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Abstract: This study investigated the influence of band microstructure induced by centerline segregation on carbide precipitation behavior and
toughness in an 80 mm-thick 1 GPa low-carbon low-alloy steel plate. The quarter-thickness (1/4t) and half-thickness (1/2t) regions of the plate
exhibited similar ductility and toughness after quenching. After tempering, the 1/4t region exhibited ~50% and ~25% enhancements in both the
total elongation and low-temperature toughness at −40°C, respectively, without a decrease in yield strength, whereas the toughness of the 1/2t
region decreased by ~46%. After quenching, both the 1/4t and 1/2t regions exhibited lower bainite and lath martensite concentrations, but only
the 1/2t region exhibited microstructure bands. Moreover, the tempered 1/4t region featured uniformly dispersed short rod-like M23C6 carbides,
and spherical MC precipitates with diameters of ~20–100 nm and <20 nm, respectively. The uniformly dispersed nanosized M23C6 carbides
and MC precipitates contributed to the balance of high strength and high toughness. The band microstructure of the tempered 1/2t region fea-
tured a high density of large needle-like M3C carbides. The length and width of the large M3C carbides were ~200–500 nm and ~20–50 nm, re-
spectively. Fractography analysis revealed that the high density of large carbides led to delamination cleavage fracture, which significantly de-
teriorated toughness.
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 1. Introduction

High-strength  low-alloy  steels  have  been widely  used in
ship hulls, bridges, buildings, and offshore structures, owing
to their  excellent combination of high strength,  high tough-
ness, good weldability, and low cost [1]. With the increasing
development of large-scale machinery and equipment in the
field  of  marine engineering,  there  is  a  strong demand for  1
GPa-strength-grade ultra-heavy gauge steel plates for weight
reduction,  safety  improvement,  and  low  carbon  emissions
[2–3].  In  addition,  high toughness  at −40°C is  urgently  de-
sired to meet the requirements of deep-sea resource explora-
tion.  However,  achieving  a  homogeneous  microstructure
over  the  entire  thickness  is  challenging,  resulting  in  differ-
ences  in  mechanical  properties  among  regions  of  different
thicknesses  [4].  Realizing  uniform  deformation  over  the
whole thickness during controlled rolling processes is  diffi-
cult. Moreover, the liquid-phase alloying element undergoes
segregation at the solidification front, owing to the difference
in solubility between the liquid and solid phases, resulting in
composition inhomogeneity [5]. This inhomogeneity, result-
ing  from  centerline  segregation,  becomes  significant  in  the

center region owing to the slow cooling rate.
Studies  have  revealed  that  eliminating  the  chemical  in-

homogeneity  caused  by  centerline  segregation  is  difficult,
and the inhomogeneity usually results in the formation of a
banded microstructure in the segregated region [6–7]. Owing
to  the  high  concentration  of  alloying  elements,  particularly
manganese, hard martensite forms in the banded microstruc-
ture, resulting in high internal stress in martensite and deteri-
oration  of  low-temperature  toughness  [8].  Although  the  in-
ternal residual stress can be eliminated through further tem-
pering,  the  carbide  precipitation  behavior  may  be  different
owing  to  the  chemical  inhomogeneity,  different  chemical
compositions result in the differences in type, size and dens-
ity of carbide precipitates. However, to the best of our know-
ledge, the effects of centerline segregation-induced chemical
inhomogeneity  on  carbide  precipitation  behavior  and  the
consequent  mechanical  properties  of  1  GPa  ultra-heavy
gauge low-carbon low-alloy steels have not been systematic-
ally  studied.  The  type,  size,  morphology,  distribution,  and
density  of  carbide  precipitates  considerably  affect  low-tem-
perature toughness [9–10]. Large and brittle particles result in
cleavage fracture and deteriorate low-temperature toughness. 
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The present study comparatively investigated microstruc-
ture  evolution,  carbide  precipitation,  and  their  effects  on
mechanical properties for 1/4t and 1/2t regions of an 80 mm-
thick  ultra-high-strength  low-carbon  low-alloy  steel  pro-
duced  via  quenching  and  tempering.  Transmission  electron
microscopy (TEM) analysis  was conducted to elucidate the
influence  of  centerline  segregation  on  carbide  precipitation
behavior  and  toughness.  The  results  elucidate  the
structure–property  relationship  in  1  GPa  ultra-heavy  gauge
low-carbon low-alloy steel produced via quenching and tem-
pering.

 2. Experimental

The  chemical  composition  of  the  studied  steel  was
0.16wt% C, 0.2wt% Si, 0.55wt% Mn, 0.47wt% Cr, 2.0wt%
Ni, 0.65wt% Mo, 0.08wt% V, 0.015wt% Ti, and 0.0015wt%
B, and the balance was Fe. The steel was melted and continu-
ously cast into a 250 mm-thick slab. Before hot rolling, the
slab was homogenized at 1180°C for 2 h. Then, the slab was
rough-rolled to 185 mm with a >20% reduction for each pass.
The start temperature of the rough rolling stage was 1000°C.
Afterward, the slab was finish-rolled to an 80 mm plate at a
start temperature of 830°C. Finally, the plate was air-cooled
to  ambient  temperature.  The  hot-rolled  steel  plate  was  re-
heated to 860°C and held for 2 h and then quenched to ambi-
ent temperature. The quenched plate was finally tempered at
640°C for 2 h.

After  each  step  of  quenching  and  tempering,  dog  bone-
shaped  round  tensile  specimens  with  a  gage  length  of  110
mm and a diameter of 8 mm and V-notched specimens of di-
mensions 55 mm × 10 mm × 10 mm in the transverse direc-
tion were prepared from the 1/4t and 1/2t regions of the stud-
ied steel plate. The center lines of the 1/4t and 1/2t regions are
schematically shown in Fig. 1. Tensile tests were conducted
at an extension rate of 2.5 × 10−3 s−1 using an extensometer of
50 mm at room temperature. Charpy impact tests were con-
ducted at −40°C.
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Fig. 1.    Schematic showing the center lines for 1/4t and 1/2t re-
gions.
 

Heat-treated  samples  with  different  thickness  positions
were mechanically polished to mirror finish and etched with
4vol% nital according to standard metallographic procedures
for  optical  microscopy  (OM)  and  scanning  electron  micro-
scopy  (SEM)  analyses.  SEM  was  conducted  using  a  TES-
CAN MIRA 3 LMH field-emission scanning electron micro-

scope  operated  at  10  kV.  Electron  backscatter  diffraction
(EBSD) analysis was conducted on the 1/4t and 1/2t regions
of the quenched plate using a TESCAN CLARA GMH field-
emission  scanning  electron  microscope  equipped  with  the
Oxford Instruments SYMMETRY S2 EBSD detector with a
voltage  of  20  kV  and  a  step  size  of  0.1 µm.  The  EBSD
samples were mechanically ground and polished, and finally,
electrolytic  polishing  was  conducted  using  a  10vol%  per-
chloric acid alcohol solution at a current of ~1 A for ~20 s.
EBSD data were analyzed using AZtecCrystal software. To
study the composition, size, and morphology of carbide pre-
cipitates, the carbon extraction replica approach was used for
the tempered samples. First, the specimens were polished and
etched with 4vol% nital. Then, carbon was evaporated onto
the etched surface. Finally, the surface was scored to ~3 mm
squares and etched again with 4vol% nital. Subsequently, the
extracted replicas were rinsed with distilled water and placed
on the copper grid and dried. TEM analysis was conducted
using  the  Thermo  Fisher  Scientific  Talos  F20  transmission
electron microscope equipped with an energy-dispersive X-
ray spectrometer operated at 200 kV.

 3. Results
 3.1. Mechanical properties

The yield  strength,  tensile  strength,  total  elongation,  and
low-temperature toughness of the studied steel plate are sum-
marized in Fig. 2. The 1/4t region of the quenched steel plate
exhibited  high  yield  strength  and  tensile  strength:  990  and
1229 MPa, respectively. Owing to the relatively low cooling
rate at the 1/2t region, the yield strength and tensile strength
were 938 and 1149 MPa, respectively. The 1/4t and 1/2t re-
gions  exhibited  similar  elongations.  After  tempering,  the
yield strength of the 1/4t region remained at 999 MPa, while
that  of  the  1/2t  region  slightly  decreased  to  909  MPa.  The
tensile  strengths  of  the  1/4t  and  1/2t  regions  decreased  to
1049  and  983  MPa,  respectively.  The  total  elongation  and
low-temperature toughness of the 1/4t region were improved
by ~50% and ~25% after tempering, while the toughness of
the 1/2t region was significantly decreased by ~46%.

 3.2. Microstructure

Fig. 3 presents the OM images of the quenched steel plate
at the 1/4t and 1/2t regions. The 1/4t region exhibited a uni-
form microstructure (Fig. 3(a)), while the 1/2t region exhib-
ited microstructure bands (Fig. 3(b), white arrows). The band
length  was  from  ~500  to  >1000 µm,  and  the  width  was
~50–100 µm. The band microstructure formation was caused
by  the  chemical  inhomogeneity  in  the  center  region  of  the
cast  slab [11].  During casting,  carbon and manganese were
redistributed in the solid austenite and liquid owing to the dif-
ference in solubility between the two phases;  consequently,
carbon and manganese were enriched in the unsolidified li-
quid. The alloying enriched liquid transformed to austenite as
the segregation region. The segregation regions were elong-
ated into bands, and the enrichment of the alloy elements was
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inherited after controlled rolling. Although a low-manganese
alloy was designed in this study, manganese segregation oc-
curred  with  carbon  segregation.  Manganese  can  hardly  be
homogenized  during  hot  working  and  reaustenitization  ow-
ing to its low diffusion coefficient. Moreover, manganese re-
duced the carbon activity in austenite. A higher carbon con-
tent  in  the  manganese-segregated  austenite  was  needed  to
maintain the chemical potential balance [12–13]. Therefore,
carbon can also hardly undergo homogenization. According
to early studies [14–15], higher carbon content resulted in a
lower  corrosion  rate  during  etching.  Therefore,  the  micro-

structure  bands  were  segregated  with  carbon,  resulting  in  a
relatively low etching rate, and finally, white bands were de-
tected via OM. The high-magnification images revealed that
no  significant  difference  occurred  between  1/4t  and  1/2t
(Fig. 3(c) and (d)). The microstructures of both regions were
composed of dark fine and bright coarse laths.

Fig. 4(a) shows the SEM microstructure of the quenched
steel plate at the 1/4t region. To characterize the microstruc-
ture in the band, hardness indentations were made in the mi-
crostructure  band  (Fig.  3(c)  and  (d)).  The  corresponding
SEM  image  of  the  banded  microstructure  is  given  in
Fig. 4(b). The 1/4t region and the 1/2t band region showed no
significant  difference  in  the  microstructure.  The  SEM  im-
ages confirmed that the quenched steel plate contained coarse
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Fig.  2.      Mechanical  properties  for the studied steel  plate  at  different  thickness  positions after  quenching and tempering:  (a)  yield
strength, (b) tensile strength, (c) total elongation, and (d) Charpy impact energy at −40°C.
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Fig. 3.      Optical micrographs for 1/4t (a,  c) and 1/2t (b, d) re-
gions of the quenched steel plate.
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5 μm 5 μm

Fine lath martensite
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Fig.  4.      SEM  micrographs  for  different  regions  of  the
quenched steel plate: (a) the 1/4t region and (b) the banded mi-
crostructure in the 1/2t region in Fig. 3(d).
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bainite and fine martensite laths. The coarse lath bainite fea-
tured a width of ~1–2 µm. In addition, the coarse lath micro-
structure  featured  fine  carbides  (Fig.  4(a)).  The  formation
mechanism  of  coarse  bainite  laths  has  been  proposed  by
Bhadeshia  and co-authors  [16–17].  The  researcher  reported
that  when  bainite  sheaves  in  the  same  crystallographic  ori-
entation as parallel habit planes form at temperatures near the
martensite-start  temperature,  and  there  is  sufficient  driving
force  to  overcome  the  strain  energy  associated  with  the
coarser plate, coalesced bainite forms through the merging of
the  adjacent  sheaves  with  identical  orientation  to  form  a
single large plate.  The supersaturated carbon precipitates as
carbides. With further cooling, the untransformed austenite is
transformed into fine lath martensite, in which no carbide oc-
curs, as shown in Fig. 4(a).

Fig.  5 presents  the  SEM microstructure  of  the  tempered
steel plate. The 1/4t sample contained fine and uniformly dis-
persed carbides (Fig. 5(a)). The carbides were mainly spher-
ical within tempered laths. A few rod-like carbides occurred
along  the  grain  boundaries  and  lath  boundaries.  The
tempered  1/2t  sample  also  featured  microstructure  bands
(Fig.  5(b),  white  bands).  The  microstructure  of  the  white
bands contained a high density of large carbides (Fig. 5(c)).
In  contrast,  the  carbides  outside  the  banded  microstructure
were as fine and uniform as those of the 1/4t region. The high
density  of  large  carbides  formed  in  the  banded  microstruc-
ture may be detrimental to the ductility and low-temperature
toughness of the tempered 1/2t sample.
  

(a) (b)

(c) (d)

Bright bands

2 μm

2 μm 2 μm

500 μm

Fig.  5.      SEM  micrographs  for  different  regions  of  the
quenched and tempered steel plate: (a) 1/4t region and (b) 1/2t
region;  (c)  and  (d)  are  the  high-magnification  images  for  the
bright-band  microstructure  and  dark  matrix  in  (b),  respect-
ively.
 

 3.3. Characterization of carbide precipitation

Detailed TEM analysis was conducted to elucidate the in-
fluence of the segregated band microstructure on carbide pre-
cipitation  behavior.  The  obtained  TEM  bright-field  images
are  presented  in Fig.  6.  To  observe  the  carbide  distribution
after  tempering,  numerous  photos  were  used  to  clarify  the
TEM panorama under a grid field of view (Fig. 6(a) and (c)).
The 1/4t sample featured a fairly homogenous carbide distri-
bution (Fig. 6(a)), while the 1/2t sample exhibited a hetero-

genous  distribution  (Fig.  6(c)).  In  the  1/4t  sample,  the
carbides were mainly spherical and short-rod-like; only a few
needle-like  carbides  existed  (Fig.  6(b)).  The  spherical
carbides were nano-size, and their diameter ranged from sev-
eral nanometers to ~100 nm, while the needle-like carbides
were ~1 µm in length and ~50 nm in width. The 1/2t sample
featured  a  heavy-precipitation  region  (Fig.  6(c)).  In  this  re-
gion,  the  carbides  were  mainly  needle-like  and  coarse-rod-
like  (Fig.  6(d)).  The  needle-like  carbides  were  ~1 µm  in
length and ~50–100 nm in width, similar to the 1/4t sample.
Numerous  coarse  rod-like  carbides  aggregated  into  a  dense
precipitate group. The coarse rod-like carbides were mainly
~100–200 nm on the long axis and ~50–100 nm on the short
axis.  Few spherical  nanosized carbides occurred in the pre-
cipitate group.
  

10 μm

10 μm

500 nm

500 nm

(a) (b)

(c) (d)

Fig.  6.      TEM  micrographs  showing  carbide  precipitates  for
different regions of tempered samples: (a, b) 1/4t; (c, d) 1/2t. (d)
is the high-magnification image of the white rectangle in (c).
 

To identify the types of carbides, the chemical composi-
tion  of  carbides  with  different  sizes  and  morphologies  was
analyzed via scanning TEM combined with energy-dispers-
ive X-ray spectroscopy (EDX) mapping and high-angle an-
nular  dark-field  (HAADF)  imaging. Fig.  7 presents  the
HAADF  image  of  carbides  of  ~30–50  nm  and  the  corres-
ponding EDX mapping results of the 1/4t sample. The small
short  rod-like  carbides  were  composed of  Fe,  Mn,  Cr,  Mo,
and V. Precipitates smaller than 20 nm mainly contained Cr,
Mo,  and  V  (Fig.  7 (white  arrows)  and Fig.  8).  A  previous
study revealed [18] that these rod-like carbides containing Cr,
Mo,  and  V  were  M23C6 carbides  formed  in  long  tempered
low-alloy  steel.  The  nano-sized  spherical  carbides,  mainly
with Cr, Mo, and V, should be MC carbides. Detailed TEM
analysis was conducted to investigate the crystal structure of
the  large  carbides  formed  in  the  tempered  1/2t  sample.
Fig.  9(a)  displays  the  bright-field  TEM  image  of  large
needle-like carbides with a length of ~180–200 nm. Fig. 9(b)
is the corresponding selected-area diffraction (SAD) pattern
of the large carbide. Analysis of the SAD pattern confirmed
that the large carbide was M3C carbide with an orthorhombic
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crystal  structure,  and the lattice constants were ~0.45, 0.51,
and 0.67 nm, respectively. These results are consistent with
those of our previous study [10]. Further EDX results indic-
ated that the M3C carbides were composed of Fe, Cr, and Mn,
and small amounts of Mo and V (Fig. 9(c–g)).

 4. Discussion
 4.1. Correlation  between  quenched  microstructure  and
toughness

Generally, microstructural bands caused by centerline se-
gregation are detrimental to low-temperature toughness. The
mechanism  underlying  the  deterioration  has  been  revealed
from  perspectives  of  microstructure  and  the  corresponding
crystallographic  feature.  The  centerline  segregation  region
was enriched by C and Mn, resulting in abnormal high harde-
nability to form hard lath-like martensite [19]. The martens-
ite transformation process at low temperatures produced high

internal  residual  stress,  which  resulted  in  brittle  fracture.
Moreover, coherent phase transformation with high-level en-
richment of alloying elements featured strong variant selec-
tion and produced a large packet and Bain zone size, leading
to a low density of high-angle boundaries, which were unfa-
vorable  for  crack  deflection  [20].  In  the  present  study,  the
1/4t  and  1/2t  regions  exhibited  similar  toughness:  ~55  J  at
−40°C.  To  elucidate  the  microstructure–toughness  relation-
ship,  the  quenched 1/4t  and 1/2t  regions  were  analyzed via
EBSD.  The  band  microstructure  in Fig.  3(d)  was ex-situ
characterized via EBSD for the 1/2t region. Fig. 10(a) and (b)
provides the band contrast maps and high-angle grain bound-
aries for the 1/4t and 1/2t regions after quenching. The white
and  yellow  lines  represent  boundaries  with  misorientations
lower and higher than 15°, respectively. The two samples ex-
hibited similar characteristics in terms of the high density of
high-angle  boundaries. Fig.  10(a)  and  (b)  shows  that  the
density  of  low-angle  boundaries  (white  lines)  was  a  little
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Fig. 7.    TEM micrographs of the tempered 1/4t sample showing the HAADF images (a) of rod-like carbide precipitates and the cor-
responding elemental maps (b–f) of Fe, Mn, Cr, Mo, and V.
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Fig. 8.    TEM micrographs for the tempered 1/4t sample showing the HAADF images (a) of nanosized spherical carbide precipitates
and the corresponding elemental maps (b–f) of Fe, Mn, Cr, Mo, and V.
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higher  in  the  1/4t  sample,  and  the  density  of  high-angle
boundaries  (yellow lines)  was higher  in  the 1/2t  sample.  In
addition,  the  density  of  high-angle  boundaries  was  slightly
higher in the banded microstructure (Fig. 10(b)). Numerous
studies have indicated that prior austenite grain (PAG) [21],
packet [22–23], or block/lath [24–27] are effective crystallo-
graphic units,  which may influence low-temperature tough-
ness. The densities of different types of boundaries were ana-
lyzed  via  machine  learning  [28].  The  statistical  results  are
plotted  in Fig.  10(c).  The  densities  of  prior  austenite  grain
boundaries,  high-angle packet  (HA-packet)  boundaries,  and
low-angle  packet  (LA-packet)  boundaries  were  almost  the
same  between  the  two  samples.  The  density  of  the  block
boundary  was  slightly  higher  in  the  1/2t  sample,  while  the
density  of  the  sub-block  boundary  was  lower.  The  internal
stress distribution was analyzed using Kernel average misori-
entation (KAM) maps (Fig. 11). The yellow and red regions
represent higher stress. The stress was slightly higher in the
band region (Fig. 11(b)). Through statistical analysis, only a
small difference was determined at low KAM (local misori-
entation of ~0.5°) in the KAM distribution, and no signific-
ant difference occurred at high KAM (Fig. 11(c)). A higher
KAM value means higher stress. The results indicate that no
significant internal stress was introduced by the banded mi-
crostructure.  Hence,  the  1/4t  and  1/2t  samples  of  the
quenched  steel  plates  exhibited  similar  Charpy  impact  en-
ergy.

 4.2. Effect of carbon concentration on carbide precipita-
tion behavior

In this study, significant differences in carbide precipita-
tion behavior occurred in the banded microstructure. Carbide

precipitation  largely  depends  on  chemical  composition  and
tempering  parameters.  In  this  study,  the  carbon  concentra-
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tion of  the banded microstructure was higher than that  out-
side the banded structures, owing to the effect of centerline
segregation.  Because  of  the  difficulty  in  quantitatively  ana-
lyzing  the  carbon  concentration  in  segregated  band  micro-
structure,  thermodynamic  calculations  on  carbide  precipita-
tion  at  640°C were  conducted  using  Thermo-Calc  software
with  the  TCFE7  database  for  carbon  concentrations  of
0.05wt%  to  0.30wt%.  The  calculated  results  are  plotted  in
Fig. 12. The mole fraction of MC carbide was not signific-
antly  affected by the  carbon concentration because the  MC
carbide was mainly (Mo, Cr, and V)C, and the mole fraction
was dominated by the V content. For M23C6 carbide, the mole
fraction  increased  with  increasing  carbon  content  from
0.05wt% to  0.18wt% and then  decreased  with  a  further  in-
crease in the carbon content to 0.30wt%. M3C carbide started
to form when the carbon content was 0.18wt%, and its mole
fraction increased with increasing carbon content. The mole
fraction reached the maximum value at a carbon content of
0.27wt% and remained constant with a further increase in the
carbon content to 0.30wt%. Hence, for the studied steel with
a  homogeneous  carbon  concentration  of  0.16wt%,  only
M23C6 and MC carbides could form thermodynamically. This
is the thermodynamic basis for the occurrence of M23C6 and
MC as the dominant carbides in the tempered 1/4t sample. A
few  M3C  carbides  formed  along  boundaries  in  the  1/4t
sample, attributable to carbon enrichment at boundaries dur-
ing quenching. Carbon atoms preferentially segregate at the
boundaries  to  deduce  the  system  energy  during  quenching
[29].  For  the  banded  microstructure  in  the  1/2t  sample,  the
carbon content should be as high to precipitate M3C carbides.
In addition, high carbon content promotes the rapid growth of
M23C6 carbides.  Therefore,  large  M3C  and  M23C6 carbides
were obtained in the banded microstructure after tempering.
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Fig. 12.     Calculated mole fraction of different carbides under
different  carbon  concentrations  (obtained  using  Thermo-Calc
software).
 

 4.3. Correlation  between  carbide  precipitation  and
toughness

To study the correlation between carbide precipitation and
low-temperature toughness, the fractographs of different re-
gions of tempered Charpy impact samples were investigated
via  SEM.  The  obtained  fractographs  are  shown  in Fig.  13.

The 1/4t region of the tempered steel plate exhibited a nor-
mal quasi-cleavage fracture (Fig. 13(a) and (b)). It featured a
smooth and ductile fracture with a large dimple (Fig. 13(b)).
The formation of large dimples indicates a relatively high im-
pact  energy  for  the  1/4t  region  of  the  tempered  steel  plate.
The obtained high strength and high toughness balance were
due  to  the  dispersed  nanosized  rod-like  alloy  carbides  and
MC precipitates [2,10]. However, the 1/2t sample exhibited
significant  delamination fracture  (Fig.  13(c),  white  arrows).
Cleavage  fracture  occurred  in  the  delamination  fracture  re-
gion (Fig. 13(d)). In addition, large carbides containing rod-
like  and  needle-like  morphologies  occurred  on  the  smooth
cleavage surface (Fig. 13(d), white arrows). One study [30]
reported  that  carbides  precipitated  along  grain  boundaries
embrittled  the  grain  boundaries  and  caused  delamination
fracture, which ultimately reduced toughness. Therefore, the
formation of a high density of large carbides in the banded
microstructure  is  detrimental  to  low-temperature  toughness,
as  the  carbides  induce  delamination  cleavage  fracture.  In
summary,  controlling  centerline  segregation  is  vital  for  de-
veloping  1-GPa-grade  ultra-high-strength  ultra-heavy  steel
plates,  even  though  the  manganese  content  is  reduced  to  a
low level. Rapid cooling during continuous casting could be
beneficial  for  improving  the  internal  quality  of  cast  ingot
[31].  Moreover,  our  previous  work  indicated  that  appropri-
ately  enhancing  the  superheat  and  reducing  the  current  in-
tensity  of  electromagnetic  stirring  could  reduce  the  center-
line segregation degree [32]. In addition, the tempering para-
meters need to be further investigated for carbide precipita-
tion  regulation,  particularly  in  the  segregated  band  micro-
structure, to obtain high strength and high toughness combin-
ation.
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Fig. 13.      SEM fractographs of Charpy impact samples of the
tempered steel plate at different regions: (a, b) 1/4t region and
(c, d) 1/2t region.
 

 5. Conclusions

In  this  work,  microstructure,  carbide  precipitation,  and
their  relationships with low-temperature toughness were in-
vestigated  using  a  1  Gpa-grade  ultra-heavy  quenched  and
tempered  steel  plate.  The  1/4t  and  1/2t  regions  of  the  steel
plate were considered, and the influence of centerline segreg-
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ation was investigated. The gained conclusions are summar-
ized below.

(1)  Significant  microstructure  bands  occurred  at  the  1/2t
region,  owing  to  centerline  segregation.  However,  the  1/4t
and 1/2t regions exhibited almost the same crystallographic
characteristics, and no abnormal internal stress was induced
by the formation of a banded microstructure, resulting in sim-
ilar  Charpy  impact  energy  between  both  regions  after
quenching.

(2)  The  carbide  precipitation  behavior  of  the  tempered
steel plate was influenced by centerline segregation. For 1/4t
tempered  sample  without  segregation,  the  precipitates  were
uniformly  dispersed  as  short  rod-like  M23C6,  with  a  size
smaller than 100 nm, and spherical MC carbides with a dia-
meter  of  several  nanometers  to  ~20  nm.  The  precipitates
mainly occurred as large rod-like M23C6 and needle-like M3C
carbides.  In  addition,  the  carbide  distribution  in  the  1/2t
tempered  sample  was  heterogeneous,  and  numerous  coarse
rod-like  M23C6 carbides  aggregated  into  a  dense  precipitate
group  in  the  segregated  band  region.  The  coarse  rod-like
carbides  were  mainly  ~100–200  nm  on  the  long  axis  and
~50–100 nm on the short axis. The length of the needle-like
M3C  reached  1 µm.  Few  spherical  nanosized  carbides  oc-
curred in the precipitate group.

(3)  The  precipitation  of  numerous  large  carbides  in  the
banded  microstructure  of  the  1/2t  region  of  the  tempered
sample was detrimental to the low-temperature toughness by
inducing delamination cleavage fracture  during Charpy im-
pact. Therefore, the impact toughness for the 1/2t region was
decreased  by  ~46%  after  tempering,  compared  with  the
quenched 1/2t sample.
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