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Abstract: For exploring an effective heat treatment schedule to enhance the strength—plasticity
balance of the ferrite-austenite 12CrNi2 alloy steel additively manufactured by directed energy
deposition (DED), 12CrNi2 was heat-treated with deliberately designed direct quenching (DQ) and
cyclic quenching (CQ), respectively, and the differently quenched steels were then tempered at a
temperature from 200 °C to 500 °C. It was found that the CQ, in contrast to the DQ, led the 12CrNi2
to have significantly increased tensile strength without losing its plasticity, based on the introduction
of fine-grained lath martensite and the {112}<111>-type nanotwins. The nanotwins were completely
degenerated after the 200 °C tempering. This led the CQ-treated steel to decrease in not only its
tensile strength, but also its plasticity. In addition, an interesting phenomenon observed was that the
DQ-induced laths and rod-like precipitates, and the tempering-induced laths and rod-like precipitates
were all prone to be generated along the {112} planes of the martensitic crystal («-Fe), which were
exactly fitted with the {112}-type crystalline orientation of the long or short nanotwins in the CQ-
induced martensite. The quenching-tempering-induced generation of the {112}-orientated laths and
rod-like precipitates was explicated in connection with the {112}<111>-type long or short nanotwins
in the CQ-induced lath martensite.

Keywords: directed energy deposition; tempering; microstructures; mechanical property; low-carbon
low-alloy steel

1. Introduction

Ever-increasing demands for high-precision shape control and high-freedom structural
design during the manufacturing process of the structural components led the conventional
metallurgical fabrication technologies (e.g., forging, casting, rolling and extrusion) to hardly
satisfy the design requirements for forming structural parts with a large size and complex
shape. Additive manufacturing (AM) has been more and more popularly introduced for the
manufacture of complex components in a point-by-point, line-by-line and layer-by-layer
manner within a short time [1]. This established new field for manufacturing the structural
parts, which were difficult or impossible to manufacture using the conventional metallur-
gical techniques, made the structural design not limited by processing technologies [2,3].
AM could be divided mainly into powder bed fusion (PBF) and directed energy deposition
(DED) processes for metal alloys. The DED process is not limited by the size of the forming
cavity, and hence it is suitable to form large-sized structural components.

Many typical alloys, such as stainless steels, alloy steels, titanium alloys and super-
alloys are fabricated via DED into a variety of components with different requirements.
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Among them, 12CrNi2 is a low-carbon low-alloy steel feature with low cost, good process-
ability and an acceptable indicator of mechanical property. It has been validated in typical
applications of structural parts, such as diesel engine shafts, which are large in size and are
complex constructions. Recently, the utilization of the DED to fabricate 12CrNi2 has been
investigated by some researchers [4-6]. The as-deposited 12CrNi2 was characterized as hav-
ing a microstructure consisting of dual phases of major ferrite and minor austenite [7]. This
led the 12CrNi2 to have excellent ductility but poor strength, which could hardly withstand
the severe loading produced in the service condition. However, at present, considerable
progress has not been achieved in the DED-manufactured low-carbon low-alloy steels in
the acquisition of not only expected ductility, but also high strength, due to the difficulty
in controlling the thermal cycle history and the complicated liquid—solid and solid—solid
transformations during the rapid layer-by-layer deposition of the DED [8]. Under this back-
ground, the post-heat treatment is hereby an important way to optimize the microstructure,
so as to achieve desirable mechanical properties of the additively manufactured 12CrNi2.

It is widely acknowledged that quenching leads the steel to generate a hard phase,
i.e., lath martensite, which helps to improve the strength of the as-deposited 12CrNi2.
However, a poor plasticity concomitantly occurs. This is deemed to originate from its
massive multi-scale interfaces within the lath martensite [9,10]. The lath martensite in the
low-carbon as-quenched steel was always separated by prior austenitic grain boundaries.
The prior austenitic grain consists of packets sharing the same habit plane of y-Fe. Each
packet is divided into blocks, and each block is further subdivided into a group of laths
having a small misorientation between one other. Tempering followed quenching at
lower temperatures is always adopted to toughen the as-quenched steel, and hence it
provides a flexible combination of strength and ductility. The mechanical performance
of the as-tempered martensite intrinsically attributes the evolution of the as-quenched
lath martensite during tempering. The lath martensite exhibited high-density boundaries
which had a high-interface energy naturally providing a driving force for the boundary
arrangement and grain growth during the tempering, and hence weakening the grain
boundary-strengthening effect on the steel [11]. Moreover, the substructure inside the
martensitic laths were always abundant with line defects, such as dislocations, which were
naturally produced by the rapid cooling during the water quenching. The high-density
defects exhibited a strong tendency in the dislocation recovery and grain recrystallization,
which could annihilate some of the sites for carbon atom segregation, and hence promote
the local precipitation of various types of carbides [12]. As such, the above tempering-
induced structural evolutions led the steel to have enhanced ability of the continuous
plastic deformation through the dislocation motion which was always easier, because
the dislocations have been released during the tempering [13]. Concurrently, the tensile
strength was inevitably decreased. In brief, the strength—plasticity trade-off of the heat-
treated steel was always difficult to break through.

In previous decades, many typical heterogeneous structures, such as bimodal grains,
nano-precipitate and gradient nano-structure [14-16], were artificially introduced to break
this inversion relationship between strength and plasticity. In addition, the body-centered
cubic (BCC) {112}<111>-type nanotwins were observed in the martensitic laths of the as-
quenched Fe—C-based alloys having low carbon and low alloy content, such as Fe-0.05C
(wt.%), Fe-0.1C (wt.%) and Fe-Ni-0.08C (wt.%) in recent years, [17-19]. It has been noticed
that the nanotwins could provide a strong strengthening effect through retarding the
dislocation motion [20]. Concurrently, the nanotwins having smaller twinning shear and
lower magnitude of shape strain were also expected to be beneficial structures for the
plastic deformation. Additionally, some other reports also declared that the nanotwins
in the lath martensite were favorable to disperse the local concentrated strain, because
the nano-twinned boundaries could be used as effective paths for dislocation gliding, and
hence accommodated more strain there [21,22]. Thus, the introduction of nanotwins in the
lath martensite could be an effective strategy to enhance the strength—plasticity balance of
the low-carbon low-alloy steel. As stated previously, the nanotwins have been acquired in
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the low-carbon and low-alloy martensitic steel by some researchers. However, no thorough
investigations were conducted into the twinning mechanism during quenching, and the
evolution of nanotwins during the following tempering in terms of the {112}<111>-type
nano-twinned lath martensite in the low-carbon and low-alloy Fe-C based alloys.

Based on the analysis above, high-density {112}<111>-type nanotwins were introduced
into the lath martensitic microstructure of the DED additively manufactured 12CrNi2
through a deliberately designed cyclic quenching (CQ) treatment. To gain further in-
sight into the evolution of the nanotwins inside the lath martensite during the tempering,
tempering at various temperatures was then conducted on the CQ-treated 12CrNi2. For
comparison, the 12CrNi2 having the dislocation-dominated lath martensitic microstructure
was going to be produced through a direct quenching (DQ). The DQ-treated 12CrNi2
was also tempered at the same temperatures as those applied to the CQ-treated one. The
quenching-tempering-dependent evolution mechanism of the nanotwins in the martensitic
laths was analyzed in connection with the morphology and crystallography characteristics
of the as-tempered martensite. The microstructure-dependent mechanical performances
of the heat-treated 12CrNi2 were then discussed in detail. The results could offer a new
guidance for controlling the heterogeneous substructures of the lath martensite through
the explored quenching schedules, and hence improving the strength—plasticity balance of
the laser additively manufactured 12CrNi2. This has not been reported by the established
literatures. This work also has importance for widely used applications when considering
the developments of DED on the low-carbon low-alloy steel structural parts.

2. Materials and Methods

The low-carbon low-alloy 12CrNi2 steel powder was commercially produced by gas
atomization. The chemical composition of the powder was 0.14-1.72Ni-0.82Cr-0.185i-0.54
Mn-0.0210 balanced with Fe in mass percent. The powder used was with an average
particle diameter of about 150 um. The cuboid-shaped 12CrNi2 alloy steel with dimensions
of 100 x 30 x 20 mm?> was laser additively manufactured by DED on a Laser Melting
Deposition 8060 system equipped with a Laserline LDF 3000-60 semiconductor laser device.
The schematic diagrams of the DED system and the DED process are shown in Figure 1.
The laser beam, as a high-energy heat source, cyclically scanned along X and Y directions
on the two-dimensional plane parallel to the substrate, and acted on the powders which
were synchronously transported by the powder-feeding device. The substrate material
was the commonly used Q235 steel. Concurrently, the molten pool was deposited layer-by-
layer along the Z direction as dictated by a computer-aided design (CAD) 3D file. The Z
direction was perpendicular to the X-Y two-dimensional plane as displayed in Figure 1b.
The laser power was 900 W, the laser scanning speed was 600 mm/min, the laser beam
spot diameter was 2 mm, the powder feeding rate was 7 g/min, the layer thickness was
0.65 mm, the hatch distance was 1 mm and the overlap rate was 50%. The DED process was
performed in the carrier gas of high purity Ar atmosphere (O, level < 20 ppm). To conduct
the heat treatments and the microstructure inspections, small cuboid-shaped specimens of
5 x 5 x 8 mm? were then cut from the as-deposited 12CrNi2 block.
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Figure 1. The schematic diagrams of (a) DED system and (b) DED process.

To introduce the lath martensite having various substructures of nanotwins and dis-
locations, respectively, the small specimens were subjected to two deliberately designed
quenching treatments at the temperatures above A3, as schematically illustrated in Figure 2.
The Az (853.1 °C) of the as-deposited 12CrNi2 was measured by a L78 RITA thermal ex-
pansion instrument. Some of the small specimens were heated to 1000 °C, and isothermally
held for 30 min using the muffle furnace, and then quenched into water as illustrated in
Figure 2a. The DQ was conducted on the steel specimens, so as to obtain the coarse-grained
lath martensite having a dislocated substructure. In contrast, the CQ was deliberately
designed on a basis of a lot of microstructural inspections of the as-quenched 12CrNi2 steel
specimens to produce finer-grained lath martensite having numerous BCC {112}<111>-
type nanotwins. The duration of the CQ treatment is displayed in Figure 2b. The small
specimens were heated to 900 °C, and isothermally held for 20 min before quenching in
the water. The as-quenched specimen was cyclically quenched after the austenitization
at 860 °C for 3 min. Subsequently, the DQ-treated and CQ-treated small specimens were
subjected to tempering at 200, 300, 400 and 500 °C for 2 h as described in Figure 2c.

(a) _(b) —_—— (c)
Coarse-grained Fine-grained
martensite martensite
1000 °C 30 min '
/| seocc] | 3mn 1 Acs: 8531 °C
2 < 500 °C
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Figure 2. Detailed schematic diagrams of the heat treatments including (a) direct quenching (DQ),
(b) cyclic quenching (CQ) and (c) tempering.

To make the prior austenitic grain boundaries of the lath martensite clearly visible
under an optical micrograph (OM), the differently quenched specimens were etched by
saturated picric acid solution at a water bath temperature of around 65 °C for 1 min.
The electron back-scattered diffraction (EBSD) examination was conducted on the two
as-quenched specimens using TESCAN MAIA3XMH at an accelerating voltage of 20 kV,
and a step size of 0.2 um. The specimens for EBSD tests were prepared through fast
mechanical grinding and the following polishing using silica suspension to remove the
surface stress. The scanning electron microscope (SEM) was conducted on the as-quenched
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and as-tempered specimens etched by 4% acid-alcohol solution. The mean sizes of the prior
austenitic grains, packets and blocks were determined from the measurements covering
30 prior austenitic grains, 50 packets and 50 blocks, using the image analyze software (IAS).
The internal substructures of the as-quenched and as-tempered martensitic laths were
inspected with a transmission electron microscope (TEM). The specimens for TEM tests
were electro-polished in a twin-jet electro-polisher with a chemical solution of 10% HCIO4
and 90% ethanol. In addition, tensile specimens with the specific shape and size shown in
Figure 3 were cut from the as-deposited 12CrNi2 steel block. Tensile tests were conducted
on the tensile specimens without or with the quenching and tempering treatments using the
Instron 5982 at room temperature according to the GB/T 228.1-2010 Standard [23]. Three
tensile tests were conducted on each type of specimen, such as as-deposited specimen,
as-quenched specimen and the as-tempered specimen, in order to ensure the credibility
and repeatability of the mechanical properties.

- -

Figure 3. The shape and size of the tensile specimen. (All dimensions are in mm.).

3. Results
3.1. Morphology and Crystallography of the As-Quenched Martensite

The microstructures of the DQ-treated and CQ-treated specimens are displayed in
Figure 4, which consists of typical optical micrographs, EBSD inverse pole figures (IPFs)
and scanning electron micrographs. From the optical micrographs (Figure 4a,b,e,f), the
two differently quenched martensitic microstructures were both characterized by the
morphology of laths. The lath martensite exhibited the dark lines as the prior austenitic
grain boundaries. The prior austenitic grains of the DQ-induced lath martensite were large-
sized, and the mean size was measured to be ~15.4 um using the IAS. In contrast, the CQ led
the prior austenitic grains to be apparently refined (~3.64 pm). A prior austenitic grain was
divided by several boundaries of polygonal-shaped packets (see the black dotted lines in
the EBSD inverse pole figures (IPFs) in Figure 4c,g). From Figure 4c,g, each packet consisted
of several blocks arranged parallel each other. The mean sizes of the prior austenitic grains,
packets and blocks of the DQ-induced and CQ-induced lath martensite are listed in Table 1.
It is apparent that the CQ also induced the decrease in the average sizes of both the packets
and blocks. Moreover, one may note that many particles apparently precipitated inside the
DQ-induced coarse-grained martensitic laths (see the typical scanning electron micrograph
in Figure 4d). In contrast, few or no particles precipitated in the CQ-induced fine-grained
martensitic laths as presented in Figure 4h.

In order to further identify the substructures inside the martensitic laths, TEM deter-
minations were carried on the DQ-treated and CQ-treated specimens. The TEM results
were shown in Figure 5. It could be seen from the bright-field images (Figure 5a,b) that
the particles precipitated inside the DQ-induced coarse-grained martensitic laths were
dominantly rod-like in shape. The rod-like precipitates were further identified through the
electron diffraction at the selected area circled by the white dotted line in Figure 5b, and
the selected area electron diffraction (SAED) pattern was shown in Figure 5c. The major set
of diffraction spots with higher brightness was indexed as the martensitic matrix of BCC
structured «-Fe in [110] projection, and the extra spots with lower brightness originated
from the Fe(C) precipitates. The Fe(C) was a hexagonal close-packed (HCP) phase with
an orientation relationship with the martensitic matrix of a-Fe: [110]y.pe // [0001]ge(c),
(001) w-Fe // (1210)ge(c), On a basis of the study from Tirumalasetty et al. [24]. As schemat-
ically sketched in Figure 5e, the green spots connected by green lines were the primary
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Prior austenitic grain

diffractions (see the illustration at the left side), and the other smaller green spots were
proved to be derived from the multiple scattering (see the illustration at the right side).
Curiously, another diffraction pattern was also obtained through electron diffraction at
another selected area circled by a red dotted line in Figure 5b. The pattern, as typically
shown in Figure 5d, consisted of a set of major o-Fematrix spots, and a set of {112}<111>-type
twinned «-Feyyin spots. However, the quality of the o-Feyyin spots was too poor, and the
twinned morphology could be hardly distinguished in real space (Figure 5b), plausibly
because the twin’s amounts were too few. Nevertheless, it could be deduced that the BCC
structured {112}<111>-type twins have emerged in the coarse-grained martensitic laths
during the DQ process. In addition, it could be clearly seen from Figure 5b that the rod-like
Fe(C) precipitates dominantly generated along three planes of Py, P, and P3 as marked by
purple, blue and red lines in Figure 5b. The three planes were all indexed to be {112} planes
of the «-Fe, on the basis of the relationship that the lattice plane in the real space was vertical
to the connected line between the corresponding diffraction spot and the transmission spot
in the reciprocal space. Accordingly, the P; parallel to the lath boundary was determined as
(211) of &-Fematrix (see the two purple colored vertical lines in the schematic illustration of
Figure 5f), and the P, aligned along the (211) plane of «-Feparix (see the two blue vertical
lines in Figure 5f). The P3 was measured to be suitably symmetrical to P, with respect to P;.
Referring to this correlation, the P3 was exactly parallel to the (211) of a-Feyyin (see the two
red vertical lines in Figure 5f). The a-Feyyin is the twinned lattice of a-Featix related to the
twinning boundary of Py, i.e., (211) (see the twinned relationship illustrated in Figure 5d).

DAL ey
Prior austenitic.
Gra/;n-poundary

Packets/Blocks

Figure 4. Hierarchical martensitic microstructures of DQ-treated and CQ-treated specimens: (a,b)
and (e, f) optical micrographs revealing the prior austenitic grains of the DQ-induced and CQ-induced
lath martensite, respectively; (c,g) EBSD inverse pole figures (IPFs) revealing the DQ-induced and CQ-
induced martensitic packets and blocks, respectively; (d,h) scanning electron micrographs revealing
the particles precipitated inside the DQ-induced and CQ-induced martensite laths, respectively.

Table 1. The average sizes of the hierarchical martensitic microstructures of the DQ-treated and
CQ-treated specimens.

. Prior Austenitic . . Lath Width
Specimens Grain Size (1um) Packet Size (um) Block Width (um) (nm)
DQ-treated 154 +1.20 8.25 +1.31 2.31 £ 0.56 330.46 £ 41.16

CQ-treated 3.64 £ 0.54 2.33 £0.60 0.97 £0.36 150.53 £17.02
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Figure 5. TEM observations of the DQ-treated and CQ-treated specimens: (a,b) bright-field images of
the DQ-treated and CQ-treated specimens, respectively; (c,d) the corresponding selected area electron
diffraction (SAED) patterns of the circled areas in (b); (e f) the schematic diagrams of the SAED
patterns in (c) and (d), respectively; (g h) bright-field images revealing the nanotwins inside the
CQ-induced fine-grained lath martensite; (i) the corresponding SAED pattern of the nano-twinned
area in (h).

Differently from the DQ-induced martensite, large amounts of nanotwins were fre-
quently observed by TEM in the CQ-induced lath martensite. Figure 5g,h show the typical
bright-field images of the long and short nano-twinned morphologies in the CQ-induced
martensitic laths, respectively. Figure 5i displays the SAED pattern of the short nano-
twinned area circled by white dotted line in Figure 5h. This pattern consisted of a set of
spots of a-Femanix and another set of spots of o-Feyyin at the zone axis of [110]. The o-Fetyin
exhibited a definitely BCC-structured {112}<111>-type twinned relationship with &-Fematrix.
Additionally, another set of spots with lower brightness (see the spots connected by the
yellow rectangular line in Figure 5i) was indexed to be an HCP-structured w-Fe along the
zone axis of [0110]. The w-Fe has been firstly reported by Silcock et al. in the study of BCC-
structured Ti, Zr-based alloys after rapid cooling or deformation since the 1950s [25]. These
small w-Fe particles in nano-scale size are always located at the boundaries of the BCC
{112}<111>-type nanotwins [26,27]. The lattice parameters of the w-Fe are a-pe = v/2a-Fe,
Cw-Fe = v/3/2aype, with o = 90°, $ = 90° and y = 120°. Furthermore, the short nano-
twinned boundary arranged along the trace of P; (see the purple line in Figure 5h) was
identified to be along the (211) plane of the &-Femarix and a-Feyyin (see the two purple
vertical lines in Figure 5i). Moreover, the lath boundary arranged along the trace of P, (see
the blue line in Figure 5h) was indexed to be along the (211) plane of «-Fepatix (see the two
blue vertical lines in Figure 5i). In general, the boundaries of the short-twinned bundles
and the lath bundles were both confirmed to be suitably generated along the {112} planes
of o-Fe.
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3.2. Morphology and Crystallography of the As-Tempered Martensite

The DQ-induced and CQ-induced lath martensite could be significantly evolved
during the tempering at various temperatures. Figure 6a—d show the scanning electron
micrographs of the DQ-induced lath martensite after tempering at 200, 300, 400 and 500 °C,
respectively. From the figures, the as-tempered martensite exhibited the lath width get-
ting apparently larger with the increase of the tempering temperature. In addition, large
amounts of bright-white particles (see the indication of green arrows in Figure 6a) were
observed in the laths of the 200 °C-tempered specimen. The bright-white particles became
larger in size and fewer in amount in the 300 °C-tempered martensitic laths (see the indica-
tion of green arrows in Figure 6b). Additionally, the particles appeared as rod-like shape
arranged parallel to the lath boundaries of the 400 °C-tempered martensite (see the indica-
tion of green arrows in Figure 6¢). In terms of the 500 °C-tempered martensite, the particles
have the spherical tendency at the prior austenitic grain boundaries (see the indication of
green arrows in Figure 6d). Figure 6e-h show the scanning electron micrographs of the
CQ-treated specimens after 200, 300, 400 and 500 °C tempering, respectively. From the
figures, the lath morphologies of the tempered martensite tended to disappear with the tem-
pering temperature increasing. In addition, the tempering-temperature-induced evolution
of the bright-white particles in the CQ-induced fine-grained martensite during tempering
presented a similar tendency to that of the DQ-induced coarse-grained martensite.

\ 7 = 400 ,tE;m:;j(':r)u(l 500 ¢ temperied

( Yt 2/
/ /

Figure 6. SEM observations of the DQ-treated and CQ-treated specimens after tempering:
(a—d) scanning electron micrographs of the DQ-treated specimens after 200, 300, 400 and 500 °C
tempering, respectively; (e-h) scanning electron micrographs of the CQ-treated specimens after 200,
300, 400 and 500 °C tempering, respectively.

In order to further characterize the particles, the TEM observations were carried out
on the CQ-treated specimens after tempering treatments. From the TEM observations, no
{112}<111>-type nanotwins remained in the as-tempered specimens, indicating that the
tempering induced a complete detwinning. Figure 7a shows the bright-field image of the
CQ-treated specimen after 200 °C tempering, revealing that the particles precipitated in the
as-tempered martensitic laths appeared as rod-like shapes. On the basis of the set of spots
with lower brightness in the diffraction pattern of Figure 7b obtained through the SAED at
the area circled by the white dotted line in Figure 7a, the rod-like particles were confirmed
to be the HCP structured Fe(C) phase. The Fe(C) is the same phase as that precipitated
in the DQ-induced lath martensite. Another major set of spots with higher brightness
was indexed to be x-Fe in a [110] projection. Figure 7c shows the dark-field image of the
Fe(C) precipitates obtained by making one diffraction spot of the Fe(C) phase (see the red
circled spot in Figure 7b) pass through the objective aperture. From Figure 7c, the Fe(C)
precipitates have an average length value of ~68.38 nm. Additionally, the rod-like Fe(C)
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precipitates dominantly arranged along three planes of P1, P, and Pj3 (see the blue, purple
and red line, respectively, in Figure 7c). As schematically illustrated in Figure 7d, the Py
and P, arranged along the (211) plane (see the two blue vertical lines) and the (211) plane
(see the two red vertical lines) of the a-Fepanix. Additionally, the P3 was exactly along
the trace of the (211) plane of the imaginary a-Feyyin (see the two purple vertical lines).
Figure 7e shows the bright-field image of the CQ-treated specimen after 300 °C tempering
treatment. It could be clearly seen that the 300 °C tempering induced the precipitation of
the rod-like particles, which were also in the Fe(C) phase, on the basis of the corresponding
SAED pattern in Figure 7f. Figure 7g shows the dark-field image of the Fe(C) precipitates
obtained using the (1210) spot in the [0001] axis of the Fe(C) phase (see the red circled
spot in Figure 7f), illustrating that the rod-like Fe(C) tended to become larger in the mean
length (~119.53 nm). The rod-like Fe(C) precipitates also dominantly arranged along three
planes of P1, P, and P3 (see the blue, purple and red line in Figure 7g, respectively). The
three planes were all along the {112} planes of the &-Fepaix and the imaginary a-Feiyin, as
schematically illustrated in Figure 7h. On the basis of the crystallography of the rod-like
Fe(C) precipitates, there should be some potential correlations between the generation of
the {112}-orientated Fe(C) precipitates and the {112}-type nanotwins. This is going to be
discussed later.

(200) 1.re

e

.[1 1 0]((-F.e

Figure 7. Typical TEM results of the CQ-treated specimens after 200, 300 °C tempering: (a,e) bright-
field images of the 200 °C and 300 °C-tempered martensite, respectively; (b,f) the corresponding
SAED patterns of the precipitated areas inside the tempered martensitic laths of (a) and (e), respec-
tively; (c,g) the dark-field images of Fe(C) precipitates corresponding to the areas of (a) and (e),
respectively; (dh) the schematic illustrations revealing the {112}<111>-type twinned diffractions
referring to the patterns of (b) and (f), respectively.

The TEM determinations of the CQ-treated specimens after tempering at 400 °C and
500 °C are shown in Figure 8a—c and d—f, respectively. From Figure 8a, the rod-like particles
precipitated in the 400 °C-tempered martensitic laths were apparently larger in not only
the length, but also the width, in comparison to those in the 300 °C-tempered martensite.
Additionally, the particles became apparently smaller in quantity. The SAED pattern of
the white-dotted line-circled area in Figure 8a was shown in Figure 8b. The major set of
diffraction spots with higher brightness originated from «-Fe along the [110] zone axis. The
rod-like particles were indexed to be Fe;C (see the red rectangular line connected spots
in Figure 8b). The Fe3C presented an orientation relationship of [101]Fe3C/ /[110]x ge
between the tempered martensite matrix. The dark-field image of the FesC precipitates
obtained through the (113) spot of the Fe;C phase (see the yellow circled spot in Figure 8b)
is shown in Figure 8c. It can be clearly seen from Figure 8c that the Fe3C precipitates, as
indicated by the red arrows, generated along the trace of the lath boundary. Curiously,
the lath boundary was exactly along the (211) of the tempered martensitic matrix of «-Fe
(see the two blue vertical lines in Figure 8c). Figure 8d shows the bright-field image of
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the CQ-treated specimen after 500 °C tempering. The result revealed that the lath, block
boundaries almost disappeared, and nearly only the prior austenitic grain boundaries
outlined by the black dotted line in Figure 8d remained in the 500 °C-tempered martensite.
Moreover, the particles appearing as a spherical shape were also confirmed to be Fe;C,
through indexing the set of spots with lower brightness connected by the red lines in
Figure 8e. Figure 8f shows the dark-field image of the Fe3;C particles obtained through
the yellow circled (121) spot of Fe3C in Figure 8e. The Fe3C particles precipitated at the
prior austenitic grain boundaries of the 500 °C-tempered martensite are clearly visible to
be a bright-white color and spherical-like shape in Figure 8f. It is also apparent that the
Fe;C particles became shorter in length, in comparison to those in the 400 °C-tempered
martensite (Figure 8c). The structural characteristics of the as-quenched and as-tempered
lath martensite in the differently heat-treated 12CrNi2 were listed in Table 2.

s
LLati
houndary,

p

,) Piilor austenitic

.--=~<_gpailn boundary
R

Figure 8. Typical TEM results of the CQ-treated specimens after 400, 500 °C tempering treatments:
(a,d) bright-field images of the 400 °C and 500 °C-tempered martensite, respectively; (b,e) the
corresponding SAED patterns of the precipitated areas inside (a) and (d), respectively; (c,f) the
dark-field images of Fe3C precipitates corresponding to the areas of (a) and (d), respectively.

Table 2. The summary of the as-quenched and as-tempered martensitic structural characteristics in
the heat-treated specimens.

Specimens Lath Width (nm) Lath Substructure Type Precipitates Precipitate Size (nm)
DQ-treated 330.46 + 41.16 Dislocations Fe(C) 38.76 (in length)
CQ-treated 150.53 +17.02 Nanotwins w-Fe -
200 °C-tempered 452.01 4+ 103.75 Dislocations Fe(C) 68.38 (in length)
300 °C-tempered 551.83 4+ 170.34 Dislocations Fe(C) 119.53 (in length)
400 °C-tempered 820.06 £+ 150.47 Dislocations Fe;C 232.28 (in length)
500 °C-tempered - Dislocations Fe;C 37.74 (in diameter)

3.3. Mechanical Properties of the Heat-Treated Steels

Figure 9 shows the bar chart illustrating the mechanical properties of the as-deposited
and the heat-treated 12CrNi2 alloy steels. The as-deposited specimen had a measured
yield strength (cy) of 564.4 MPa, ultimate tensile strength (cyts) of 739.5 MPa, and a total
elongation (giot,1) Of 30.1%. The DQ led the as-deposited specimen to have an apparently
increased o5 of 1276.3 MPa, however a lower &4, of 13.1%. It could be clearly seen from
Figure 9 that the DQ-treated specimen after tempering at 200 °C to 500 °C for 2 h exhibited
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a gradually decreased oy, but enhanced ggo1,). The oyt of the DQ-treated steel decreased
faster when tempering at 400 °C and 500 °C.
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Figure 9. The bar chart illustrates the mechanical properties of the as-deposited specimens before
and after the heat treatments including DQ, CQ and the followed tempering.

In comparison to the DQ-treated steel, the CQ-treated 12CrNi2 exhibited the syn-
chronous enhancement not only in oyt (1410.4 MPa), but also in ;a1 (15.1%). Curiously
enough, the 200 °C tempering led both the o5 and g1 Of the CQ-treated steel to decrease
into 1310.6 MPa and 13.7%, respectively. Additionally, the oy of the CQ-treated steel after
tempering at the increasing temperature from 200 °C to 500 °C gradually decreased from
1310.6 MPa into 841.4 MPa, and the ¢4, corresponding increased from 13.7% to 16.6%.
The mechanical properties of the DED 12CrNi2 without or with the heat treatments are
summarized in Table 3. Such was the above mechanical property variation that the CQ
induced the overcoming of the strength—plasticity trade-off of the DED steel specimen, as is
significantly marked by red solid lines in Figure 9. This could intrinsically be attributed to
the CQ-induced preservation of the nanotwins, which is discussed in the sections to follow
through involving the quenching—-tempering-dependent microstructural evolutions.

Table 3. Mechanical properties of the as-deposited specimens before and after the heat treatments
including the DQ, CQ and the following tempering.

Specimens oy, MPa Outs, MPa Erotaly Yo
As-deposited 564.4 739.5 30.1
DQ-treated 1109.6 1276.4 13.1
200 °C-tempered 1004.6 1214.4 15.1
300 °C-tempered 998.4 1151.8 16.2
400 °C-tempered 963.4 1045.7 16.4
500 °C-tempered 877.4 961.3 17.4
CQ-treated 1180.5 14104 15.1
200 °C-tempered 1102.5 1310.6 13.7
300 °C-tempered 1049.8 1217 .4 14.2
400 °C-tempered 1004.5 1049.3 15.6

500 °C-tempered 821.5 841.4 16.6
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4. Discussions
4.1. The Evolution of the Martensite during Quenching and Tempering

The microstructural determinations revealed that the lath martensite was apparently
refined by the deliberately designed CQ treatment, because the first-step quenching led the
as-deposited microstructure to transform into the lath martensite which offered more sites
for the nucleation of austenitic grains during the subsequent austenitization at 860 °C, and
the 3 min isothermal holding cannot permit the full growth of the austenitic grains.

The fine-grained lath martensite exhibited a dominant substructure of nanotwins
(Figure 5gh), and the short or long twins are schematically illustrated in Figure 10a.
On the basis of the crystallography characteristic (Figure 5i), the long- or short-twinned
boundary marked by red or orange lines in Figure 10a were both identified to be along
the {112}-twinning planes between the &-Fenatrix and o-Feyyin. The o-Feyyin has a definite
{112}<111>-type relationship with the a-Fep,trix. Moreover, the lath boundary which was
inclined to the short-twinned boundary also aligned along the {112} planes of x-Fe (see
the two blue vertical lines in Figure 5i). In the other case, the DQ-induced coarse-grained
lath martensite exhibited the rod-like Fe(C) particles aligning along three orientations
of {112} planes of the x-Fematrix and «-Feyyin. As schematically illustrated in Figure 10d,
the red, orange and blue particles represented the rod-like Fe(C) precipitates arranging
along different {112} orientations, respectively. Accordingly, it is convincing to believe that
the generation of the three {112}-orientated rod-like precipitates could be correlated with
the BCC {112}<111>-type nanotwins, which have occurred in the DQ-induced martensite
as detected through the TEM (Figure 5d). The correlation could be elaborately deduced
as follows.
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Figure 10. Two-dimensional schematic illustrations revealing the (a) CQ-induced long or short
twins inside the laths; (b) the long and short nested {112}<111>-type twins initially formed during
quenching; (c) the tempering-temperature-induced evolution of precipitates inside the tempered
martensitic laths; (d) the DQ-induced rod-like Fe(C) precipitates inside the laths.

The lath martensite was a phase formed when the steel was rapidly water cooling
from the single-phase-austenite high temperature, and the martensitic transformation
was realized through the lattice transition from FCC y-Fe to BCC «-Fe, which inevitably
caused the volume expansion. From a thermal dynamic point of view, the lattice transition
needs strain energy to meet the requirement of the volume expansion as reported by
Naghizadeh et al. [28]. In this aspect, it is reasonably assumed that a long- and short-nested
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twinned structure, as schematically illustrated in Figure 10b, was favorable to be initially
generated during the martensitic transformation of DQ and CQ, in order to reduce the
strain energy required by the volume expansion of the lattice transition, because the micro-
strain generated by the phase-transformation-induced volume expansion was more easily
accommodated through the multi-orientation of the twinned structure [29]. Ping et al. also
considered that the nested {112}<111>-twinned structure could be the initial product of the
martensitic transformation during the water quenching of the low-carbon Fe-C alloys [30].

The nano-twins almost disappeared in the DQ-induced lath martensite (Figure 5a,b).
This could be intrinsically because the complete detwinning occurred during the auto-
tempering of the DQ process. The auto-tempering could be closely associated with the
martensitic transformation starting temperature (Ms). A higher Ms always leads to a higher
degree of auto-tempering. The Ms value during the DQ (519 °C) was higher than that of
the CQ process (395 °C), according to the thermal expansion experimental results. The DQ-
induced higher Ms could be related to the larger-sized prior austenitic grains, which always
led the lattice transition from y-Fe to x-Fe to occur more easily at a higher temperature
during the martensitic transformation process, because the coarse prior austenitic grain
exhibited a lower strength through decreasing the difficulty of the shearing transition [31].
In another aspect, the detwinning occurred incompletely during the auto-tempering of the
CQ process, because of the designed CQ-induced finer-grained prior austenitic grains and
lower Ms. As a result, longer or shorter nanotwins were retained in the CQ-induced lath
martensite (see Figure 5g/h), as schematically shown in Figure 10a.

Furthermore, the DQ-induced and CQ-induced lath martensite evolved into as-
tempered martensite during tempering treatments. Our TEM results confirmed that the
long or short nanotwins retained in the CQ-induced martensite completely disappeared,
because the tempering treatment naturally led to the complete detwinning. Additionally,
the 200°-tempered martensite exhibited rod-like Fe(C) precipitates arranging along the {112}
planes of the x-Fe, as schematically illustrated as red, orange and blue colored particles in
Figure 10c. The rod-like Fe(C) precipitates may transform from the w-Fe. The w-Fe was a
phase always distributed at the {112}-twinned boundaries, and had a much larger radius of
octahedral interstice (0.43 A), in comparison to that in the x-Fe lattice (0.19 A) [32]. Asa
result, the w-Fe tended to accommodate more carbon atoms (radius = 0.77 A) at the {112}-
twinned boundaries. Hence, the w-Fe particles with interstitial carbon atoms transformed
into Fe(C) precipitates. And the Fe(C) particles grew into rod-like shape along the original
{112}-orientated long- or short-twinned planes. The rod-like Fe(C) precipitates tended to
grow to be larger in length along the long axis of the rod during the 300 °C tempering (see
Table 2), compared with the 200 °C tempering treatment, because the higher tempering
temperature (300 °C) could promote the carbon segregation and the Fe(C) growth along the
twinned boundaries [33]. When the tempering temperature increased to 400 °C, rod-like
Fe3C precipitated from the as-tempered martensite (Figure 8a—c). In simple terms, the Fe;C
particles, which were transformed from w-Fe particles in the CQ-induced lath martensite,
gathered and developed as rod-like shapes at the lath boundaries during the 400 °C tem-
pering. As the tempering temperature increasing into 500 °C, the laths almost disappeared
through the recrystallization of the martensitic laths. The Fe3;C particles gradually grew,
and became coarse and spherical at the effective boundaries of prior austenitic grains of the
tempered martensite during the 500 °C tempering. The aforementioned tempering-induced
transition is schematically illustrated in Figure 10c.

4.2. Effect of Microstructures on Mechanical Properties of the Heat-Treated 12CrNi2

From Figure 9, both the oy and oys of the DQ-treated specimen were significantly
higher than those of the as-deposited specimen. The DQ-induced strengthening effect
could be intrinsically correlated with the lath martensitic microstructure (Figure 4a,b).
Apparently, the lath martensite containing high-density high-angle boundaries of prior
austenitic grain, packet and block boundaries (Figure 4c), which were effective barriers
hindering the dislocations motion [34]. The DQ-induced martensitic laths also had the
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substructure of high-density dislocations, which interacted with the stress field produced by
the lattice distortion, and hence significantly strengthened the steel through increasing the
resistance of the dislocation slipping [35]. Additionally, the Fe(C) particles generated inside
the DQ-induced martensitic laths were actually hard precipitates, and they were difficult
to cut through by the moving dislocations during the tensile process. The dislocations
needed to pass through the precipitates/martensite interfaces through cross slipping [36],
which required higher stress compared with the deformation of the major soft ferrite in
the as-deposited 12CrNi2 steel. The strengthening mechanisms for the DQ-induced lath
martensite were dominated by grain boundary strengthening, dislocation strengthening
and precipitation strengthening. However, the strengthening mechanisms made it easier
for the dislocations to pile up at the packets, blocks, prior austenitic grain boundaries and
the precipitates/martensite interfaces, resulting in a weakened deformation compatibility
of the martensite. As a result, the DQ-treated 12CrNi2 exhibited the lowest ;4,1 of 13.1%.

In contrast to the DQ, the CQ induced the lath martensite to have a higher density of
high-angle grain boundaries, because the CQ led the prior austenitic grains, packets and
blocks to be significantly refined. The grain refinement naturally caused the enhancement
in not only oy (1180.5 MPa), but also oyts (1410.4 MPa), according to the Hall-Petch
relationship [37]. Additionally, the w-Fe particles, which were reported to be small-sized
in several nanometers and always located at the {112}-twinned boundaries [25], in the
CQ-induced martensite apparently increased the stress for the cross-slip movement of
the dislocations, and hence provided a developed strengthening effect. Moreover, the
nanotwins in the CQ-induced martensite could also hinder the dislocations motion. The
nanotwins could also mitigate the dislocations pile-up-induced local stress concentration
near the grain boundaries, plausibly because the nano-twinned boundaries could act as
effective paths for dislocation slipping, and accommodate more strain there [21,22,38].
As a result of the beneficial effects of the nanotwins on not only strengthening, but also
toughening, the CQ-treated 12CrNi2 exhibited a synchronously increased o (1410.4 MPa)
and ég;oa1 (15.1%).

From Figure 9, the oyts and g, of the CQ-treated steel synchronously decreased into
1310.6 MPa and 13.7% after experiencing a 200 °C tempering treatment. This variation could
be discussed through considering the complete detwinning during the 200 °C tempering.
Because the nanotwins completely disappeared in the 200 °C-treated steel (Figure 7a), it
is easy to understand that the strengthening and toughening effects of the nanotwins in
the CQ-treated steel were both eliminated. Additionally, the rod-like Fe(C) precipitates,
compared with the w-Fe particles in the CQ-induced martensite, also provided a weakened
strengthening effect, because the Fe(C) precipitates were larger in size and smaller in
amount (Figure 7c). In contrast, the rod-like Fe(C) precipitates inside the 300 °C-tempered
martensitic laths became longer in length (Table 2), and hence the Fe(C) precipitation-
strengthening effect on the steel decreased. Additionally, more dislocations could be
released through the higher-temperature (300 °C) tempering. As a result, the o decreased
into 1217.4 MPa.

The oyt of the CQ-treated 12CrNi2 exhibited a relatively fast decrease after temper-
ing at 400 °C and 500 °C. This could be tied to several factors. First, the precipitation
strengthening may be mitigated, because the Fe3C precipitates in the 400, 500 °C-tempered
martensite, in contrast to the Fe(C) particles in the 200, and the 300 °C-tempered martensite
exhibited larger lattice mismatches with the tempered martensitic matrix (x-Fe). The lattice
mismatches of Fe3C/a-Fe and Fe(C)/x-Fe are both listed in Table 4 [23]. It is apparent
that the Fe(C) precipitates had a good fit with the tempered martensitic matrix. The lattice
mismatches between the Fe(C) and the «-Fe in the two directions of [001]x-Fe/ /[1210]Fe(C)
and [110]x-Fe/ /[0001]Fe(C) were calculated to be 0.00% by Tirumalasetty et al. On the
basis of this calculation, the Fe(C) phase is semi-coherent with the martensitic matrix [23].
The strengthening through the dislocations moving across the stress field produced by
the interaction between dislocations and the semi-coherent Fe(C)/ «-Fe interfaces could be
effectively developed. In contrast, the Fe3C particles had a higher lattice misfit with the tem-



Materials 2023, 16, 3443

15 of 17

pered martensitic matrix. Hence, the Fe3C, compared with the Fe(C), could less effectively
strengthen the steel, resulting in a sharper reduction of oy of the 400 °C-treated specimen.
Also, the Fe;C particles became spherical and coarse when the tempering temperature
increased into 500 °C, and the strengthening could be further weakened. As a result of one
of the factors for the toughening mechanisms discussed above, the &y, of the CQ-treated
12CrNi2 after tempering at 400, 500 °C gradually increased (Figure 9). The mechanical
properties of the DQ-treated specimens after tempering at various temperatures have a
nearly similar variation tendency with the CQ-treated specimen after tempering. Except
that the gy, of the DQ-treated steel increased after being tempered at 200 °C, this could be
mainly related to the softening of the tempered martensite matrix through the recovery of
high-density dislocations, which mitigated the dislocation pile-up at the grain boundaries.

Table 4. The lattice mismatch between the as-tempered martensite matrix of x-Fe and the precipitates
of Fe(C) and Fe3C.

Lattice Mismatch

Precipitates Directions (1=| (Byecipitates—du—re)du e
[001]-Fe/ /[1210]Fe(C) n = 0.00%
Fe(C) [110]a-Fe/ /[1010] Fe(C) n=223%
[110]x-Fe/ /[0001] Fe(C) 1 =0.00%
Fe3C [011]«-Fe/ /[100]Fe3C n=20.61%
[211]o-Fe/ /[001]Fe3C n=3%

5. Conclusions

A ferrite—austenite 12CrNi2 additively manufactured by DED was, as expected, de-
signed to have fine-grained lath martensite with the main substructure of {112}<111>-type
nanotwins and coarse-grained lath martensite with high-density dislocations through the
deliberately designed cyclic quenching (CQ) and the direct quenching (DQ). By comparing
the tempering-induced evolution of the microstructure and the mechanical property of the
CQ-treated steel with that of the direct quenching (DQ)-treated steel, the key conclusions
are summarized as follows.

1.  The DQ promoted the as-deposited 12CrNi2 to significantly increase in oy from
739.5 MPa to 1276.4 MPa, and the decrease of €y, from 30.1% to 13.1%. In contrast to
DQ, the CQ led the 12CrNi2 to form a finer-grained lath martensite having numerous
{112}<111>-type long or short nanotwins, causing the synchronous increase of oyss
from 1276.4 MPa to 1410.4 MPa, and the &4, from 13.1% to 15.1%.

2. The nanotwins in the CQ-induced lath martensite completely degenerated after tem-
pering at 200 °C. In addition, the 200 °C tempering also induced the precipitation of
rod-like Fe(C) particles. The 200 °C tempering induced microstructural evolution,
which led the CQ-treated steel to decrease in not only the oy (1310.6 MPa), but also
the €ia1 (13.7%). This was an abnormal variation in terms of that induced by the
200 °C tempering carried on the DQ-treated steel, having dislocated lath martensite.

3. The generation of the 200 °C tempering-induced laths and rod-like precipitates was
assumed to be intrinsically in connection with the {112}<111>-type long or short
nanotwins in the CQ-induced lath martensite, because the tempering-induced laths
and rod-like precipitates were all prone to be generated along the {112} planes of the
a-Fe crystal, which was exactly fitted with the crystalline orientation of the long or
short nanotwins in the CQ-induced martensite.

4. With the tempering temperature increasing into 400, 500 °C, the rod-like Fe(C) trans-
formed into Fe3C, and tended to be a spherical shape, resulting in the faster decline of
tensile strength. This could be attributed to the fact that the Fe3C, in comparison to the
Fe(C), exhibited a weaker reinforcement effect, because the lattice mismatch between
as-tempered martensitic matrix of «-Fe and Fe3C precipitates was relatively higher.



Materials 2023, 16, 3443 16 of 17

Author Contributions: W.Z.: Conceptualization, Methodology, Writing—Original Draft. X.S.:
Methodology, Writing—review & editing. X.C.: Methodology, Validation. S.C.: Software. Z.L.:
Validation. L.Z.: Supervision, Writing—reviewing & editing, Funding acquisition. All authors have
read and agreed to the published version of the manuscript.

Funding: The authors acknowledge for the support by Guang Dong major Project of Basic and
Applied Basic Research Foundation (N0.2020B0301030001), the Guangdong Basic and Applied Basic
Research Foundation (No.2021A1515110349), the Key-Area Research and Development Program of
Guangdong Province (N0.2020B090924002).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References

1. Duda, T; Raghavan, L.V. 3D metal printing technology. IFAC 2016, 49, 103-110. [CrossRef]

2. Kadiri, H.E.; Wang, L.; Horstemeyer, M.E; Yassar, R.S.; Berry, ].T.; Felicelli, S.; Wang, P.T. Phase transformations in low-alloy steel
laser deposits. Mater. Sci. Eng. A 2008, 494, 10-20. [CrossRef]

3. Amine, T.; Newkirk, ] W,; Liou, F. An investigation of the effect of laser deposition parameters on characteristics of multilayered
316L deposits. Int. . Adv. Manuf. Technol. 2014, 73, 1739-1749. [CrossRef]

4. Savitha, U.; Gokhale, H.; Reddy, G.J.; Venkataramana, A.; Gokhale, A.A.; Sundaraman, M. Effect of process parameters on
porosity in laser deposited IN625 alloy. Trans. Indian Inst. Met. 2012, 65, 765-770. [CrossRef]

5. Cui, X,; Zhang, S.; Zhang, C.H.; Wu, C.L.; Zhang, ].B.; Liu, Y.; Abdullah, A.O. The impact of powder oxygen content on formability
of 12CrNi2 alloy steel fabricated by laser melting deposition. Powder Metall. 2019, 62, 186-195. [CrossRef]

6. Cui, X.; Zhang, S.; Wang, C.; Zhang, C.H.; Chen, J.; Zhang, J.B. Microstructure and fatigue behavior of a laser additive
manufactured 12CrNi2 low alloy steel. Mater. Sci. Eng. A 2020, 772, 138685. [CrossRef]

7. Zhang, W.; Dong, Z.H.; Kang, HW.; Yang, C.; Peng, X. Effect of various quenching treatments on microstructure and mechanical
behavior of a laser additively manufactured 12CrNi2 alloy steel. . Mater. Process. Technol. 2021, 288, 116907. [CrossRef]

8.  Dong, Z.H.; Kang, HW.,; Peng, X.; Xie, Y.J.; Chi, C.T. Effect of powder oxygen content on microstructure and mechanical properties
of a laser additively manufactured 12CrNi2 alloy steel. Mater. Lett. 2019, 236, 214-217. [CrossRef]

9. Morito, S.; Tanaka, H.; Konishi, R.; Furuhara, T.; Maki, T. The morphology and crystallography of lath martensite in Fe-C alloys.
Acta Mater. 2003, 51, 1789-1799. [CrossRef]

10. Morito, S.; Adachi, Y.; Ohba, T. Morphology and crystallography of sub-blocks in ultra-low carbon lath martensite steel. Mater.
Trans. 2009, 50, 1919-1923. [CrossRef]

11.  Peng, WW.,; Zeng, W.D.; Kang, C.; Jia, Z.Q. Effect of heat treatment on microstructure and properties of 300M ultrahigh strength
steel. Mater. Heat Treat. 2012, 33, 94-98.

12. Takebayashi, S.; Kunieda, T.; Yoshinaga, N.; Ushioda, K.; Ogata, S. Comparison of the dislocation density in martensitic steels
evaluated by some X-ray diffraction methods. ISI] Int. 2010, 50, 875-882. [CrossRef]

13.  Yan, W.; Zhu, L.; Sha, W,; Shan, Y.L.; Yang, K. Change of tensile behavior of a high-strength low-alloy steel with tempering
temperature. Mater. Sci. Eng. A 2009, 517, 369-374. [CrossRef]

14. Sugimoto, K. Recent Progress of Low and Medium-Carbon Advanced Martensitic Steels. Metals 2021, 11, 652. [CrossRef]

15. Lu, SJ.; Zhao, J.F; Huang, M.S; Li, Z.H.; Kang, G.Z.; Zhang, X. Multiscale discrete dislocation dynamics study of gradient
nano-grained materials. Int. J. Plast. 2021, 156, 103356. [CrossRef]

16. Zheng, C.S.; Li, L.E. Mechanical behavior of ultrafine-grained eutectoid steel containing nano-cementite particles. Mater. Sci. Eng.
A 2018, 713, 35-42. [CrossRef]

17. Davies, R.G.; Magee, C.L. Influence of austenite and martensite strength on martensite morphology. Metall. Trans. 1971, 2,
1939-1947. [CrossRef]

18. Ping, D.H,; Liu, TW.; Ohnuma, M.M.; Ohnuma, T.; Onodera, H. Microstructural evolution and carbides in quenched ultra-low
carbon (Fe-C) alloys. ISI] Int. 2017, 57, 1233-1240. [CrossRef]

19. Min, X,; Emura, S.; Ling, Z.; Tsuzaki, K.; Tsuchiya, K. Improvement of strength-ductility tradeoff in 3 titanium alloy through
pre-strain induced twins combined with brittle w phase. Mater. Sci. Eng. A 2015, 626, 279-287. [CrossRef]

20. Jiang, S.; Wang, H.; Wu, Y. Ultrastrong steel via minimal lattice misfit and high-density nanoprecipitation. Nature 2017, 544,
460-464. [CrossRef]

21. Lu, L. Chen, X,; Huang, X.; Lu, K. Revealing the maximum strength in nanotwinned copper. Science 2009, 323, 607-610. [CrossRef]

[PubMed]


https://doi.org/10.1016/j.ifacol.2016.11.111
https://doi.org/10.1016/j.msea.2007.12.011
https://doi.org/10.1007/s00170-014-5951-z
https://doi.org/10.1007/s12666-012-0211-0
https://doi.org/10.1080/00325899.2019.1616367
https://doi.org/10.1016/j.msea.2019.138685
https://doi.org/10.1016/j.jmatprotec.2020.116907
https://doi.org/10.1016/j.matlet.2018.10.091
https://doi.org/10.1016/S1359-6454(02)00577-3
https://doi.org/10.2320/matertrans.MRA2008409
https://doi.org/10.2355/isijinternational.50.875
https://doi.org/10.1016/j.msea.2009.03.085
https://doi.org/10.3390/met11040652
https://doi.org/10.1016/j.ijplas.2022.103356
https://doi.org/10.1016/j.msea.2017.12.051
https://doi.org/10.1007/BF02913427
https://doi.org/10.2355/isijinternational.ISIJINT-2016-624
https://doi.org/10.1016/j.msea.2015.08.040
https://doi.org/10.1038/nature22032
https://doi.org/10.1126/science.1167641
https://www.ncbi.nlm.nih.gov/pubmed/19179523

Materials 2023, 16, 3443 17 of 17

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Luo, Z.F; Liang, Y.L.; Long, S.L.; Jiang, Y.; Wu, Z.L. Effects of ultra-refine grain and micro-nano twins on mechanical properties of
51CrV4 spring steel. Mater. Sci. Eng. A 2017, 690, 225-232. [CrossRef]

GB/T 228.1-2010; Metallic Materials—Tensile Testing—Part 1: Method of Test at Room Temperature. Standardization Administra-
tion (SAC) of the People’s Republic of China: Beijing, China, 2010.

Tirumalasetty, G.K.; Fang, C.M.; Xu, Q.; Jansen, J.; Sietsma, J.; van Huis, M.A.; Zandbergen, H.W. Novel ultrafine Fe(C) precipitates
strength transformation induced-plasticity steel. Acta Mater. 2012, 60, 7160-7168. [CrossRef]

Silcock, .M. An X-ray examination of the phase in TiV, TiMo and TiCr alloys. Acta Mater. 1958, 6, 481-493. [CrossRef]

Min, X.H.; Tsuzaki, K.; Emura, S. Enhanced uniform elongation by prestraining with deformation twinning in high-strength
pB-titanium alloys with an isothermal w-phase. Philos. Mag. Lett. 2012, 92, 726-732. [CrossRef]

Ping, D.H.; Geng, W. A popular metastable omega phase in body-centered cubic steels. Mater. Chem. Phys. 2013, 139, 830-835.
[CrossRef]

Naghizadeh, M.; Mirzadeh, H. Microstructural evolution during annealing of plastically deformed AISI 304 austenitic stainless
steel: Martensite reversion, grain refinement, recrystallization, and grain growth. Miner. Met. Mater. Soc. ASM Int. 2016, 47,
4210-4216. [CrossRef]

Takaki, S.; Fukunaga, K.; Syarif, J.; Tsuchiyama, T. Effect of grain refinement on thermal stability of metastable austenitic steel.
Mater. Trans. 2004, 45, 2245-2251. [CrossRef]

Ping, D.H.; Ohnuma, M. w-Fe particle size and distribution in high-nitrogen martensitic steels. . Mater. Sci. 2018, 53, 5339-5355.
[CrossRef]

Du, C.; Hoefnagels, ] PM.; Kolling, S.; Geers, M.G.D.; Sietsma, ].; Petrov, R.; Bliznuk, V.; Koenraad, PM.; Schryvers, D.; Amin-
Ahmadi, B. Martensite crystallography and chemistry in dual phase and fully martensitic steel. Mater. Charact. 2018, 139, 411-420.
[CrossRef]

Ping, D.H.; Guo, S.Q.; Imura, M,; Liu, X.; Ohmura, T.; Ohnuma, M.; Lu, X.; Abe, T.; Onodera, H. Lath formation mechanisms and
twinning as lath martensite substructures in an ultra low-carbon iron alloy. Sci. Rep. 2018, 8, 14264. [CrossRef]

Youngblood, J.; Raghavan, M. Correlation of microstructure with mechanical properties of 300M steel. Metall. Trans. 1977, 8,
1438-1439. [CrossRef]

Du, C.; Hoefnagels, ] PM.; Vaes, R.; Geers, M.G.D. Block and sub-block boundary strengthening in lath martensite. Scr. Mater.
2016, 116, 117-121. [CrossRef]

Takaki, S.; Ngo-huynh, K.L.; Nakada, N.; Tsuchiyama, T. Strengthening mechanism in ultra low carbon martensitic steel. ISI] Int.
2012, 52, 710-716. [CrossRef]

Ju, Y.L.; Goodall, A.; Strangwood, M.; Davis, C. Characterization of precipitation and carbide coarsening in low carbon low alloy
Q&T steels during the early stages of tempering. Mater. Sci. Eng. A 2018, 738, 174-189.

Swarr, T.E.; Krauss, G. The effect of structure on the deformation of as-quenched and tempered martensite in an Fe-0.2 pct C alloy.
Metall. Trans. A 1976, 7, 41-48. [CrossRef]

You, Z.S.; Li, X.Y,; Gui, L.J.; Lu, Q.H.; Zhu, T.; Gao, H.J.; Lu, L. Plastic anisotropy and associated deformation mechanisms in
nanotwinned metals. Acta Mater. 2013, 61, 217-227. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.msea.2017.02.078
https://doi.org/10.1016/j.actamat.2012.09.025
https://doi.org/10.1016/0001-6160(58)90111-1
https://doi.org/10.1080/09500839.2012.725949
https://doi.org/10.1016/j.matchemphys.2013.02.040
https://doi.org/10.1007/s11661-016-3589-1
https://doi.org/10.2320/matertrans.45.2245
https://doi.org/10.1007/s10853-017-1938-0
https://doi.org/10.1016/j.matchar.2018.03.011
https://doi.org/10.1038/s41598-018-32679-6
https://doi.org/10.1007/BF02642857
https://doi.org/10.1016/j.scriptamat.2016.01.043
https://doi.org/10.2355/isijinternational.52.710
https://doi.org/10.1007/BF02644037
https://doi.org/10.1016/j.actamat.2012.09.052

	Introduction 
	Materials and Methods 
	Results 
	Morphology and Crystallography of the As-Quenched Martensite 
	Morphology and Crystallography of the As-Tempered Martensite 
	Mechanical Properties of the Heat-Treated Steels 

	Discussions 
	The Evolution of the Martensite during Quenching and Tempering 
	Effect of Microstructures on Mechanical Properties of the Heat-Treated 12CrNi2 

	Conclusions 
	References

