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Abstract: As there is a small amount of deformation in the center during the rolling process of
ultra-heavy plates, it is extremely easy to cause poor mechanical properties in the center. Increasing
the deformation in the center is the most feasible method to eliminate the deformation effects in the
cross-section of ultra-heavy plates. In this study, the gradient temperature rolling (GTR) process is
compared with the traditional uniform temperature rolling (UTR) process. It is found that the GTR
process can significantly increase the deformation in the center and thereby refine the grains. The
room temperature tensile test and instrumented Charpy impact test are used to test the strength
at room temperature and impact energy at low temperature. Combined with the obtained impact
load/energy displacement curve, the deformation and damage process under impact load are
analyzed. The microstructure morphology and impact fracture obtained by different rolling processes
in the center are analyzed by experimental methods such as OM, SEM, EBSD, etc. The prior austenite
grain (PAG) boundary morphology is analyzed and the densities of grain boundaries are statistically
quantified. The results showed that the strength, plasticity, and low-temperature toughness of the
GTR process are improved compared to the UTR process, with increased dislocation density in the
center microstructure, the density of PAG boundaries, and the density of packet boundaries. The
size of the PAG in the center is refined by ~49%, the density of PAG boundaries increased by ~140%,
the density of high-angle packet boundaries increased by ~39%, and the density of low-angle packet
boundaries increased by ~49%. The crack propagation in the instrumented Charpy impact test of
the GTR process showed stable expansion, indicating a ductile fracture compared to the semi-brittle
fracture of the UTR process. The densities of PAG boundaries and high-angle packet boundaries are
the most important factors affecting the strength and low-temperature toughness.

Keywords: gradient temperature rolling process; uniform temperature rolling process; ultra-heavy
plate; prior austenite grain boundary; high-angle packet boundary

1. Introduction

The application prospects of an ultra-heavy plate in major technical equipment manu-
facturing fields such as marine engineering, pressure vessels, nuclear power, wind power,
military, heavy machinery, mold manufacturing, etc., are enormous and the functional
requirements for its welding performance, high strength, low-temperature toughness, etc.,
are also increasing [1-5]. At present, the primary problem affecting the quality of ultra-
heavy plates is the uneven distribution of microstructures and mechanical properties in the
thickness direction (cross-sectional effect) [4,6-9]. The difference in the properties of the
center of ultra-heavy plates compared to other locations is mainly due to the differences
in transformation and precipitates caused by temperature and strain fields, especially the
microstructure, grain boundaries, and precipitates.
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The elimination of the cross-sectional effect of ultra-heavy plates is mainly achieved
through the TMCP (thermomechanical control) process and heat treatment process [4,5,8,10-12].
Due to the limitation of thermal conductivity, the center is prone to insufficient cooling
capacity, resulting in uneven microstructural properties during the heat treatment process,
especially the appearance of granular bainite, which affects the strength and toughness.
The TMCP process is a key technology for the production of ultra-heavy plates with low
cost and high efficiency. However, due to the uneven deformation during rolling and the
uneven distribution of the temperature field during cooling, it is bound to cause problems
such as uneven microstructural properties in the thickness direction, difficulty in quality
controlling, and large differences in section characteristics, mainly due to poor toughness
of the central microstructure, which affects the application of the material [8]. The GTR
process is an effective method to solve this problem. It uses a laminar cooling/rapid
cooling process to form a temperature gradient in the thickness direction of the slab before
rolling, with the center temperature being far higher than the surface temperature [4,8]. The
lower deformation resistance of the higher center temperature makes deformation easier to
penetrate into the center, resulting in more uniform deformation and recrystallization of
the steel plate in the thickness direction [8,13].

Research on the GTR process mainly focuses on the simulation of temperature gra-
dients during the rolling process, the deformation penetration at different locations after
rolling, and the impact on mechanical properties. However, there is a lack of research
on microstructural refinement, especially the impact of various types of grain boundary
densities on the strength and toughness. This study compares the GTR process with the
traditional UTR process, distinguishes different grain boundary types, and analyzes the
impact of different rolling processes on the microstructure and mechanical properties of
the center from dislocation density, grain boundary types, and grain boundary density.

2. Materials and Methods

Table 1 shows the chemical composition of the experimental steel. The steel was
smelted, forged, and cut into a rectangular samples with 120 mm thickness, 120 mm width,
and 200 mm length. The samples were soaked at 1200 °C for 2 h to dissolve microalloying
elements and subsequently rolled to 50 mm via multiple passes, as shown in Figure 1.
Both rolling processes were performed in a continuous manner without changing the
rolling direction. The two as-rolled steel samples are henceforth referred as UTR (uniform
temperature rolling) and GTR (gradient temperature rolling), respectively. Research has
shown that rapid cooling of the surface before rolling can create a temperature gradient
between the center and the surface (with lower temperatures closer to the surface), with
the center temperature still around 1100 °C [4,6-9]. The surface temperature decreases
as the rapid cooling time increases. The center—surface temperature difference in UTR
processes is very small. The start rolling temperature of the UTR process in this study
is ~1100 °C on the surface and the center temperature is also close to 1100 °C [8]. The
resistance to deformation of the surface and center are close. The GTR process involves
water cooling for ~20 s and ~10 s before the first two passes of rolling (surface cooling rate
of approximately 10-15 °C/s) to reduce the surface temperature to ~820 °C to establish a
temperature gradient between the center and the surface. Subsequent passes of rolling do
not require water cooling and are continuous. Due to the different resistance to deformation
at different locations caused by the temperature gradient, it is beneficial for the deformation
of the center during the rolling process.

Table 1. The chemical composition of the experimental steel (wt.%).

Si

Mn Cr Ni Cu Mo A% P S

0.069

0.34

0.59 0.64 4.79 0.024 0.5 0.065 0.0053 0.0004




Metals 2024, 14, 199

30f12

1200°C x2h air cooling
PPURIR & 2 e 1100°C

water cooling 820°C

Temperature

. water coolin
water cooling ‘ g

GTR UTR

\ 4

Time
Figure 1. Thermo-mechanical controlled processing (TMCP) process flow chart of experimental steels.

The specimens for optical microscope (OM), scanning electron microscopy (SEM), and
electron backscattered diffraction (EBSD) observations were cut along the RD-ND plane
(RD: rolling direction, ND: normal direction). They were taken from 1/2 location along
the thickness direction and henceforth referred to as UTR-1/2 and GTR-1/2, respectively.
Specimens for microstructural studies were observed using a Sigma 300 field emission
scanning electron microscopy (FE-SEM) (Sigma, Livonia, MI, USA). EBSD analysis was
conducted using TESCAN MIRA 3 LMH FE-SEM equipped (TESCAN MIRA, Dublin,
Ireland) with an Oxford Nordlys Nano Max 3 EBSD detector (Oxford Instruments, Oxford,
UK) at an acceleration voltage of 20 kV and a step size of 0.9 pm. EBSD data were post-
processed by HKL CHANNEL 5 (Version 5.12.72.0, Oxford Instruments, Oxford, UK)
flamenco software to acquire the necessary information. The results of EBSD were used to
analyze boundary density by a Python program.

Two tensile specimens were tested for each experimental steel (after rolling and water
cooling to room temperature) and the average values were taken for the results of tensile
tests. Round bar tensile specimens with a 5 mm gage diameter and 25 mm gage length were
tested at room temperature at a crosshead speed of 1 mm/min. Three impact specimens
with dimensions of 55 mm x 10 mm x 10 mm were tested for each experimental steel at
—80 °C and the average values were taken for the results of instrumented Charpy v-notch
(CVN) impact tests. Tensile specimens and CVN impact specimens were cut from the plates
along the longitudinal direction.

3. Results

Figure 2 shows the OM micrographs and SEM micrographs of different positions of
the experimental steels. It can be seen from the figure that for both steel UTR and steel
GTR, the microstructure is mainly martensite, with obvious martensite lath. It can be seen
from the prior austenite marked by the red dotted line in Figure 2 that the prior austenite
grain size of steel GTR is obviously smaller than that of steel UTR and that the martensite
lath is finer.

In order to analyze the boundary information more precisely, the EBSD experimental
data are analyzed using the HKL CHANNEL 5 flamenco software. The resulting inverse
pole figure color map is shown in Figure 3. Different colors represent martensitic crystal
units that are aligned with the observation plane in the vertical direction, as shown in the
inset. The closer the color is, the smaller the difference in orientation is, and vice versa.
It can be seen from Figure 3 that the grain size of steel GTR in the center is significantly
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smaller, which is mainly due to the microstructural refinement effect brought about by the
GTR process, which will be further explained later.

Figure 2. OM micrographs ((a) 128, (b) 256 x) and SEM micrographs ((c) 500, (d) 1000 x) of steel
UTR and steel GTR in the center. ((a): UTR-1/2, (b): GTR-1/2, (c): UTR-1/2, (d): GTR-1/2, RD:
Rolling direction, ND: Normal direction).

Figure 3. BC (Band contrast) map and IPFX (inverse pole figure X-axis) color map of steel UTR
and steel GTR in the center. ((a): UTR-1/2, (b): GTR-1/2, (c): UTR-1/2, (d): GTR-1/2, RD: Rolling
direction, ND: Normal direction).

The results of tensile tests at room temperature and instrumented CVN impact tests at
—80 °C are shown in Table 2. It can be seen that the yield strength ratio of steel GTR-1/2



Metals 2024, 14, 199

50f12

is not much different from steel UTR-1/2, the yield strength of steel GTR-1/2 is ~22 MPa
higher than steel UTR-1/2, and the tensile strength of steel GTR-1/2 is ~37 MPa higher.
In addition, the plasticity and toughness have been significantly improved, especially the
toughness, which is ~71.2 ] higher than steel UTR-1/2. These are the differences brought
about by different rolling processes; the reasons for the differences will be emphasized later.

Table 2. Mechanical properties of experimental steels.

Number YS 1 (MPa) TS 2 (MPa) Yield Ratio El 3 (%) —80°CCVN4())
UTR-1/2 769.5 1083.5 0.71 15.6 168.8
GTR-1/2 791.5 1120.5 0.71 17.7 240.0

1Yield strength; 2 Tensile strength; 3 Elongation; 4 Charpy v-notch impact toughness.

Figure 4 is the SEM images of the fracture surface of impact specimens. It can be seen
from the figure that the shear lip area of steel GTR-1/2 is larger than steel UTR-1/2. From
the enlarged fracture surface, it can be seen that the fracture surface of steel UTR-1/2 is
mainly composed of cleavage planes, shear cracks, and a few dimples, showing a clear
brittle fracture. The fracture surface of steel GTR-1/2 is mainly composed of large and small
dimples, with the presence of dimples with tearing ridges, indicating plastic deformation
during the crack propagation process and high crack propagation resistance. The crack
propagation requires a large amount of energy, showing a clear ductile fracture [14,15].
The characteristics of the fracture surface also confirm the difference in low-temperature
toughness between steel UTR-1/2 and steel GTR-1/2. The GTR process can significantly
increase the proportion of dimples and improve the low-temperature toughness.

Figure 4. SEM appearance of fractures of the UTR-1/2 ((a) 27x, (b) 200x)) and GTR-1/2 ((c) 27 x,
(d) 200x).
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4. Discussion
4.1. Research on Strength

Figure 5 shows the prior austenite grain boundaries distribution map and various
grain boundary density statistical diagrams calculated by the software [16]. Through the
statistics of the prior austenite grain size in Figure 5a,b, the average prior austenite grain
size of steel UTR-1/2 and steel GTR-1/2is 41.1 £ 6.6 um and 20.9 & 3.4 um, respectively.
Compared with the UTR process, the GTR process significantly reduces the prior austenite
grain size, which is mainly due to the reduction in the surface temperature to ~820 °C before
rolling, forming a temperature gradient from low to high from the surface to the center,
increasing the strain and accumulative deformation in the center, and refining the prior
austenite grain size in the center. The refinement of austenite grain increases the crystal
defects such as vacancies, dislocations, deformation bands, etc., inside the austenite. This
causes an increase in non-uniform nucleation points, which is beneficial to grain refinement
after transformation [17-20]. Meanwhile, the research shows that the refinement of the
prior austenite grain is conducive to the increase in the density of the packet boundaries
and block boundaries in martensite [15,21]. As can be seen from Figure 5c, compared
to the UTR process, the GTR process does not significantly increase the density of block
boundaries and sub-block boundaries in the center but significantly increases the density of
PAG boundaries, high-packet boundaries, and low-packet boundaries. Compared to steel
UTR-1/2, the high-packet boundaries density of steel GTR-1/2 increases from 0.075 pm ™!

t0 0.104 um !, the low-packet boundaries density increases from 0.037 pum 1 to0 0.055 pm 1,

and the PAG boundaries density increases from 0.055 pum ! t0 0.132 um 1.

ND (a)
i
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Figure 5. (a,b) PAG (prior austenite grain) boundaries skeleton map; (c) Boundary density computed
by the Python program (PAG boundaries-prior austenite grain boundaries; High-packet boundaries
(misorientation angle > 15°); Low-packet boundaries (misorientation angle < 15°)). (a) and (b) are
maps for UTR-1/2 and GTR-1/2, respectively.
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In addition to grain boundaries, dislocations are also an important factor affecting
strength. The dislocation density can be estimated using GND (geometrically necessary
dislocation) density. The grain boundary distribution and GND density of the experimental
steels are shown in Figure 6. The closer the color is to red, the higher the dislocation density
is, and the closer the color is to blue, the lower the dislocation density is. Some studies
have shown that GND can be calculated by kernel average misorientation (KAM) and the
dislocation density can be estimated by calculating GND density using Equation (1) [22,23].
The calculation results are shown in Table 3.

20

P=1 @

where 6 is the misorientation angle, which is directly obtained from EBSD data and is less
than 2°, u is the unit length (step size = 0.9 um), and b is the Burgers vector and is equal to
0.248 nm.

Figure 6. (a,b) Distribution map of high-angle grain boundaries (misorientation angle > 15°) and
low-angle grain boundaries (misorientation angle < 15°) (black lines: high-angle grain boundaries,
green lines: low-angle grain boundaries); (c,d) GND (geometrically necessary dislocation) density
maps. (a,c) and (b,d) are maps for UTR-1/2 and GTR-1/2, respectively.

Table 3. The density of grain boundaries and dislocations.

Number Dislocation Density (p)/m—2 Acopis/MPa
UTR-1/2 1.42 x 1014 283.9
GTIR-1/2 1.51 x 10 292.7

As can be seen from Table 3, there is a difference in dislocation density between steel
GTR-1/2 and steel UTR-1/2 and the strength contribution of dislocation strengthening is
calculated using Equation (2) [24].

Aopis= aMGb,/p 2)
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where « is a constant with value of 0.435 [25], M is the Taylor factor and for ferritic
steel is 2.75 [26], G is the shear modulus of 80,300 MPa [25], b is the Burgers vector of
0.248 nm, and p is the dislocation density (Table 3). The calculation results of dislocation
strengthening contributions are shown in Table 3. The strength contribution of dislocation
strengthening for steel GTR-1/2 is 292.7 MPa and the strength contribution of dislocation
strengthening for steel UTR-1/2 is 283.9 MPa, with a small gap between the two. However,
from the strength data in Table 2, it can be seen that there is still a larger gap in the yield
strength between the two, indicating that in addition to dislocation strengthening, other
strengthening methods also have a certain influence. For the same composition and with
less precipitation, grain boundary strengthening is the only possible strengthening method
that can affect the strength.

From Figure 6a,b, it can be seen that there is a slight difference in the density of
high-angle and low-angle grain boundaries between steel GTR-1/2 and steel UTR-1/2. The
strength contribution estimation based on the density of high-angle and low-angle grain
boundaries is limited, as not all grain boundaries have a significant impact on strength.
Therefore, refined analysis of grain boundaries is necessary. Some studies have shown
that both block boundaries and sub-block boundaries can hinder dislocation motion and
significantly improve strength [27]. At the same time, some studies have shown that block
boundaries are the grain boundary factor with the highest impact on strength [28]. For steel
GTR-1/2 and steel UTR-1/2, the densities of block boundaries and sub-block boundaries
are basically the same, indicating that other grain boundary types also have a certain
contribution to strength.

Some studies have used the slip transmission factor m’ as a geometric factor to mea-
sure the ability of adjacent grains to slip transfer without loss of the coherence at the grain
boundary, calculated by m’ = cos(¢)cos(k), where ¢ is the angle between the slip directions
in the neighboring grains and « is the angle between normal to the slip planes of neigh-
boring grains [29,30]. At the same time, the slip transmission coefficient between different
variants is related to plasticity and strength [30,31]. According to the relevant research
method, the value of N (the maximum m’ of all slip systems in the adjacent sub-volumes)
is used to represent the difficulty of slip transmission of a grain boundary, so the larger the
value of 1-N, the stronger the resistance to slip transmission [31]. Based on phase trans-
formation crystallography calculations, Packet boundaries, especially high-angle packet
boundaries, have higher 1-N values compared to block boundaries or sub-block boundaries.
The orientation of PAG approximates a random orientation distribution; hence, they also
possess higher 1-N values [32]. The statistical results of the 1-N values for actual specimens
are shown in Figure 7. As can be seen from the figure that the block boundary accounts
for a higher proportion in steel GTR-1/2 compared to steel UTR-1/2 but due to its lower
1-N value, it has little effect on improving the anti-slip ability of the grain boundary and
is not the main reason for the difference in strength. Instead, the local enlarged image
shows that there are significant differences between the PAG boundaries and the high-angle
packet boundaries, especially the PAG boundaries. That is mainly because the GTR process
significantly increases the deformation penetration in the center to refine the prior austenite
grains. Furthermore, the refinement of the austenite grains also affects the tendency for
variant selection, resulting in the formation of more Packet boundaries. The increased
density of PAG boundaries and Packet boundaries with higher 1-N values implies that the
effective grains contributing to strength enhancement have been refined. Therefore, it can
significantly improve the strength of the center.
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Figure 7. The 1-N value of different types of grain boundaries distribution map (the small image is a
locally enlarged image): (a) UTR-1/2; (b) GTR-1/2.

4.2. Research on Toughness

The impact load/energy displacement curve obtained from the instrumented Charpy
impact test is shown in Figure 8. In the figure, Fy, is the starting point of stable crack
propagation, before which the crack initiation is stable and the energy consumed before Fy,
is the crack initiation energy (CIE). Fj, is the starting point of unstable crack propagation.
F, is the starting point of plastic fracture, where the unstable fracture is suppressed and
enters the plastic fracture stage. The plastic fracture front is formed between the Fgy
(general yield force) and Fi. The initial expansion of the crack is stable until unstable
expansion occurs and the expansion then stops in the suppression stage [33]. During this
period, the energy absorbed by the impact specimen is crack propagation energy (CPE).
During stable crack propagation, plastic deformation and cleavage crack propagation occur
simultaneously but once unstable propagation begins, the crack will rapidly extend and
lead to specimen failure within a short time. Therefore, the impact absorption energy during
the unstable crack propagation stage is much lower than during the stable propagation
stage. The impact load/displacement curve of steel UTR-1/2 corresponds to the “E”
type in the standard curve, with plastic deformation before Fy, followed by stable and
unstable crack propagation [34]. The impact load/displacement curve of steel GTR-1/2
corresponds to the “F” type in the standard curve, with plastic deformation before F,
followed only by stable crack propagation [34]. Compared to steel GTR-1/2, steel UTR-1/2
has a smaller elastic deformation work, while the plastic deformation work is essentially
the same. After reaching the starting point of stable crack propagation, steel UTR-1/2
undergoes a certain degree of stable crack propagation, while when the crack propagates
to a certain size, it undergoes unstable crack propagation, exhibiting semi-brittleness. The
crack of steel GTR-1/2 stably propagated to fracture without instability, showing good
low-temperature toughness.

The overall misorientation angle (OMA) is often used as a standard to define high-
angle grain boundaries and low-angle grain boundaries. The specific misorientation angle
(SMA) is used to define the misorientation angle between specific crystallographic planes.
The [28] planes are the primary slip plane, so it is believed that the {110}-SMA controls
plastic deformation and grain boundaries with high {110}-SMA can be effective for the free
slip [31]. This study statistically analyzes the density of {110}-SMA as a basis for analyzing
toughness differences and the statistical results are shown in Figure 9. From the figure, it
can be seen that block boundaries and sub-block boundaries are mainly concentrated in
areas with lower {110}-SMA and the difference between the two is not significant. Although
there are some differences in the density of low-angle packet boundaries, they are mainly
concentrated in the lower {110}-SMA. The effect of these three types of grain boundaries
on hindering dislocation gliding is not obvious. However, the density of high-angle
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packet boundaries and PAG boundaries in steel GTR-1/2 are significantly higher than steel
UTR-1/2 and mainly concentrated in areas with higher {110}-SMA. Therefore, these two
types of grain boundaries can effectively hinder dislocation gliding, thereby enhancing
the plastic deformation capability of the steel plate. Although the GTR process and the
UTR process lead to similar CIE at —80 °C, the differences in CPE reflect the differences
in their plastic deformation capabilities. Due to the presence of a plastic zone at the crack
tip, during stable crack propagation, boundaries with higher {110}-SMA can alleviate
stress concentration, allowing for the absorption of more impact energy. That reduces
the propensity for unstable crack propagation, increasing impact absorption capacity.
The absence of unstable crack propagation and the significantly higher CPE in GTR-1/2
steel compared to UTR-1/2 can be attributed to the higher density of high-angle Packet
boundaries and PAG boundaries. Therefore, the GTR process can significantly refine the
size of PAG in the center compared to the UTR process. Meanwhile, they increase the
density of {110}-SMA in the PAG boundaries and high-angle packet boundaries, playing a
role in alleviating stress concentration at the crack tip and thus improving the stable crack
propagation, improving low-temperature toughness.

10 15 20 25 10
{110}-SMA(°)

15 20 25
{110}-SMA(°)

250
(a) 35 Impact absorbed energy (b)35 L F — Impact absorbed energy
—— Impact load Jiso ) m — Impact load
30+ 301 200
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~ ~
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o o
g 8 B 2
=I5k 5 = 15k 5
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E 101 5 E 10f 5
B0 & &
T = il 50 £
o oF
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Figure 8. CVN impact load and absorbed energy vs. displacement curves obtained in the instru-
mented Charpy impact tests conducted at —80 °C: (a) UTR-1/2; (b) GTR-1/2.
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Figure 9. {110}-SMAs of different types of grain boundaries (the small image is a locally enlarged
image): (a) UTR-1/2; (b) GTR-1/2.
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5. Conclusions

Compared to the traditional UTR process, the GTR process can significantly refine the
size of the PAG in the center while improving the strength, plasticity, and low-temperature
toughness of the center. The GTR process not only increases the PAG boundaries density
in the center but also significantly increases the packet boundaries density. Through the
analysis of dislocation density and grain boundary density, it is shown that the GTR process
contributes more to the dislocation strengthening of the center and the proportion of PAG
boundaries and high-angle packet boundaries with larger 1-N values is higher, resulting in
stronger resistance to slip transfer. Through instrumented Charpy impact test and grain
boundary density analysis, it is shown that the GTR process has a higher proportion of
high {110}-SMA of the PAG boundaries and high-angle packet boundaries in the center,
effectively hindering dislocation gliding, increasing the stable crack propagation, and
improving low-temperature toughness.
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