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Abstract: The construction of heavy polar icebreakers is usually done with special hull steels, which
require comprehensive properties such as good low-temperature toughness, high strength, and
superior fatigue resistance. Reasonable and satisfactory heat treatments should be investigated
and applied to acquire the required high strength and superior low-temperature toughness, since
this is deemed an effective approach to ameliorate the combined properties of high-strength hull
steels. Regarding this, the present study specifically explores the effects of different laboratory-based
quenching (850 to 930 °C) and tempering (580 to 660 °C) heat treatments on the final low-temperature
toughness of the high-strength hull steels. The low-temperature toughness is eventually improved
without significantly sacrificing the strength. The results show that a favourable combination of
properties can be obtained in the specimens under 900 °C quenching and 660 °C tempering pro-
cesses. Additionality, the specimens tempered at 620 °C present the highest hardness, owing to the
higher percentage of tempered martensite. Detailed mechanisms of the enhanced properties of the
typical specimens subjected to the corresponding quenching and tempering processing are analysed
and explicated.

Keywords: high-strength hull steel; quenching and tempering heat treatment processing; microstructure
evolution; low-temperature toughness

1. Introduction

With the rapid expansion of human economic activities, fast growth of the popula-
tion, and exhaustion of land resources, the survival and development of human beings
will depend more and more on the oceans’ resources. Human activities in these waters
inevitably face sea ice problems. Sea ice mainly exists in the middle and high latitudes.
The harm to human economic activities at sea can be divided into two categories: collision
between ships sailing in the sea, and ice and icebergs floating on the ocean surface. During
the freezing period, the ice freezes in the sea, blocking ports, waterways, and large areas
of the sea, causing all kinds of ships and marine engineering buildings to be trapped, and
their structures to suffer compression damage. Collision between the hull body and the
ice is quite serious. At the moment of collision, the hull structure is subjected to a huge
impact load, which may cause severe damage. As a result, this can cause structural safety
problems such as water intake in ship cabins, damage to ship cabins, hull breakage, or
sinking, environmental concerns such as oil and gas leakage, and safety hazards for crew
members [1,2].
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Polar icebreakers—especially heavy icebreakers—cannot be built without key materi-
als, and are usually made of special steels such as low-temperature hull steel that can adapt
to the harsh polar service environment (mostly between —60 and —40 °C) [3]. The hull be-
low the contact line with ice is usually made of special steels with the highest requirements.
This part of the hull must be able to withstand repeated impacts with ice, and must have
sufficient low-temperature toughness, strength, weldability, fatigue strength, and other
comprehensive properties. In this regard, an increasing number of industrial shipping
applications—especially in the polar regions—have driven the continuing demand for spe-
cial hull steels that can offer both high strength and low-temperature toughness to ensure
the safety of icebreakers. As a consequence, a growing number of researchers, engineers,
and manufacturers are striving to produce different grades of hull steels and optimise their
production lines [4-7]. Among them, EH47 is a typical hull steel that holds an extraordinary
combination of mechanical properties for diverse applications in the transport, construction,
and shipbuilding industries, as well as offshore platform facilities [8].

Various heat treatment strategies greatly influence the microstructural morphology,
resulting in different final properties of steels [9]. Among them, precise control of temper-
ature and duration for the quenching and tempering processes is imperative to achieve
the desired balance of constitutive microstructural and mechanical properties. For most
low-alloy steels, ferrite and pearlite can be acquired via slow cooling. Generally, the pearlite
always encompasses the lamellar clusters of ferrite and cementite. With a higher cooling
rate, an upper bainite microstructure can be attained from austenite. The upper bainite nor-
mally includes ferrite platelets hindered by austenite or carbides. Meanwhile, these types
of microstructures can be observed and characterised through their particular “C-curve”
based on the well-known time—-temperature transformation (1TT) diagrams. It has been
documented that carbides may precipitate from the carbon-supersaturated austenite, while
they can also precipitate from enriched ferrite plates in the lower bainite [10]. In contrast,
martensite will be obtained when a further increase in the cooling rate is applied, which
usually involves a number of carbon-supersaturated ferrite platelets with a high density
of dislocations or twin boundaries [11,12]. It should be noted that the residual austen-
ite always exists along the martensite lath boundaries, and can be more homogeneous
and detached compared to the original structure. After tempering, the residual austenite
disintegrates and maintains the state of fine and even distribution.

In general, low tempering temperatures may simply lessen the internal stresses, dimin-
ishing brittleness while mostly preserving the hardness levels [13]. Nevertheless, in some
low-alloy steels containing certain elements, such as Cr and Mo, hardness may increase
even when tempered at low temperatures. Many steels with high contents of such alloying
elements act similarly to precipitation-hardening alloys, which show the opposite effects
observed in quenching and tempering processes. In comparison, tempering at higher tem-
peratures tends to cause a greater reduction in hardness, but leads to increased elasticity
and plasticity by sacrificing a certain amount of strength. However, the steel may suffer
from another embrittlement phase, known as “temper embrittlement”, which arises once
the steel is kept for too long within the temperature interval of temper embrittlement.
When heated above this temperature, the steel will usually be quickly cooled down to
avoid the occurrence of temper embrittlement.

Evidently, it is incredibly important to clarify the potential mechanisms in different
heat treatment strategies that may have a close relationship with the key low-temperature
properties and service life. Precise controls of temperature and duration for the quenching
and tempering are imperative to achieve the desired balance of constitutive microstructural
and mechanical properties. To date, although some scholars have carried out research on
the heat treatment of some hull steels, the underlying mechanisms are not understood
in detail. The present work is concerned with specific elaboration of the strengthening
mechanisms of high-strength EH47 hull steel subjected to different kinds of laboratory-
based quenching and tempering processes. The following research consists of the results
comparison and corresponding analyses of microstructure and microtexture evolution,
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low-temperature toughness and hardness alterations, fractographic features, and crystallo-
graphic investigation.

2. Materials and Methods

High-strength EH47 hull steel with a surface roughness (R,) of 0.04 um was the as-
received material in this study. The chemical composition of the EH47 steel used in the
current research work, by weight percentage, is listed in Table 1. Heat treatment processing
is essential, and plays a key role in achieving the excellent combination of strength and
toughness of the high-strength hull steel. In this case, various laboratory-based heat
treatment strategies comprising different quenching and tempering processes were carried
out. To develop a reasonable heat treatment process, the critical temperatures of A, and
A3 were initially determined by the empirical formulae given in [12] Equations (1) and (2),
considering the effects of different alloying elements in EH47 steel. The calculated A and
A values were 723 and 905 °C, respectively. Then, detailed strategies and parameters
for all of the heat treatment processes were proposed, as shown in Figure 1 and Table 2.
Normally, the quenching temperature is above A to meet the requirements of steel
production [14]. However, in the present study, the quenching temperatures were selected
from 850 to 930 °C to comprehensively clarify the influences of different microstructural
constituents, and the tempering temperatures were set to 580, 620, and 660 °C for better
understanding of their influence on the final properties of the hull steel. Heat treatment
was carried out using a GR.TF60/18 electric vacuum furnace (Guier Machinery Equipment
Co., Ltd., Shanghai, China) under an argon atmosphere with a heating rate of 20 °C/min.
Each heat treatment process was performed with a soaking time of 30 min once the pre-set
quenching/tempering temperature (as shown in Figure 1 and Table 2) was reached. In
order to eliminate the oxide scale formed on the specimens’ surfaces, the specimens were
immediately quenched to room temperature in a water tank after soaking, and then cleaned
carefully with ethanol, followed by ultrasonic treatment for 20 min.

A =723 —10.7Mn — 16.9Ni + 29.15i + 16.9Cr + 290As + 6.38W. (1)
A =910 — 203,/C — 15.2Ni + 44.75i + 104V + 31.5Mo + 13.1W. 2)

Table 1. Chemical composition of EH47 steel (wt%).

C Si Mn Cr Ni P S N Als Mo Nb A% Ti
007 016 135 021 066 0.006 0.001 0.004 003 016 0.03 0.006 0.013

A
850/900/930 °C
o
> <
g = 580/620/660 °C
< -
g E
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= =8
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temperature
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Time (min)

Figure 1. Heat treatment strategies with different quenching and tempering processes.
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Table 2. Detailed parameters for various heat treatment processes.

No Quenching Soaking Tempering Soaking
) Temperature (°C) Time (min) Temperature (°C) Time (min)
1 850 30 580 30
2 850 30 620 30
3 850 30 660 30
4 900 30 580 30
5 900 30 620 30
6 900 30 660 30
7 930 30 580 30
8 930 30 620 30
9 930 30 660 30

Vickers hardness was measured by a Q10 M hardness tester (Qness GmbH, Salzburg,
Austria) along the specimens’ cross-sections (rolling and normal directions) after polishing.
Five measurements were taken for each specimen, with a load of 10 kgf and a dwelling
time of 10 s. Charpy impact tests were conducted on a JB-300B impact testing machine
(Chengyu Testing Equipment Co., Ltd., Jinan, China) with a speed of 5.2 m/s at —40 °C for
assessing the low-temperature toughness of the EH47 hull steels after different quenching
and tempering heat treatments. The dimensions of each specimen are shown in Figure 2,
according to the international standard ISO148-2006. The longitudinal axis of the specimen
is parallel to the rolling direction of the steel plate. The length direction of the notch
is perpendicular to the rolled surface of the steel plate. Metallographic observations of
the cross-sections of specimens in each case were carried out on a VHX-5000 series 3D
super-depth digital microscope (Keyence Corporation, Osaka, Japan). The chemical etching
in this study was conducted using 4% nital solution with a dwelling time of ~7 s. For
characterising the grain structure and crystallographic microtexture, electron-backscattered
diffraction (EBSD) tests were performed on a JSM 7001F field-emission scanning electron
microscope (FESEM; JEOL, Tokyo, Japan) with 15 kV operating voltage and a 6.5 nA probe
current. The FESEM was supplied with an Oxford Instruments Nordlys II (S) camera
operating with the AZtec acquisition software suite (FEG-SEM). A step size of 0.1 pm was
used such that a region of 50 um x 40 um was scanned. Different microstructural data
from EBSD tests were processed using Oxford Instruments Channel-5 software. After that,
an IGMA HD scanning electron microscope (ZEISS, Jena, Germany) was used for fracture
surface observation and EDS analysis. In addition, a JEM 2100 transmission electron
microscope (JEOL, Tokyo, Japan) was used for observing more detailed microstructural
features of the specimens subjected to different heat treatment strategies.
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Figure 2. Geometry and dimensions of the low-temperature impact test specimens (unit: mm).

3. Results and Discussion
3.1. Metallography

The microstructure of the as-received high-strength EH47 hull steel is shown in
Figure 3. It can be clearly seen that the constituent microstructure mainly comprises
polygonal ferrite (white) and pearlite (black). Meanwhile, the grains of both phases present
the typical heterogeneous band characterisation hereditary from the rolling process. This
is a common phenomenon, since the grains are inevitably elongated along the rolling
direction after the hot and cold deformations.
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Figure 3. The microstructure of the as-received high-strength EH47 hull steel.

The metallographic microstructure subjected to various quenching and tempering
temperatures is shown in Figure 4. In most cases, the microstructure consists of acicu-
lar/polygonal ferrite, lath-tempered martensite, and some retained austenite. It can be
clearly seen that the microstructure under lower tempering temperatures (Figure 4a,d,g
for 580 °C and Figure 4b,e/h for 620 °C) presents higher volume fractions of tempered
martensite, which is hereditary from the quenching process. The specimens subjected to
the highest tempering temperature (660 °C) have a higher content of ferrite, as shown
in Figure 4¢,f,i. This is because the recrystallisation phenomenon occurs in the tempered
martensite at a relatively high tempering temperature, which unsurprisingly leads to

increased ferrite.
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Figure 4. Microstructure of the specimens with different quenching and tempering processes:
(a) Q850 °C + T580 °C, (b) Q850 °C + T620 °C, (c) Q850 °C + T660 °C, (d) Q900 °C + T580 °C,
(e) Q900 °C + T620 °C, (£) Q900 °C + T660 °C, (g) Q930 °C + T580 °C, (h) Q930 °C + T620 °C and

(i) Q930 °C + T660 °C.
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Moreover, it can be seen that even higher quenching or tempering temperatures lead
to coarsened grain size, and the specimens tempered at lower temperatures (Figure 4a,d,g
for 580 °C and Figure 4b,e,h for 620 °C) present obvious heterogeneity of the phase distri-
bution. With the tempering temperature increasing to 620 °C, more carbides are obviously
precipitated, as shown in Figure 4c,f,i. The growth of carbides was supposed to occur via
Ostwald ripening during the tempering process [10]. In addition, the coarsening process
takes place once the minor carbides dissolve into the matrix. Although the microstructure
of the tempered martensite appears to be coarsened, the distribution of the microstructure
becomes more uniform with the homogeneous distribution of the lath-tempered martensite.
The reason for this is that with the increase in quenching temperature, the volume fraction
of retained austenite increases. In the process of tempering, the retained austenite gradu-
ally breaks down and diffuses at the grain boundary, thus forming the lamellar-tempered
martensite. This is a typical y—o transformation that requires a sufficient amount of car-
bon. Tempered martensite lath is supposed to be produced from the prior austenite grain
boundaries, and the lath is slim and extended, even penetrating the entire grain [15], which
always has high-level dislocation density and relatively high hardness. As a result, the
mixture of tempered martensite and ferrite can provide a good balance between strength
and toughness.

3.2. Mechanical Properties and Fractography

The impact testing results corresponding to different quenching and tempering pro-
cesses can be found in Figure 5a—c. It is clear that all of the heat treatment processes
definitely enhanced the impact properties, regardless of the different quenching and tem-
pering routines being used. With the increase in quenching temperature from 850 to 930 °C,
the impact energy presents a decreasing trend, except in the case with 660 °C tempering.
One reason for this is that at higher quenching temperatures, more tempered martensites
are generated due to the large amount of austenites produced at high intermediate temper-
atures before quenching. Another reason is due to the coarser grains with the high degree
of heterogeneity obtained at high quenching temperatures. The highest impact energy
(107.5 J) was found in the case with 900 °C quenching and 660 °C tempering. This should
produce the most preferable combination of polygonal ferrite, acicular ferrite, and tempered
martensite. Meanwhile, certain tempered sorbites with fine plate perlites may exist in this
specimen with the highest tempering temperature being used, which can also contribute
to better comprehensive mechanical properties. Moreover, it can be clearly seen that the
lowest impact energies are always obtained for the cases tempered at 620 °C. This can be
understood from the microstructure results in Figure 4, which shows the highest volume
fraction of tempered martensites. This kind of feature has a certain negative influence on
the formability of the materials. Since specimen No. 2 (quenched at 850 °C and tempered
at 620 °C) and specimen No. 6 (quenched at 900 °C and tempered at 660 °C) obtained the
lowest and highest impact energies, respectively, these two specimens were selected to
conduct the EBSD tests for subsequent investigation and analysis.

By comparison, specimens treated with the highest quenching temperature (930 °C)
always show the lowest impact properties. The main reason for this may be that the
grain size of prior austenite increases greatly at high quenching temperatures, significantly
coarsening the tempered martensite, and leading to lowered impact properties. Normally, a
high tempering temperature leads to the recrystallisation of laminate-tempered martensite,
which then transforms to polygonal ferrite. It can be seen that the high-temperature
quenching plus relatively low-temperature tempering may significantly refine the grain
size. In addition, the tempered martensite has a high dislocation density, which can greatly
increase the hardness but reduce the low-temperature toughness. However, the grains after
quenching present a very fine size, which can restrict the deterioration of these properties
to some degree. Therefore, the decrease in the impact energy of the specimens obtained at
620 °C is limited. In addition, the specimens tempered at 620 °C produce a large number of
acicular-tempered martensites, resulting in decreased impact toughness.
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Figure 5. (a—c) Low-temperature (—40 °C) impact energy and (d,e) microhardness alterations
with different quenching and tempering temperatures: (a,d) Q850 °C + T580, T620 and T660 °C,
(b,e) Q900 °C + T580, T620 and T660 °C, and (c,f) Q930 °C + T580, T620 and T660 °C.

Figure 5d,e show the variation in hardness with different quenching and tempering
processes. It can be clearly seen that the hardness values present an increasing trend
followed by a decreasing trend when tempering from 580 to 660 °C. Specimens tempered
at 620 °C always present relatively high hardness values due to the tempered martensite
obtained with the largest volume fraction. However, the hardness values of the specimens
tempered at 580 °C are not stable. The low hardness value of the specimen quenched
at 850 °C and then tempered at 580 °C was due to the presence of a large number of
polygonal ferrites, which cannot provide much strength. For the low hardness obtained in
the specimen quenched at 930 °C and then tempered at 580 °C, the possible reasons are the
relatively coarse grain size (Figure 4g) and the heterogeneity of each phase distribution.

Figure 6 shows the macroscopic fracture surfaces, which frequently consist of the
fibrillar region, radial region, and shear slips. At the interface of the material, the fracture
source first forms a fibrous fracture (Figure 6¢); then, the crack expands rapidly, forming a
radial fracture (Figure 6a), and finally forms a shear fracture (Figure 6b) on the three free
surfaces of the notched specimen. When the specimen is subjected to the impact load, the
tensile stress is obtained near the notched side, and the compressive stress is obtained on
the other side of the fracture surface. When the fibrillar fracture of the tensile stress enters
the compressive stress zone, the crack propagation is compressed and deformed, leading
to the gradual disappearance of the fibrillar fracture. It is generally believed that the larger
the fibrillar area and the shear lip area, the higher the toughness of the steel achieved. The
bilateral arrows in Figure 6a—i mark the maximum width of the shear lip area, which is
in good agreement with the impact energy results shown in Figure 5, indicating that the
specimens tempered at a higher temperature of 660 °C (Figure 6¢,f,i) with higher impact
energies always obtain a wider shear lip than those attained in the specimens with lower
tempering temperatures (Figure 6a,d,g for 580 °C and Figure 6b,e h for 620 °C).

The fracture surfaces after impact tests for each heat treatment specimen were taken
from the fibrillar regions, and are presented in Figure 7. It can be seen that almost all of
the specimens present ductile fracture features. However, after comparing the specimens
tempered at 580 °C (Figure 7a,d,g) and 660 °C (Figure 7c/f,i), the specimens tempered at
620 °C (Figure 7b,e,h) exhibit some heterogeneous fracture features with certain cleavage
fracture surfaces, especially for the cases quenched at 900 and 930 °C. These show a good
agreement with the impact results obtained in Figure 5a—c, indicating that the lowest impact
toughness was also obtained at this tempering temperature. Large dimples together with
ductile fracture bands and tear ridges are frequently produced due to the strong plastic
deformation, and can be seen as the obstacles to crack propagation [16]. The fracture
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may be influenced by a variety of microstructural characteristics, such as a martensite
packet consisting of several parallel plates inside [17]. It was proposed that M/ A islands
above 1 pm in size would be effortlessly split as the dislocation gliding was impeded, thus
turning into crack initiation sites [18]. By comparison, it has been proposed that ferrite can
offer a high amount of grain boundary areas, ascribed to the high volume of nucleation
sites as well as high nucleation rates [15,19]. Meanwhile, soft ferrite can absorb a great
amount of energy before fracture and ease the deformation stress concentration; hence, the
cracking tendency can be diminished by comparison to the tempered martensite. Moreover,
this can also disrupt and modify a crack propagation route at the interfaces of the harder
and softer phase boundaries [20,21]. These may well prevent the propagation routes of
cleavage cracks, reduce the stress concentration, and enhance the plastic deformation of the
matrix accordingly, resulting in high toughness and crack-arrest capability of the material.
In addition, it was suggested that the acicular ferrite staggered lath with a high-angle
boundary can effectively improve the yield stress, toughness [17,22,23], and crack-arrest
ability of the steel, subsequently obtaining superior impact resistance.

Figure 6. Macroscopic fractography of the low-temperature impact specimens with different quench-
ing and tempering processes: (a) Q850 °C + T580 °C, (b) Q850 °C + T620 °C, (c) Q850 °C + T660 °C,
(d) Q900 °C + T580 °C, (e) Q900 °C + T620 °C, (f) Q900 °C + T660 °C, (g) Q930 °C + T580 °C,
(h) Q930 °C + T620 °C and (i) Q930 °C + T660 °C.

Figure 7. Fractography in the fibrillar region of the low-temperature impact specimens with
different quenching and tempering processes: (a) Q850 °C + T580 °C, (b) Q850 °C + T620 °C,
(c) Q850 °C + T660 °C, (d) Q900 °C + T580 °C, (e) Q900 °C + T620 °C, (f) Q900 °C + T660 °C,
(g) Q930 °C + T580 °C, (h) Q930 °C + T620 °C and (i) Q930 °C + T660 °C.
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3.3. Crystallographic Characterisation

To better understand the mechanisms in the results of impact energy variation (i.e.,
dropping at 620 °C but increasing at 660 °C tempering), the typical specimens (No. 2 and
No. 6) mentioned hereinbefore were selected for EBSD analysis. The corresponding results
of band contrast microstructure (Figure 8a—c) and inverse-pole figure maps (Figure 8d-f)
are shown in Figure 8. In order to better compare the characterisation in different cases, the
as-received material was also measured and analysed. It can be seen that as the quenching
temperature increases, the amount of ferrite decreases steadily, and the island structure
inside the tempered martensite grows sharply, which is favourable to enhance the strength
of the material. Simultaneously, the existence of acicular ferrite ensures the high ductility
of the material. It is supposed that the good notch-ductility of C-Mn steel is generally
associated with a high proportion of acicular ferrite [24]. Consequently, the specimens
quenched at relatively low temperatures (i.e., 850 and 900 °C) can have higher strength
and toughness. When quenching at a higher temperature of 930 °C, the austenite grains
grow coarser after full austenitisation. In this case, the primary microstructure contains
the coarser tempered martensite grains generated after high-temperature quenching and
tempering processes.

Figure 8. Band contrast and inverse-pole figure maps of (a,d) the as-received specimen, (b,e) specimen
No. 2, and (c,f) specimen No. 6.

The polygonal ferrite structure, coarsening, and uneven grain size distribution are
the three primary reasons leading to the reduced toughness. Lower toughness is achieved
by the specimens with 620 °C tempering because the higher volume fraction of tempered
martensite and a large number of granular grains result from the prior M/ A islands. Even
though the tempered martensite can provide much higher strength, it has a very limited
ductility, leading to a decrease in the low-temperature ductility. Furthermore, M/ A islands
with granular features may have a variety of transition products or decomposition, which
may cause a certain reduction in the low-temperature toughness [25].

In fact, effective grain size, the morphology of M/ A islands, the distribution of second-
phase particles, and the proportion of high/low-angle grain boundaries are the major
factors influencing the low-temperature toughness. Figure 9 shows the high-angle grain
boundaries (HAGBs, >15°) and low-angle grain boundaries (LAGBs, 3-15°) fraction com-
parison (Figure 9a—c), the grain boundary misorientation distribution (in Figure 9d—f), and
the face-centred cubic (FCC) and body-centred cubic (BCC) distribution (in Figure 9g—i)
of the as-received specimen, specimen No. 2, and specimen No. 6. It can be clearly seen
that the specimen quenched at 900 °C and then tempered at 660 °C has fewer HAGBs
(Figure 9a—c), but possesses more fractions of granular tempered martensite or retained
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austenite (Figure 9g-i). These granular features may relate to the occurrence of M/ A islands
with large, sharp angles. When deformation takes place, it leads to microcracks due to
the stress concentration. However, it should be mentioned that the M/ A islands and fine
carbides continually precipitate adjacent to grain boundaries [26]. The small M/A islands
can impede the dislocation growth and crack expansion due to stress concentration. In this
case, these islands with a size of less than 1 um can effectively increase the energy needed
for crack propagation, and subsequently improve the toughness of the steel. Meanwhile,
it has been reported that M/ A islands of less than 0.5 um in size can play a part in pin-
ning dislocation movement, similar to the effects of precipitation-strengthening behaviour.
In addition, low quenching temperatures lead to a high volume fraction of the coarse
proeutectoid ferrite, which may diminish the strength and low-temperature toughness.
High-temperature quenching and tempering treatments cause the austenite to be sliced by
proeutectoid ferrite, which results in an increased volume fraction of the austenites, with
uniform grain size and fine features.
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Figure 9. HAGB and LAGB fraction comparison, grain boundary misorientation distribution,
and FCC and BCC distribution of (a,d,g) the as-received specimen, (b,eh) specimen No. 2, and
(cf,i) specimen No. 6.

It has been widely reported that HAGBs improve the low-temperature toughness to
varying degrees. However, the present study suggests that the quenched and tempered
specimens with more LAGBs have higher low-temperature toughness. This may be largely
because the retained austenite with the split martensite laths or blocks plays a more
beneficial role in improving the low-temperature toughness than that with high-angle grain
boundaries, which can decrease the effective grain size and prevent crack propagation.

Figure 10 presents the kernel average misorientation (KAM), GOS, and recrystallised
fraction of the as-received specimen (Figure 10a,d,g), specimen No. 2 (Figure 10b,e,h), and
specimen No. 6 (Figure 10c,f,i). The KAM results (Figure 10a—c) show the measurement
of local grain misorientations for each selected specimen. It can be clearly seen that the
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specimens after heat treatments are more active than the as-received case. This is because
there is large-scale phase transformation during the different quenching and tempering
processes. In addition, the higher KAM always relates to more distributed local dislocation
density, which is especially associated with the geometrically necessary dislocation [27].
In comparison, the GOS results for each selected specimen are shown in Figure 10d—f.
Similar to the KAM results, the GOS results show that the specimens after quenching
and tempering also have more variable grain orientations, suggesting a higher dislocation
density distribution. Figure 10g-i illustrate the deformed (red), recrystallised (blue), and
substructured (yellow) states, respectively. It should be mentioned that the deformed state
here may mostly result from the interior stress obtained from the heat treatment. Clearly,
specimen No. 2 shows the most complex combination of each state. This may be because
there are extensive articular tempered martensites and ferrites in this heat treatment strategy.
It can be clearly seen that specimen No. 6, after quenching and tempering, displays a more
uniform distribution of each stated grain, suggesting better low-temperature toughness.
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Figure 10. KAM, GOS, and deformed, recrystallised, and substructured fractions of (a,d,g) the
as-received specimen, (b,e,h) specimen No. 2, and (c,£,i) specimen No. 6.

Figure 11 shows the characterised TEM results for specimen No. 2, with more com-
plex microstructural features. It can be clearly seen that the tempered martensite laths
(Figure 11c) are present, with an average lath spacing of 200-300 nm, in which high-density
dislocations (Figure 11a,c) can exist. One possible explanation for these formations is that
the quenching process results in a great number of weak mobility dislocations produced
by phase transformation [15]. This quenched state possesses relatively high free energy,
and can easily reach an equilibrium state with certain tempering processes. After this
process, partial laths connect and coarsen to some extent, and then lead to the formation of
subgrains during the tempering process. In this condition, more dislocations are activated,
rearranged and, finally, generate dislocation walls. These dislocation walls are supposed
to interconnect with one another and form the dislocation cell substructures, which can
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effectively hinder the crack propagation and improve the combination of strength and
toughness. Meanwhile, the dislocation cell substructure suppresses the generation and
propagation of microcracks due to the absorption of certain deformation energies. It should
be mentioned that Figure 11b clearly shows the occurrence of feathery upper bainite. Bainite
laths are supposed to be frequently generated from the prior austenite grain boundaries,
which are slim and extended, and even penetrate the entire grain [15]. The amount of
bainite lath always increases with higher quenching temperatures and drops with lower
tempering temperatures. Once the crack propagates, the combined ferrite and bainite can
hinder the further growth of the cracks by boosting energy consumption, enhancing the
low-temperature toughness. In addition, a precipitate can be clearly seen in Figure 11d,
and may contribute to the precipitate hardening to improve the yield strength.
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<

Figure 11. TEM images of different typical microstructural characterisations in specimen No. 2:
(a) dislocation tangle, (b) piled-up dislocations and upper bainite, (c) lath bands and (d) tempered
martensite and precipitate.

3.4. Effect of Microtexture on Toughness

The evolution of crystallographic microtexture can have an influence on the material’s
properties, including strength, anisotropy, ductility, and drawability [28,29]. Figure 12
shows the sections of ¢, at 45°, 65°, and 90° from the complete ODFs of typical microtex-
tural evolution. It can be clearly seen that specimens No. 2 (Figure 12b,e,h) and No. 6
(Figure 12¢,{,i), after the corresponding quenching and tempering processes, show a great
variance in the intensity of the typical rolling and fibre microtextures compared with that
of the as-received specimen (Figure 12a,d,g). The microtexture in the as-received specimen
is mainly located near the <110>//RD orientation. In fact, steels with a high volume
fraction of <110>//RD orientation and a low volume fraction of <100>//RD have better
low-temperature toughness [26]. In addition, it can be seen in Table 3, which gives the
detailed volume fraction of each microtexture, that the as-received specimen has obtained
the highest volume fraction of the cube ({001}<100>) orientation, which can facilitate crack
propagation. Considering the lower impact properties obtained for the as-received speci-
men, it appears that the deterioration from the cube orientation plays a more important
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role in the low-temperature toughness compared to the improvement effects from the
<100>//RD orientation.

Zy)

Figure 12. ODF maps of the as-received specimen (a,d,g), specimen No. 2 (b,e,;h), and specimen
No. 6 (¢,f,i) at @, =45°, 65° and 90°.

Table 3. Volume fractions of the typical microtextures of the as-received specimen, specimen No. 2,

and specimen No. 6.

Orientations The As-Received Specimen Specimen No. 2 Specimen No. 6
Cube 5.10% 0.68% 1.30%
Goss 0.50% 7.25% 2.19%
Brass 6.32% 1.15% 0.37%

Copper 0.0005% 13.00% 14.60%

S 3.93% 8.99% 11.00%
<111>//RD 2.55% 24.90% 17.30%
<110>//RD 49.50% 5.86% 24.70%
<100>//RD 11.60% 11.30% 4.00%

After different quenching and tempering processes, the microtexture is mainly concen-
trated near the {554}<225> orientation for specimen No. 2, and it has been suggested that
this kind of orientation is beneficial to the drawing properties [30]. In comparison, the main
microtexture of specimen No. 6 is rotated near the {110}<112> and {110}<111> orientations.
In fact, the {100} crystal plane is regarded as the cleavage plane, which can lead to the
occurrence of brittle cracks [31], while the {110} crystal plane is frequently regarded as the
glide plane, which can benefit the dislocation slipping [32]. In addition, the {110} crystal
plane can diminish the stress concentration generated from dislocation pile-up and, ac-
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cordingly, impede the formation of microcracks [19]. Consequently, the crack sensitivity is
lowered once the volume of the undesired {100} crystal plane is reduced and the amount of
desired {110} crystal plane enlarges. Although both of these specimens obtained beneficial
orientations for deformation, we would suggest that the preferred orientations derived in
specimen No. 6 are more favourable than those derived from specimen No. 2, since higher
low-temperature toughness was obtained.

4. Conclusions

This work investigated the effects of different quenching and tempering processes
on the microstructural evolution, fracture mechanisms, and final properties—such as
hardness and low-temperature toughness—of EH47 hull steel. The following conclusions
can be drawn:

e  Proper quenching and tempering heat treatment strategies can effectively ameliorate
the combined properties in the form of high strength and low-temperature toughness.

e  The specimens with 900 °C quenching and 660 °C tempering present a great phase
mixture, giving the best combination of properties among all of the heat treatment
strategies, owing to the comprehensive effect of the desired uniform distribution of
each phase.

e  The specimens tempered at 620 °C always obtain the highest hardness due to the
higher contents of the tempered martensite.

e  Relatively high quenching temperatures together with relatively low tempering tem-
peratures help to significantly refine the grain size of the hull steel. In addition, certain
retained austenites greatly contribute to the low-temperature impact properties.

e  The specimens tempered at of 660 °C have higher impact energies due to the pres-
ence of longer shear lips than those in the specimens tempered at relatively low
temperatures. By comparison, the specimens tempered at 620 °C exhibit some hetero-
geneous fracture features with certain cleavage fracture surfaces, especially for the
cases quenched at 900 and 930 °C.

e  Fewer high-angle grain boundaries but more fractions of granular tempered martensite
or retained austenite can be detected in the specimen quenched at 900 °C and tempered
at 660 °C.

e KAM and GOS results suggest that specimen No. 2 (850 °C quenching and 620 °C
tempering) shows the most complex combination of each state, while specimen No. 6
(900 °C quenching and 660 °C tempering) displays a more uniform distribution of
each stated grain. These properties are beneficial to the low-temperature toughness.

e  Although specimens No. 2 (850 °C quenching and 620 °C tempering) and No. 6
(850 °C quenching and 620 °C tempering) both obtained beneficial orientations for
deformation, the preferred orientations derived in specimen No. 6 are more favourable,
owing to the higher obtained low-temperature toughness.
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