12 mm through the thermomechanical control process, the three-stage
cooling process of “relaxation-laminar cooling-air cooling” was adopted in the cooling
stage (Figure 1b). The billets were rolled in the recrystallization zone after holding at
1150 °C for 1.5 h. Then, they were relaxed to different temperatures to adjust the hardness
difference between the soft and hard phases, and the temperature range was controlled
from the austenite region to the austenite + ferrite region. For the rough rolling stage: the
starting temperature was 1130 °C, the total reduction was 58%, and the final temperature
was more than 1000 °C. For the finish rolling stage: the starting temperature was 930 °C,
the total reduction was 52%, and the final temperature was 910 °C. The cooling rate in
the relaxation stage was measured as 2.5-3.0 °C/s. To realize the transformation of the
microstructure from F + P to F + B by adjusting the starting and final cooling temperatures,
the laminar cooling rate was determined according to the CCT curve as 15 °C/s. The
specific cooling process is presented in Table 2. For the convenience of description, the
samples were named ST830-FT600, ST740-FT600, ST700-FT600, and ST740-FT550 according
to the starting cooling temperature and final cooling temperature.

Table 2. Cooling process parameters of the samples.

Cooling Rate of Start{ng Coolmg.Rate of Final Cooling
Samples Relaxation, °C/s Cooling Laminar Temperature, °C
! Temperature, °C Cooling, °C/s p ’
ST830-FT600 830 600
ST740-FT600 740 600
ST700-FT600 2.5-3.0 700 15 600
ST740-FT550 740 550

2.2. Mechanical Tests

According to the standard of ISO 6892-1: 2019, the tensile tests were carried out on a
CMT5386 electronic universal testing machine along the rolling direction (RD) at a tensile
rate of 3 mm/min, and the elongation was measured with an Epsilon-3543 extensometer
(Epsilon Technology Corp., Jackson, MS, USA). The low-temperature impact tests of —60 °C
were carried out on a JBDW-300D ultra-low-temperature impact testing machine (Koohei
Test Machine Co., Ltd., Jinan, China) according to the standard of ISO 148-1: 2016. The
microhardness was measured by a HV-1000Z micro-Vickers hardness tester (Lab Testing
Technology Co., Ltd., Shanghai, China), the experimental load was 500 N, and the holding
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time was 15 s. The results were taken as the average of three parallel samples. The
dimensions of tensile and low-temperature-impact specimens are shown in Figure 2.

' RZIZ—A'i
N— S
‘ 12.5 t

180

Unit: mm RD

Figure 2. Dimensions of tensile and low-temperature-impact specimens.

2.3. Microstructure Characterization

The specimens were taken along the RD-ND surface of the samples, and the mi-
crostructure characteristics were observed by optical microscopy (OM), scanning electron
microscopy (SEM, ZEISS GeminiSEM500, Carl Zeiss AG, Oberkochen, Germany), electron
backscatter diffraction (EBSD), and transmission electron microscopy (TEM, FEIF 20, FEI
Company, Hillsborough, OR, USA). Samples for OM and SEM analysis were mechanically
polished and then etched by 4% nitric acid solution. EBSD analysis was performed after
electrolytic polishing with 10 vol.% perchloric acid solution (voltage 20 kV; current 1 A).
The TEM samples were first ground to 50 um and then diluted by the double-jet polishing
technique (5 vol.% perchloric acid solution + 95 vol.% absolute ethanol).

The separation of F and P + B in metallographic photographs was carried out by a
Gaussian filter in Matlab software (version 2020b, The MathWorks Inc., Natick, MA, USA),
followed by statistics of phase proportion and grain size using Image pro plus (version 6.0,
Media Cybernetic Inc., Silver Springs, MD, USA) and Matlab-linecut. There had been many
studies that had effectively distinguished between F, B, and M [31-33]. However, none of
them could definitely distinguish degenerate LP and granular bainite (GB) with similar
contrast. The surface scanning analysis of the C element on LP, degenerate LP, GB, and
M/ A islands of different morphology by EPMA (EPMA-1720H, Shimadzu, Kyoto, Japan)
was combined with SEM and TEM to clarify the microstructure. Macroscopic dislocation
density analysis was performed with a D8 Advance X-ray diffractometer (Bruker AXS
GmbH, Karlsruhe, Germany) (stepping, CuKe, voltage 40 kV, current 40 mA, 26 range
40°-140°, step size 0.02°, and dwell time 1.2° per step). According to the Williamson-Hall
(W-H) analysis, the effect of grain refinement on the broadening of diffraction peaks could
be ignored (Equation (2)) [34,35].

cos sin 6
éhkl S hkl ~ D¢ 5 hkl (2)

where 6y is the full-width at half-maximum (FWHM) of the diffraction peak corresponding
to 14, and A is the wavelength of CuK«x radiation (0.15418 nm). When only the lattice
distortion caused by the micro-strain was considered, the total dislocation density p and
the dislocation of the crystal plane pj; were calculated by Equation (3) and Equation (4),
respectively [36,37].

82
p= Kb7 3)
) 2
ot = 4)

2 In 27tb?



Metals 2022, 12, 1657

50f 20

K is a constant of 14.4 for BCC, b is the Burgers vector of ferrite (b = 0.248 nm), and
e is the average effective micro-strain calculated through MDI Jade software (version 6.0,
Materials Data Inc., Livermore, CA, USA).

3. Results and Discussion
3.1. Microstructure
3.1.1. Microstructure Recognition

The microstructure of samples, the extraction of the hard phase, and the calculation
of the F average grain size using Matlab are shown in Figure 3. The specific results of the
grain size and the phase proportion are presented in Table 3. This method shows high
accuracy and confidence. Obviously, the same deformation schedule made the number
of ferrite nucleation points equal, and the proportions of ferrite were all about 65-75%.
The type and size of the hard phase affected the proportion of ferrite to a certain extent.
As the starting cooling temperature decreased from 830 °C to 700 °C, the F average grain
size increased from 9.59 um to 12.39 um, and the microstructure gradually changed from
quasi-polygonal (QF) + GB + LP to QF + LP with the larger LP (Figure 3a-i). The closer the
starting cooling temperature was to A1, the easier it was to obtain banded LP with a larger
size. Compared with ST740-FT600 and ST740-FT550 (Figures 3d—f and 3j-1), when the final
cooling temperature dropped to the bainite transformation zone, the F + B dual-phase
structure with the lath characteristic was formed, and the pearlite transformation zone was
completely avoided at this time.

Table 3. Statistics of phase proportion and F average grain size.

Samples F Phase Proportion, % PP +B Ifhas«z F Ave‘rage Grain
roportion, % Size, um
ST830-FT600 733+23 26.7 £ 2.3 9.59
ST740-FT600 738+ 15 262+ 1.5 10.95
ST700-FT600 66.4 + 1.8 336+ 1.8 12.39
ST740-FT550 69.6 + 2.5 304 +25 9.97

The differences in microstructures are not only reflected between F, P, and B but
also in the size and morphology of M/ A islands obtained by different cooling schedules,
as shown in Figure 3¢,f,il. It was found that the different transformation temperatures
during the continuous cooling process caused the difference in bainite morphology rather
than the transformation mechanisms [38]. With the extension of the relaxation process,
the size of M/ A islands gradually increased. However, when approaching the eutectoid
transformation temperature, pearlite was more likely to be produced, and the M/ A islands
were refined into granular or short films.

The continuous cooling feature made it impossible to obtain pure GB. The EPMA
surface scanning results of the C element are shown in Figure 4. The distribution of the C
element at the cementite lamellae (Fe3C) was relatively uniform, while the M/ A islands
distributed at the GB or grain boundaries were enriched to varying degrees. The fine M/A
grains and coarse M/ A blocks can be observed from the TEM morphology in Figure 5a,b,
corresponding to ST830-FT600 and ST740-FT600. Figure 5¢,d show the GB and degenerate
LP with similar SEM morphology, and the short M/ A films are visible in the GB or near
the LP. The long rapid cooling time and low carbon content made the crystal structure of
martensitic BCT similar to that of ferritic BCC.

3.1.2. XRD and TEM Analysis of Dislocation

The XRD patterns of the samples are shown in Figure 6a, which exhibit obvious broad-
ening of the BCC peaks. A linear fitting was performed using 2sinfj;; /A in Equation (2)
as the horizontal coordinate and 0 cosOpii /A as the vertical coordinate to obtain the
slopes e (Figure 6b). Then, the slopes were brought into Equation (3), and the total dislo-
cation densities of samples were 5.10 x 103 m=2,9.66 x 1013 m~2,4.36 x 102 m—2, and
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1.09 x 104 m—2. Figure 6d-f show the amplifications of the diffraction peaks of (110), (211),
and (310) crystal planes with obvious intensity or broadening, respectively. The diffraction
peaks of ST740-FT550 with the worst ductility have a certain degree of left shift and the
broadening effect was more obvious, which indicated that there was more serious lattice
distortion inside. For ST740-FT600 and ST740-FT550 with higher total dislocation density,
the dislocation density of each crystal plane was also higher than those of the other samples,
as shown in Figure 6¢. The dislocation density of ST740-FT550 had an obvious peak on the
(310) crystal plane, which was related to the obvious broadening of the diffraction peak.
Lath bainite was more likely to accumulate a high density of dislocations.

General model:

lognorm (x) = A/sqre(2.x pi).x x.x log(a-sig)).
*exp(-(log(x)-log(a-mu))."2.
[

(o
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A=14.06(10. 17.67)

aemu = 9.59 (7.73, 11.45)
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15 20
length/um
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Tognorm (x) = AJsqri(2.xpi)xxx log(a-sig).
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Figure 3. Metallographic photographs, schematic diagrams of phase separation, F grain size dis-
tributions, and SEM micrographs. (a—c) ST830-FT600, (d—f) ST740-FT600, (g—i) ST700-FT600, and
(j-1) ST740-FT550.
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Figure 4. Distribution of C elements in different morphological microstructures. (a,d) GB and fine
M/ A grains, (b,e) coarse M/ A blocks, and (c,f) LP and short M/A films.

Figure 5. TEM micrographs of (a) fine M/ A grains, (b) coarse M/ A blocks, (c) GB, and (d) degenerate
LP and short M/ A films. The solid red circles indicate areas of the SAED pattern.

In order to further clarify the difference of macro-dislocation in the microstructure, the
dislocations and substructures of the samples were observed by TEM, as shown in Figure 7.
A dynamic recrystallization (DRX) grain remaining after rolling in the recrystallization zone
was observed in ST830-FT600, and the ferrite grains were in the region of low dislocation
density, with dislocation tangles only at the grain boundary bulges (Figure 7a). Although
the extension of the relaxation time made the dislocation within the grains aggregate and
nucleate to generate static recrystallization (SRX) sub-grains, there were still many unnu-
cleated dislocation tangles in ST740-FT600. The coarse M/ A blocks with high dislocation
density in Figure 7b were also the reason for increased total dislocation density. More
sufficient relaxation and short-time rapid cooling made the SRX in ST700-FT600 fully pro-
gressed, F grains with low dislocation density, and LP with only a few parallel dislocation
lines (otherwise fine dislocation lines were limited in narrow spacing between cemen-
tite lamellae), resulting in a significant reduction in macro-dislocation density (Figure 7c).
The lath structures of ST740-FT550 were the key to the highest macro-dislocation density
(Figure 7d). In addition to piling up at the lath tips, dislocations also formed many distinct
dislocation walls. As grain boundaries tended to move toward high dislocation densities,
more grain boundary bulges were generated.



Metals 2022, 12, 1657

8 of 20

Intensity(a.u.)

Intensity(a.u.)

2 20 16
(a) —— ST830-FT600 (b) u STS30-FT600 © (110)
S0 % Sroortice " oy 1
—— ST700-FT6 700-F o (310)
(110) ——— ST740-FT550 20 v ST740-FTSS0 16 e
-~ 1090 2z
] 966 2 >
s e10) B g
El T e i s 2
e =3 0y @0 z Z
2 g v @ 2
(200) 220) (310) @22 zlor . v g0 A=
L A A % oy M s = g
s A g s o 1 %
] 1 = , s k=
A A 508 [ = S
C 2 J 3
A A H a, 0 £
L 1 L A e -
2 2
T T T 05 ; 0 - . r . 4
40 60 0 100 120 1 ° N ° ¢ 10 ! " STS30-FT600  STT40-FT600  STI00-FT600  ST740-FTSSO
2siny,,/3/(nm™y Sample number
@ —— STS0-FT600 © —— STRIFT60 ) —— STS0-FT600
= ST740-FT600 = ST740-FT600 = ST740-FT600
——ST700-FT600 —— ST700-FT600 —— ST700-FT600
—— ST740F1550 —— ST740-FT550 —— ST740.FT550
F =
< )
= 1y =
& £ (10)
2 z
2 &
e )

435 440

450 455 460 80 81 82 83 84 85 110 12 14 116 18 120 122

20/%) 20/(%)

Figure 6. (a) XRD diffraction patterns; (b) linear fitting of average effective microstrain; (c) total

dislocation density and crystal plane dislocation density; (d—f) crystal plane diffraction

peak magnifications.

Figure 7. TEM micrographs of dislocations and substructures. (a) ST830-FT600, (b) ST740-FT600,
(c) ST700-FT600, and (d) ST740-FT550.

3.2. Mechanical Properties

The engineering stress—strain curves and tensile properties of the samples are shown
in Figure 8a,c. Different strength—ductility matches were obtained by adjusting the process,
and the low-temperature impact energies were greater than 230 J. For ST700-FT600 with a
typical QF + LP structure, which was rapidly cooled only in the pearlite transformation
zone, the overall dislocation density within the large QF was low, and the dislocations
moved first, resulting in a longer yield plateau. Although ST700-FT600 had the most
excellent total elongation of 36.7%, it also lost a certain strength. The yield strength (YS) and
tensile strength (TS) were, respectively, only 329 MPa and 459 MPa, and the impact energy
was the lowest value of 250 J. Compared with ST740-FT600 and ST740-FT550, as the final
cooling temperature decreased from 600 °C to 550 °C, the strength increased significantly,
but the total elongation was only 23.8%. When the starting cooling temperature rose to
around the A temperature, the rapid cooling after the relaxation of the y region tended
to generate more GB and M/A island particles with a dispersive distribution, and the
small-sized LP decreased greatly. The yield strength, tensile strength, and total elongation
were increased to 397 MPa, 528 MPa, and 32.0%, respectively, obtaining the best strength—
ductility match.
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Figure 8. (a) Engineering stress—strain curves; (b) work hardening rate curves; (c) tensile properties;
(d) hardness difference.

Figure 9 shows the fracture morphologies of the samples with different ductility
after uniaxial tensile tests. As shown in Figure 9a,c, for the high-ductility samples with
elongation >30%, dimples and micro-voids were observed at the fracture, which belonged
to the typical complete ductile fracture, and also revealed the nucleation and growth
mechanism of the holes. The dimples of ST830-FT600 were smaller, mainly parabolic and
partially equiaxed, and distributed with micro-voids, while the dimples of ST700-FT600
with better ductility were obviously enlarged and equiaxed, and the micro-voids were also
expanded and accompanied by micro-cracks. In the fracture of ST740-FT600 with medium
ductility (Figure 9b), there were only sparsely distributed parabolic dimples, and the size
of micro-voids was similar to that of ST700-FT600. Some cleavage planes existed between
dimples and micro-voids, and the fracture mode was a mixed ductile-brittle fracture. The
variation in micro-voids and micro-cracks in Figure 9a—c might be related to the proportion
of dispersed M/ A island particles and LP. The limited effect of small-sized LP was reflected
in the inhibition of crack initiation and propagation during the tensile process, which could
cause micro-voids to expand to form micro-cracks. More cleavage planes were present
in the least ductile ST740-FI550, as shown in Figure 9d. Although the micro-voids were
smaller (similar to ST830-FT600), more of them interconnected to form micro-cracks. The
failure mode was a typical cleavage brittle fracture.

Figure 8b shows the work hardening rate curves derived from the true stress—strain
curves. The difference in the total elongation of the samples was mainly reflected in the
uniform plastic deformation stage. In general, the point on the intersection between the
work hardening rate and the true stress—strain curves is defined as the end point of uniform
elongation [39]. The ST700-FT600 with the best ductility had a uniform elongation of 17.5%,
followed by ST830-FT600, which was 13.0%. It was consistent with the effect of the shape
and size of M/ A islands in DP steel on the work hardening rate. Increasing the number
of small M/A islands could bring a higher work hardening rate [40]. It was generally
believed that the work hardening behavior was related to dislocation movement in the
stage of uniform plastic deformation [41]. The entanglement and pilling-up caused by the
increase in dislocation density further inhibited the movement of dislocation, requiring
higher stress and further deformation. As the strain progressed, the work hardening rate
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gradually decreased, but the samples with better ductility consistently maintained a high
work hardening rate. Figure 8d shows the hardness value and hardness difference of the
soft and hard phases. The hardness difference of ST830-FT600 and ST700-FT600 with total
elongation >30% was 25 HV and 34 HV, which was much larger than the other two groups.
The hardness of the two phases had the same trend, and the valley value appeared at
ST700-FT600. However, the fluctuation in hardness was mainly related to strength, while
the increase in elongation was mainly reflected in the large hardness difference.

\ Micro-voids

Parabolicdimplés

W
e "

arabolic (lillpl S "\

e

Figure 9. Micrographs of tensile fracture. (a) ST830-FT600, (b) ST740-FT600, (c¢) ST700-FT600, and
(d) ST740-FT550.

3.3. Analysis of Strength—Ductility Matching Mechanism
3.3.1. Effect of Different Microstructure Types

Figure 10a—d show the grain boundary distribution characteristics of the samples
by EBSD, where the red line represents the low-angle grain boundary (LAGB) of 2-15°,
and the blue line represents the high-angle grain boundary (HAGB) more than 15°. There
were fewer substructures in the large-sized QFs, and LAGBs were mainly concentrated
near pearlite, bainite, and HAGBs. The specific distributions of grain boundary angles are
shown in Figure 10e-h. The proportion of LAGBs gradually increased with the decrease in
elongation, which was only 15.4% and 13.3% in ST830-FT600 and ST700-FT600, respectively.
For ST740-FT600 and ST740-FT550, in addition to the large proportion of LAGBs, the
proportion of 2-5° LAGBs was relatively high, indicating that there were more deformed
grains with high dislocation density. Figure 10i-1 show the kernel average misorientation
(KAM) of the samples. It was precisely because the recrystallization zone rolling avoided the
deformed grains in the nonrecrystallization zone as much as possible, there was sufficient
time for static recovery and recrystallization after rolling, and the mean KAM of the samples
was less than 0.4° [42]. The excellent ductility of ST700-FT600 mainly depended on the
ferrite grains with low strain accumulation, which could preferentially undergo plastic
deformation and yield during the tensile process, but also sacrificed a certain yield strength.
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Figure 10. Grain boundary distribution maps, disorientation angle distribution, and kernel
average misorientation of (a.e,i) ST830-FT600, (b,fj) ST740-FT600, (cgk) ST700-FT600, and
(d,h,1) ST740-FT550.

In general, grains with grain orientation spread (GOS) <1.5° were considered as fully
recrystallized grains [43]. Figure 11a-d show the extraction and statistical results of recrys-
tallized grains for each sample. The proportion of recrystallized grains in each sample was
47.7%, 41.1%, 55.4%, and 33.3%, respectively, and the corresponding average recrystallized
grain size was 7.48 um, 7.35 um, 14.69 pm, and 5.87 pm, as shown in Figure 11e-h. It could
be seen that ductility was positively correlated with the proportion and size of recrystal-
lized grains. Comparing ST830-FT600 and ST740-FT600 with similar strength, the average
recrystallized grain size was similar, while the proportion of recrystallized grains differed
by 6.6% and the elongation differed by 5.1%, which indicated that the effect of proportion
on ductility was dominant.
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Figure 11. Maps of recrystallized grains distribution and grain orientation spread. (a,e) ST830-FT600,
(b, f) ST740-FT600, (c,g) ST700-FT600, and (d,h) ST740-FT550.
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Combined with the grain boundary distribution characteristics, when the mean KAM
and LAGB proportion were relatively high, it tended to show high strength and low
ductility. However, when there was not much difference between the two values, this rule
might not apply. Compared with ST830-FT600, ST740-FT600 had a higher proportion of
LAGB and larger mean KAM, but the strength and ductility were decreased. It might be
related to the type of microstructure and whether the grains were easy to rotate and slip
during plastic deformation.

The Schmidt factor (SF) could indicate the slip system and mode of the grains, and by
comparing the SF value, it could be judged whether the grain was easy to twist and slip
during plastic deformation [44]. For the BCC phase, the easiest slip system was {110}<111>.
The diagrams and frequency distributions of the Schmidt factor under this slip system are
shown in Figure 12. Gussev et al. defined grains with SF > 0.4 as soft grains and those
with SF < 0.4 as hard grains [45]. The percentages of hard grains in the samples were 2.6%,
5.1%, 1.1%, and 9.4%. It was found that ductility was strongly sensitive to the proportion
of soft and hard grains. As the proportion of hard grains decreased, ductility increased
significantly. The hard ferrite grains surrounded by pearlite or bainite were present in the
band contrast (BC) diagrams of different microstructures. In addition, observing ST700-
FT600 (F + P) and ST740-FT550 (F + B), hard grains also existed in LP and LB (Figure 12¢,d),

where the presence of LB would significantly increase the number of hard grains. However,
only a few LP or partial regions of LP showed the hard orientation in ST700-FT600 due to
the multi-orientation characteristics of the internal lamellar arrangement.

2
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Figure 12. Schmidt factor distribution of the samples. (a) ST830-FT600, (b) ST740-FT600, (c) ST700-
FT600, and (d) ST740-FT550.

Correspondingly, for ST830-FT600 and ST740-FT600 with similar properties and mi-
crostructures in Figure 12a,b, which both had small-sized LP and a single internal lamellar
orientation, it was easier to produce hard grains. Among them, the content of small-
sized LP in ST740-FT600 with poor ductility was more prominent, and the proportion
of hard grains was also higher. In addition, as a hard and brittle phase, small-sized LP
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had a weaker improvement in yield strength and tensile strength than the dispersed M/A
island particles.

In fact, the difference in the content of the dispersed M/ A islands in the two groups,
which produced a contribution similar to the precipitates for yield strength, can be calcu-
lated by Equation (5) [46]:

0s= Aosg+Acp+Acss+Aogp (5)

where Acogy, Aop, Acss, and Acgp represent the strength contributions of dislocations,
precipitates, solid solution, and grain boundaries, respectively. Because the two groups had
the same composition and similar grain size, the effects of Acss and Ao were considered
on the same level. The extremely low microalloying elements made the effect of Aop
negligible and the approximate effect could be replaced by the dispersed M/A islands.
Acgy can be calculated by Equation (6) according to the Taylor hardening law [47]:

AO’SH: MOCGb\/;) (6)

where the Taylor factor M is 3.06, the empirical constant o is 0.23, and the shear modulus
G can be calculated as G = E/2(1+v), of which the elastic modulus E can be mea-
sured through engineering stress—strain curves, and Poisson’s ratio v is 0.25. Therefore,
by substituting the results of dislocation density and elastic modulus into the formula,
the Acogy values of ST830-FT600 and ST740-FT600 were calculated to be 93 MPa and
128 MPa, respectively. Thus, combined with yield strength, ST830-FT600 mainly based
on “QF + GB + M/A islands” exhibited an improvement of about 55 MPa compared to
ST740-FT600 due to more dispersed M/ A islands.

3.3.2. Effect of Branch Cracks on Ductility

The inverse pole figure (IPF) + BC maps of the samples near the main crack are
shown in Figure 13a—-d. The length of the branch cracks in the diagrams was 94.2 pym,
25.5 pm, 146.7 um, and 23.1 pum, respectively. It could be seen that the length of the branch
crack was positively correlated with stress release and ductility. Cracks branching from
the main crack and micro-cracks initiated inside had distinct effects on ductility. Liu
et al. declared that when multiple separated laminated ligaments were formed near the
main fracture direction, it provided an additional energy release path for fracture, which
was beneficial to improving fracture toughness [48]. The same was true for the tensile
process; a strong stress concentration was generated at the crack tip when the main crack
propagated perpendicular to the axial direction. At this time, if a secondary crack branch
approximately parallel to the axial direction was generated, the stress concentration at the
crack tip could be effectively relieved. Combined with the hindering effect of the hard
phase, the propagation speed of the main crack would be greatly slowed down. Comparing
ST830-FT600 and ST700-FT600, although branch cracks reduced the tendency of brittle
fracture, their crack propagation paths were slightly different. The hindering effect of hard
grains with low SF value offset the crack propagation, as shown in Figure 13e,f. The branch
crack in ST830-FT600 constantly changed in direction (Line 1 to Line 3) and gradually
became sharper (Line 4). After propagating to a certain extent, it stopped and was not
connected to the front micro-voids. In ST700-FT600, however, the crack propagated straight
forward, and the width did not change significantly with the propagation.

Figure 14 shows the unilateral variation of disorientation and SF at different propa-
gation stages of the crack. Although the branch crack in ST700-FT600 grew linearly along
the axial direction, many internal micro-cracks were derived around them. When the
microstructure difference was large, the deformation process and fracture mechanism
could be analyzed by fractography. The next section further discusses the role of M/A
island particles and small LPs in plastic deformation, by comparing the tensile process of
ST830-FT600 and ST740-FT600.
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Figure 13. IPF+BC maps near the main crack of (a) ST830-FT600, (b) ST740-FT600, (c) ST700-FT600,
and (d) ST740-FT550; (e,f) SF maps of ST830-FT600.
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3.3.3. M/ A Island and LP on Tensile Failure Behavior

ST830-FT600 and ST740-FT600 were stretched to 5%, 15%, and 25% strain to analyze
the ability of M/ A island particles and lamellae in pearlite to coordinate deformation.
Figure 15a—i show the kernel average misorientation and grain boundary distribution
under different strains. The mean KAM and proportion of LAGB under each strain are
shown in Figure 16a. The plastic deformation was divided into three stages by three strains.
With the increase in the dependent variable, the average KAM value and the proportion of
LABG both increased, but the rate of increase in each stage was not the same.

Figure 15. KAM maps under different strains of (a—c) ST830-FT600 and (d—f) ST740-FT600. (g,h) SF
and TF maps of ST740-FT600 under the strain of 25%, respectively.

First, in the initial plastic deformation stage (stage I) of 0-5%, the increase in the mean
KAM and LAGB proportion of ST740-FT600 with higher original dislocation density was
relatively slow. This stage was dominated by dislocation multiplication, and a large amount
of LAGBs had not been formed. Then, in the uniform plastic deformation stage (stage II) of
5-15%, the mean KAM of the two groups increased rapidly at a similar rate. Furthermore,
the dislocation cells formed by dislocation entanglement in ST740-FT600 were rapidly
forming LAGBs, and the dislocations inside the ferrite moved to the grain boundaries,
where more severe work hardening and local strains were concentrated under the same
strain. Finally, in the nonuniform deformation stage (stage III) of 15-25% (the stage that led
to a significant difference in total elongation), ST830-FT600 maintained a high KAM value
and uniform strain distribution. However, in ST740-FT600, a large number of dislocation
cells evolved into LAGBs, and the proportion of LAGBs increased to a maximum of 81.4%
with the appearance of micro-voids and micro-cracks.

The results indicated that the accumulation and uniform distribution of dislocations
sustained a more stable plastic deformation [49]. When the microstructure changed from
M/ A island particles to small LPs, the deformability was weakened. In particular, the dual
accumulation of dislocations at the LP grain boundaries and within the lamellae would
lead to increased crack initiation probability and propagation instability. Figure 15g shows
that the nucleation of micro-voids and the initiation of micro-cracks were basically located
between the soft and hard grains, and the point-to-point disorientation did not change
much, between 0 and 5°. The point-to-point disorientation and SF distribution of Line 1
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to Line 3 are shown in Figure 16b—d. In addition, micro-voids were also nucleated at the
ferrite trigeminal grain boundaries, where LPs were often formed. The Taylor factor (TF)
reflected the ability of grains to resist plastic deformation. A larger TF value represented a
larger deformation work required, which could be used to distinguish between easy-slip
and hard-slip grains [50]. Figure 15h shows that all the above defects were located between
the hard-slip and easy-slip grains. Area 1 and Area 2 clearly indicate that micro-voids occur
between easy-slip and hard-slip grains.
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Figure 16. (a) Variation in KAM and LAGB with strain; SF and disorientation of corresponding lines
in Figure 15g: (b) Line 1, (c) Line 2, and (d) Line 3.

Figure 17 shows the orientation distribution function (ODF) of the @2 = 45° section
in the RD-ND plane under different strains and the standard ODF card. The typical
v-fiber (¢1 = 0-90°, & = 55°) and a certain degree of the o-fiber (91 = 0°, & = 0-55°)
were present in undeformed samples. In contrast, ST830-FI600 showed a stronger y-fiber,
while ST740-FT600 also had an obvious (001)<110> cubic texture. It was shown that a
higher volume fraction of the y-fiber in the BCC phase was accompanied by better ductility,
and accordingly, the formation of the cubic texture needed to be suppressed to achieve
excellent tensile properties [51]. When the strain was in the range of 0-5%, both of them
maintained stable y-fibers, and the «-fibers were enhanced. When the strain reached 15%,
the strength of the y-fiber and «-fiber in ST830-FT600 began to decay, while for ST740-
FT600, the y-fiber disappeared, and the x-fiber evolved into a Goss component. When the
strain was increased to 25%, only the Goss component remained in ST740-FT600, while
the weak o-fiber and (111)<011 > texture on y-fiber lines still remained in ST830-FT600.
By comparing the texture evolution law during the tensile process, it was found that the
dispersed M/ A island particles would bring a more stable y-fiber, which improved the
strength and brought a more durable plastic deformation at the same time.

According to the above analysis, there are obvious differences in the plastic deforma-
tion ability of M/ A island particles and LPs. Figure 18a,c show the distribution of internal
defects near the main crack after fracture of ST830-FT600 and ST740-FT600. Combined with
the deformation mechanism diagram of M/ A islands and LPs during the tensile process
(Figure 18e), the respective roles were further analyzed. For ST830-FT600 with the best



Metals 2022, 12, 1657

17 of 20

strength—ductility match, micro-voids were mainly formed by debonding at the interface of
the ferrite matrix and dispersed M/ A island particles. The plastic deformation of ferrite
transferred the stress to the M/ A islands, causing stress concentration at the interface,
and when the stress reached a certain level, debonding caused deformation relaxation.
However, the further propagation of micro-voids was limited by the surrounding M/A
islands, making it difficult to interconnect, and resulting in an excellent strength—ductility
match. It was demonstrated by the contrast of bright and dark fields of TEM in Figure 18b.
However, only when the M/ A islands were sufficiently fine could the above-mentioned
effects be fully exerted.
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Figure 17. (a) The orientation distribution function (ODF) of the @2 = 45° section in the RD-ND plane
under different strains; (b) the standard ODF card.
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Figure 18. SEM and TEM micrographs of internal defects near the main crack: (a,b) ST830-FT600 and
(c,d) ST740-FT600; (e) schematic diagram of the deformation of M/ A islands and LPs.

In addition to micro-voids, there were also micro-cracks that penetrated through the
LP or initiated inside the LP of ST740-FT600. Figure 18d shows the coordination ability
of the number of lamella orientations to plastic deformation. When there were multiple
orientations in LP, only the cementite lamellae perpendicular to the tensile direction were
fractured, and the LP had a good ability to coordinate deformation. When there were double
orientations in LP, the plastic deformation ability of pearlite decreased. The fracture of one
orientation promoted the formation of micro-voids, but the other orientation provided a
channel for dislocation slip, making micro-voids confined between the HAGBs and lamellae.
At worst, the single orientation of the lamella had almost no plastic deformation ability.
The rupture of the inner lamellae could easily cause the nucleation and growth of micro-
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voids. When the crack propagated along the HAGBs with high grain boundary energy
passed, it would connect to the micro-voids through the LP, and the crack propagation
would continue.

4. Conclusions

In the present work, by adjusting the cooling processes for specific compositions,
the multi-phase microstructure control was achieved, and a series of steels with different
strength—ductility matches were obtained. The analysis of the strength—ductility matching
mechanism with different microstructures and the deformation failure behavior during the
tensile process were carried out. The main conclusions are as follows:

(1) After image recognition of GB, M/A islands, and degenerate LP, it was confirmed
that ST830-FT740 with the structure of “QF + GB + M/ A islands + fewer LPs” had the
best strength and ductility match.

(2) The ductility decreased linearly with the decrease in dislocation density, the increase
in the proportion of LAGBs and mean KAM, and the decrease in the proportion of
recrystallized grains and soft grains. There was an upward trend in strength, but
anomalies occurred when the structure was similar. Compared with ST740-FT600
whose structure was dominated by more LPs and fewer M/ A islands, the dispersion
strengthening effect of more M/ A islands in ST830-FT600 contributed about 55 MPa
to the improvement of yield strength.

(3) The longer branch crack generated at the main crack effectively relieved the stress
concentration at the crack tip, which was beneficial to the improvement of ductility.
The crack originated from the vicinity of soft grains, and the hard grains with low SF
had a more significant effect on crack deflection than HAGBs.

(4) The dispersed M/ A islands were beneficial to the accumulation and uniform distribu-
tion of dislocations, and also brought about a more stable y-fiber, which slowed down
the generation of defects and maintained plastic deformation for a longer time. Fine
M/ A island grains had a hindering effect on the growth of micro-voids, while LPs
mainly depended on the orientation of the lamellae, and only multiple orientations
had the ability to coordinate deformation.
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