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Abstract: We investigate here the thickness effect on microstructures and mechanical properties
of a quenched and tempered 178 mm thickness ASTM A517 GrQ steel. The microstructures at
sub-surface, 1/4 thickness (t/4), and 1/2 thickness (t/2) were characterized. A comparison of hardness,
strength, and impact toughness of the different positions shows that the lowest strength and toughness
occurred at t/2, where a mixture of coarse, tempered martensite and bainite were found, and their
inter-lath boundaries were occupied with highly dense, film-like or coarse, spheroidized carbides.
The cooling rate for transformation was measured to be 0.6 ◦C/s at t/2 from the industrial processing
data. In addition, the alloy elements at t/2 were heavily segregated, as revealed by electron probe
microanalysis (EPMA) and a microhardness test. The resulted coarse microstructures thus lowered
both the yield strength and the impact energies significantly, e.g., the crack propagation energy was
completely lost at −60 ◦C. This study correlates the variation of mechanical properties to varied
transformed microstructures based on the industrial quenching condition, which shows promise for
improving the designing of the hardenability and controlling the carbides for ultra-thick quenched
and tempered steel.

Keywords: ultra-heavy steel; quenched and tempered; thickness effect; microstructural
characterization; strength and toughness; variation

1. Introduction

Quenched and tempered steel plates with 178 mm thickness have been used for building jack-up
legs of 400 ft offshore platforms and offshore wind power installation vessels, which are usually
certificated as ASTM A517 GrQ Modified grade. The basic mechanical properties include yield strength
not less than 690 MPa, Charpy impact energies not less than 69 J at −40 ◦C or even −60 ◦C, and area
reduction not less than 35% for Z-direction tensile testing [1–4]. To satisfy these rigorous requirements,
alloying for high hardenability, high-quality ingot casting, controlled rolling, and improved quenching
capability are of equal importance. In order to increase hardenability, many alloying elements
such as chromium, molybdenum, and nickel need to be added, which will consequently cause
severe segregation during ingot casting—in particular much worse for larger ingots [5–7]. With a
limited ingot-to-plate reduction ratio, controlled rolling is also a big challenge for conducting enough
deformation at the middle thickness to break down solidification structures. Lastly, the cooling rates
at the middle thickness will be dramatically dropped to less than 1 ◦C/s, no matter how severely
quenched it is, resulting in a reduction of martensite content [8]. Thus, producing such high-strength,
high-toughness, and heavy-gauge steel plates has been one of the greatest challenges faced by steel
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producers. The major one is to guarantee the properties at the middle thickness under the limited
quenching capability due to thickness effect [5,9]. It is therefore of great importance to understand the
thickness effect on the microstructures and properties for processing improvement.

In this paper, we investigated the microstructure, strength, and impact toughness at the sub-surface,
1/4 thickness (t/4), and 1/2 thickness (t/2) of an industrial quenched and tempered 178 mm thickness
ASTM A 517 GrQ Modified steel plate. The mechanism of deteriorated toughness of the middle
thickness was particularly discussed by evaluating the segregation and the limited quenching capability
on transformation behavior and the resulting microstructure and carbide precipitation.

2. Materials and Methods

The investigated material was taken from a 178 mm thickness, quenched and tempered (Q and T)
A 517 GrQ modified steel plate, which was produced by an industrial process of mold ingot casting,
hot rolling, and quenching and tempering. The chemical composition from heat analysis is listed in
Table 1.

Table 1. Heat analysis of chemical composition of the experimental steel, in wt. %.

C Si Mn Ni Cr Mo Cu Nb V Al B Fe

0.12 0.23 1.06 2.50 0.50 0.50 0.26 0.02 0.03 0.05 0.0015 Balance

The microstructures were characterized using optical microscopy (OM), scanning electron
microscopy (SEM), electron back-scattered diffraction (EBSD), and transmission electron microscopy
(TEM), respectively. The specimens were taken from the sub-surface, t/4, and t/2 positions of the plate,
and were prepared by the respective standard processes. The longitudinal cross-section specimens for
OM and SEM were mechanically grinded, polished, etched by 4% nital solution, and then observed
by an Olympus BX53MRF metalloscope (Olympus Inc., Kyoto, Japan) and a Zeiss Ultra-55 scanning
electron microscope (SEM) (Carl Zeiss AG, Jena, Germany). The crystallographic characterizations
were performed using an SEM equipped with an EBSD system and Channel 5 software (version 5.0.9.0,
OXIG Co. Ltd., Oxford, UK). The more detailed microstructures were characterized using an FEI Tecnai
G2 F20 field-emission transmission electron microscope (FEI Co. Ltd., Hillsboro, OR, USA) equipped
with energy-dispersive spectrometry (EDS). Thin foils of ~45 µm thickness for the TEM were prepared
in a twin-jet electrolytic apparatus using a solution of 8% perchloric acid and 92% ethanol at −30 ◦C.

The segregation at t/2 of the plate was analyzed by Jeol JXA 8530F electron probe microanalysis
(EPMA) (Jeol Co. Ltd., Kyoto, Japan) on microscale and optical emission spectrometry (OES) on
macroscale. A D/max2400 X-ray diffractometer (XRD) (Rigaku Corporation, Tokyo, Japan) was used to
evaluate the volume fraction of austenite and dislocation density of the different positions.

During the quenching of the plate by a newly developed industrial roller quenching machine,
the temperatures were recorded by inserted thermocouples at the sub-surface, t/4, and t/2.
The continuous cooling transformations were characterized using a Formastor-FII dilatometer (FUJI
Electronic Industrial Co., Ltd., Tokyo, Japan), with cylinder specimens of 3 mm diameter and 10 mm
length. The samples were austenitized at a heating rate of 5 ◦C/s to 900 ◦C for 300 s, followed by cooling
procedures at eight varied cooling rates from 0.1 ◦C/s to 20 ◦C/s using nitrogen as the refrigerant.

The standard tensile testing was carried out for the sub-surface, t/4, and t/2 specimens with the
long axis transverse to the rolling direction at room temperature. Vickers hardness was also measured
across the thickness under a load of 300 g and a dwell time of 15 s. The Charpy impact tests of the
sub-surface, t/4, and t/2 were conducted using an Instron SI-IM Canton MA impact machine (Instron,
Norwood, MA, USA), with 10 mm × 10 mm × 55 mm specimens longitudinal to the rolling direction
(T-L orientation). The Charpy V-notch energies (CVN) were obtained at temperatures ranging from
0 ◦C to −120 ◦C. In addition, the instrumented impact testing at −60 ◦C was performed to analyze the
impact crack initiation and propagation stages using an Instron Dynatup 9200 instrumented impact
tester (Instron, Norwood, MA, USA) equipped with an oscilloscope.
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3. Results

3.1. Microstructural Characterization

3.1.1. OM and SEM

Figure 1 shows OM and SEM micrographs of the sub-surface, t/4, and t/2 positions of the
as-received Q and T steel plate. The variation in fraction of tempered martensite, and its size and
morphology of tempered microstructure is considerable among the positions across the thickness
direction. At the sub-surface and t/4, fine-scale tempered lath martensite was fully obtained, while at
t/2, other than tempered martensite, tempered bainite also appeared and its fraction was estimated to
be around 25%.

Figure 1b,d,f show that carbide precipitates were the largest at t/2, where inner-lath, short, rod-like
carbides were aligned in a specific angle and inter-lath, long, needle-like carbides were along the lath
boundaries, which means the carbide precipitation during quenching and tempering is more complex
at the middle thickness for thick plates.
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3.1.2. EBSD 

Figure 1. Optical microscopy (OM) (a,c,e) and SEM (b,d,f) micrographs of the experimental steels.
(a,b) sub-surface, (c,d) 1/4 thickness (t/4), (e,f) 1/2 thickness (t/2).

3.1.2. EBSD

Figure 2 shows the crystallographic characteristics of the different thickness positions of the steel
by EBSD, where 15◦ is taken to be the critical misorientation angle to distinguish low-angle grain
boundaries (LAGB) and high-angle grain boundaries (HAGB) [10]. The red lines in Figure 2b,d,f
represent LAGB of 2–15◦, and the blue lines are HAGB higher than 15◦. Lath structures were clear
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in groups of parallel HAGB, which could be referred to as blocks or packets. The average sizes
of the blocks were estimated to be 3.77 µm, 4.20 µm, and 4.65 µm for the sub-surface, t/4 and t/2,
respectively. This means that the effective grain sizes for strengthening and toughening were increased
with increasing depth from the plate surface. The sizes of sub-structures in terms of lath width also
exhibited the same trend. Figure 3 plots the relative frequencies of misorientations for the three
positions, and the percentages of HAGB were statistically accounted to be 65%, 64%, and 61% for the
sub-surface, t/4, and t/2, respectively.
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3.1.3. XRD

The XRD spectrum of the varied positions of as-received Q and T steels are plotted in Figure 4.
Austenite peaks did not appear in all specimens, indicating the fraction of the retained austenite can be
negligible in the steel [11].

From the XRD patterns in Figure 4, full width at half maximum (FWHM) can be determined and
therefore the dislocation density can approximately be estimated using the modified Williamson–Hall
equation: [12–14] (

2δ cosθ
λ −

0.9
D

)2(
2 sinθ
λ

)2 = M2b2πρ

2
× 0.285×

1− q
h2k2 + k2l2 + l2h2

(h2 + k2 + l2)2

 (1)

where δ, θ, and λ represent the FWHM, diffraction angle, and wavelength of X-rays, respectively.
The value of λ is 0.15405 nm for Cu radiation. D, ρ, and b are average grain size, dislocation density,
and magnitude of the Burgers vector, respectively. M is a constant of 2, which depends on the effective
outer cut-off radius of dislocations [15]. h, k, and l are the Miller indices of each peak, and q is a
parameter of dislocation character. According to the method in the literature [16], the dislocation
densities were calculated as to be 2.18 × 1014 m−2, 4.17 × 1014 m−2 and 5.12 × 1014 m−2 for the
sub-surface, t/4, and t/2 of the experimental steel, respectively.
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3.1.4. TEM

Figure 5 shows the TEM images of the experimental steel at the sub-surface, t/4, and t/2.
The precipitates at the sub-surface were majorly spheroidal and the rod-like shapes at the martensite
lath boundaries and in the matrix. The spheroidal and rod-like shape precipitates at the sub-surface
are about 20–100 nm (diameter) and 75–250 nm (length) (Figure 5a,b), respectively. The spheroidal
shapes precipitated at t/4 (Figure 5d,e) and in the t/2 (Figure 5g,h) are about 125–320 nm, which are
much larger than that of the sub-surface. From the sub-surface to t/2, the amount of the large size
carbides precipitated at the boundaries increased while the amount of rod-like carbides precipitated in
the matrix and boundaries decreased. The carbides precipitated at the martensite lath boundaries are
larger than that in the matrix.

The EDS analysis in Figure 5c shows the spheroidal precipitate P1 which precipitated between
two laths was a Cr-rich carbide, and Figure 5i shows that the rod-like precipitates P3 are also Cr-rich
carbides, and the V and Mo elements mainly dissolve into Cr-rich carbides. Figure 5e shows that the
larger spheroidal precipitate P2, which precipitated at the lath boundaries, is a Fe3C. P4 precipitated at
the martensite lath boundaries, and P4 in Figure 5h was identified as Fe3C with a large amount of Cr,
V, and Mo by SAED and EDS. Moreover, much finer microalloying precipitates with a diameter of
15–25 nm were observed in the matrix at t/2, which are most likely to be NbC—the dashed rectangle
regions in Figure 5g.
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3.2. Mechanical Properties

3.2.1. Tensile Properties

The tensile properties of the steel at varied thicknesses are compared in Table 2. From the
sub-surface to the t/2 of the steel, the corresponding yield strength was decreased from 782 MPa to
750 MPa, and the tensile strength was decreased from 852 MPa to 830 MPa, respectively. The strength
of the t/2 is the lowest with the lowest elongation of 18.0% and the lowest reduction of area of 70%
as well.

Table 2. Tensile properties of the different thickness positions of the experimental steel.

Position Rp0.2 (MPa) Rm (MPa) A (%) Z (%)

Sub-surface 782 852 20.0 75
t/4 757 841 20.5 74
t/2 750 830 18.0 70

3.2.2. Hardness Across the Thickness

Figure 6 plots the hardness variations across the thickness of the steel, where large fluctuations in
hardness were found. The average values changed from 305 HV to 270 HV from the surface position to
the middle thickness, where the hardness was the lowest due to insufficient quenching.
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3.2.3. Impact Toughness as A Function of Temperature

Figure 7 plots the impact energies as a function of testing temperature for the different thickness
specimens. As the temperatures decreased from 0 ◦C to −120 ◦C, the average CVN dropped from 177 J
to 41 J for the sub-surface and from 163 J to 30 J for the t/4, showing a slight difference between the
two positions. However, over the whole temperature range, the t/2 had the lowest impact energies,
which dropped from 112 J to 11 J, showing a toughness value lower than the sub-surface and t/4.
For all the positions, the decreases in CVN are in a linear way from −20 ◦C to −120 ◦C, without steep
ductile-to-brittle transitions (DBT). The ductile-brittle transition temperatures (DBTT) were estimated
as −67 ◦C, −78 ◦C, and −56 ◦C for the sub-surface, t/4, and t/2, respectively, if 50% impact energies of
the upper shelf energies were taken as criteria.
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3.2.4. Impact Fracture Behavior at −60 ◦C

Observations on the fracture surfaces of the impacted specimens at −60 ◦C were made using SEM
for all the positions. The average CVNs at −60 ◦C were 89.2 J, 100.0 J, and 54.2 J for the sub-surface, t/4,
and t/2, respectively. As shown in Figure 8a–c, the specimens were all fractured in a quasi-cleavage
mode mixed with ductile and cleavage zones, and the area fractions of fibrous and shear lip were
measured to be ~46%, ~54%, and ~30% for corresponding positions. The fracture surfaces of the
sub-surface and t/4 specimens showed a high amount of deep and wide dimples, while the appearance
of the t/2 specimen was shallow and small, as well as cleavage facets and tear ridges which appeared
within the fibrous zone.
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Figure 9 shows the curves of the impact load and the impact energy as a function of hammer
displacement at −60 ◦C. The fracture process can be divided into five stages based on the variation in
load including the elastic stage (E1), the plastic (E2) deformation stage for crack initiation, the crack
propagation stage (E3), the brittle fracture stage (E4), and the post-brittle fracture stage (E5) [17–19].
Table 3 lists the absorbed energy of the crack initiation and crack propagation stage. The crack initiation
energy (E1 and E2) were determined to be 44.0 J, 40.2 J, and 33.5 J at the sub-surface, t/4, and t/2,
respectively, indicating that the variation from the sub-surface to t/4 can influence elastic and plastic
deformation stages to a small extent. However, there were obvious differences in the subsequent crack
propagation stage: the crack propagation energy (E3) from the sub-surface to t/2 was 28.4 J, 29.1 J,
and 0 J, respectively, which indicates a higher degree of difficulty in the crack propagation process at
the sub-surface and t/4 than t/2. The crack propagation stage was not found at t/2, as shown in Figure 9,
which means the t/2 subjected to a brittle fracture at −60 ◦C. Furthermore, the crack arrestability during
the propagation stage (Pa/Pm) is stronger at t/4.
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Table 3. Experiment data from instrumented Charpy impact tests.

Position Pm (kN) Pf (kN) Pa (kN)
Ecf E3 (J) E4 (J) E5 (J)

E1 (J) E2 (J)

surface 26.1 25.0 2.3 15.8 28.2 28.4 10.2 6.6
t/4 25.0 24.0 9.2 14.3 25.9 29.1 17.5 13.2
t/2 27.4 27.4 3.0 16.7 16.8 0 15.7 5.0

3.3. Segregation at t/2

OM micrograph of Figure 10a displays alternate dark and bright bands at t/2, and Figure 10b
compares the corresponded microhardness values between them. Considerable higher hardness
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of the dark bands, 309 HV–322 HV compared to 267 HV–276 HV of the adjacent bright regions,
suggests severe segregation occurred at t/2.
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Table 4. Measured chemical composition of the experimental steel, in wt. %.

Position C Si Mn Ni Mo Cu

sub-surface 0.13 0.22 1.06 2.40 0.50 0.26
t/4 0.14 0.23 1.08 2.40 0.51 0.26
t/2 0.15 0.24 1.12 2.50 0.52 0.27

3.4. Continuous Cooling Transformation (CCT) Behavior

The quenching temperature curves of the sub-surface, t/4, and t/2 of the investigated steel plate
were plotted in Figure 12, showing dramatic differences in temperature drop between the positions.
Over the range of 600–300 ◦C, the cooling rate at t/2 was about 0.6 ◦C/s, much lower that of 6.8 ◦C/s for
the sub-surface position. Combining with the CCT diagram, the measured temperature results will be
invaluable to studying the variation of transformation behavior caused by thickness effect.

Figure 13 plots the static CCT diagram of the t/2 superimposed with the temperature curves
derived from Figure 12, and the corresponding microstructures are shown in Figure 14. The critical
cooling rate to make the steel fully martensitic is about 1 ◦C/s, at which the hardness was increased
to 427 HV from 316 HV at 0.5 ◦C/s. Combining the measured cooling rates for different positions,
we can clearly see that the transformed microstructure would be bainitic and partially martensitic at
t/2, and fully martensitic at t/4 and sub-surface.Metals 2020, 10, x FOR PEER REVIEW 12 of 17 
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4. Discussion

4.1. Thickness Effect on Microstructure Variation

Based on the temperatures recorded during quenching and the CCT diagram plotted from
experiments, the resulted microstructures at the typical positions of the 178 mm thickness plate,
produced by quenching and tempering, could be interpreted by the quantitative effect of thickness on
the transformation, especially at t/2. The critical cooling rate to form full martensite is about 1.0 ◦C/s
for the investigated steel. The cooling rate at the middle thickness during quenching was measured
as 0.6 ◦C/s, much lower than the critical cooling rate, meaning that only partial martensite can be
formed after bainitic transformation, which explains the resulting microstructure at t/2 constituting
~25% tempered bainite other than tempered martensite by OM in Figure 1. Moreover, the block width
decreases with increasing cooling rate [20], and martensite laths were also refined [21,22], which is
consistent with the results observed in Figure 2 that the block width is 3.77 µm, 4.20 µm, and 4.65 µm
for the sub-surface, t/4 and t/2, respectively. The lower cooling rate at t/2 leads to a larger block width.
Besides partial martensite at t/2, high-density carbides with a variation of shapes and sizes can also be
seen in the SEM and TEM micrographs (Figures 1 and 5), reflecting the complexities of the carbide
precipitation behavior there. Slow cooling leads to a long duration at the relative high temperature
stage. From Figure 12 the duration time for the drop from 500 ◦C to 150 ◦C was estimated to be
about 20 min at t/2, which provides the opportunity of auto-tempering during and after quenching.
The carbon is assumed to segregate sufficiently at the lath boundaries and dislocations caused by the
martensitic and bainitic transformations. In addition, the severe segregation of carbon and other alloy
elements was revealed at t/2 as shown in Figures 10 and 11 and would introduce more complexities of
the carbide precipitation behavior, which were seen in the variety of shapes, sizes, and distribution
locations in Figures 1 and 5.

4.2. Thickness Effect on Strength Variation

The complexities of the microstructures in quenched and tempered steel, combining a great
thickness effect on quenching and the severe segregation at t/2, make it difficult to accurately evaluate
the strengthening components. The yield strength of Q and T steel includes the strengthening
mechanisms from the friction stress of ferritic matrix (∆σ0), solid solution (∆σSS), grain boundary
(∆σGB), dislocation (∆σDS) and precipitation (∆σPS), which can be expressed by Equation (2) [23–27].

∆σy = ∆σ0 + ∆σSS + ∆σGB +
√

∆σDS2 + ∆σPS2 (2)

∆σ0 + ∆σSS + ∆σGB
= 88 + (32.24[Mn] + 83.16[Si] + 360.36[C] + 33[Ni]) + 11[Mo]
+354.2[N]) + 17.40d−1/2

(3)
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where [Mn], [Si], [C], [Ni], and [Mo] are the weight percentage of alloying elements, shown in Table 4.
[N] is the free nitrogen content considered as 0 in this case because of adding high-content Al and
B. The effect of Cr on solid solution strengthening has been omitted because of the small atomic
misfit between Cr and Fe [25]. The blocks can be taken as the effective grains that contribute the
strength [28,29], thus d is the block width.

∆σDS = 0.38µbρ (4)

where µ is the shear modulus of 82 GPa, b is the Burgers vector of 0.248 nm [30], and ρ is the
dislocation density.

We assume here that the yield strength fully satisfies Equation (2), from which precipitation
strengthening can be calculated. With the above approaches, it is possible to quantify the contribution
of the strengthening components at the different thicknesses of the heavy-thick steel. Figure 15 shows
that the strength variation at the varied positions is mainly due to the strengthening components by
effective grain boundaries, dislocation, and precipitation.

The block sizes were increased gradually from the sub-surface to the t/2 because of increasingly
insufficient quenching, as shown in Figures 2 and 12, so that the strength contributed by the effective
grain sizes is smallest at t/2 among the positions. The high-density dislocation in lath martensite is
another major strengthening contribution. It can be estimated to be 159 MPa and 175 MPa for the t/4
and t/2, respectively, based on evaluated higher dislocation density from corresponding FWHM in
Figure 4. This might be caused by more severe segregation at these two positions (Table 4).

Besides the above two major strengthening mechanisms, the precipitation strengthening also
plays an important role in Q and T steel, which is mainly determined by the size and volume fraction of
the particles. At the sub-surface, the carbides were much smaller in size and some rods were observed,
indicating that the carbide precipitation progress is varied across the thickness. Auto-tempering
will inevitably occur due to the long duration at high temperatures after quenching [31,32], as the
temperature curves at t/4 and t/2 show in Figure 12. Assisted with highly segregated elements,
the coarsening would readily occur on the precipitated carbides and the progress would be more rapid
during the subsequent tempering. Therefore, we see high-density carbides with significantly large
sizes in the SEM and TEM micrographs of the t/4 and t/2 specimens (Figures 1 and 5). Considering the
effect of size and volume fraction, the precipitation strengthening contribution was evaluated for the
positions, e.g., 196 MPa for the sub-surface, 139 MPa for the t/4, and 114 MPa for the t/2, as depicted in
Figure 15.

Metals 2020, 10, x FOR PEER REVIEW 14 of 17 

fraction of the particles. At the sub-surface, the carbides were much smaller in size and some rods 
were observed, indicating that the carbide precipitation progress is varied across the thickness. 
Auto-tempering will inevitably occur due to the long duration at high temperatures after 
quenching [31,32], as the temperature curves at t/4 and t/2 show in Figure 12. Assisted with highly 
segregated elements, the coarsening would readily occur on the precipitated carbides and the 
progress would be more rapid during the subsequent tempering. Therefore, we see high-density 
carbides with significantly large sizes in the SEM and TEM micrographs of the t/4 and t/2 
specimens (Figures 1 and 5). Considering the effect of size and volume fraction, the precipitation 
strengthening contribution was evaluated for the positions, e.g., 196 MPa for the sub-surface, 139 
MPa for the t/4, and 114 MPa for the t/2, as depicted in Figure 15. 

 
Figure 15. Strengthening components evaluated for the varied thickness positions of the steel. 

4.3. Thickness Effect on Toughness Variation 

The temperature curve at t/2 was closer to that of t/4 than the sub-surface (Figure 12). 
However, the impact energies at the testing temperatures were instead much lower than those at 
t/4. There must be a position between t/4 and t/2 which reaches a critical cooling rate during 
quenching, below which full martensite cannot be obtained. The critical cooling rate can be 
confirmed to be between 1 °C/s and 0.5 °C/s from the steep drop in hardness from 427 HV to 315 
HV from CCT in Figure 13. The CCT diagram is superimposed with the schematic cooling rates at 
different positions derived from Figure 12. We can see that at t/2 the cooling rate is closer to 0.6 
°C/s, producing a coarse microstructure consisting of bainite and partial martensite with a low 
fraction of HAGB (Figures 1 and 2). Thus, in the segregated t/2 region, the carbides that had been 
readily nucleated in the bainite and auto-tempered martensite resulted in chains of high-density 
coarse carbides along the interlath boundaries during the subsequent tempering. 

These carbide chains, providing plenty of crack initiation sites and crack propagation paths, as 
well as their coarse matrix microstructure with low fraction of HAGB, explain why no crack 
propagation period is observed in Figure 9 with the E3 energy of zero, around 30 J less than that of 
the sub-surface and t/4 specimens (Table 3). The main variation of impact toughness can therefore 
be contributed to the completely lost capability to resist crack propagation at t/2. 

5. Conclusions 

Figure 15. Strengthening components evaluated for the varied thickness positions of the steel.



Metals 2020, 10, 572 14 of 16

4.3. Thickness Effect on Toughness Variation

The temperature curve at t/2 was closer to that of t/4 than the sub-surface (Figure 12). However,
the impact energies at the testing temperatures were instead much lower than those at t/4. There must
be a position between t/4 and t/2 which reaches a critical cooling rate during quenching, below which
full martensite cannot be obtained. The critical cooling rate can be confirmed to be between 1 ◦C/s and
0.5 ◦C/s from the steep drop in hardness from 427 HV to 315 HV from CCT in Figure 13. The CCT
diagram is superimposed with the schematic cooling rates at different positions derived from Figure 12.
We can see that at t/2 the cooling rate is closer to 0.6 ◦C/s, producing a coarse microstructure consisting
of bainite and partial martensite with a low fraction of HAGB (Figures 1 and 2). Thus, in the
segregated t/2 region, the carbides that had been readily nucleated in the bainite and auto-tempered
martensite resulted in chains of high-density coarse carbides along the interlath boundaries during the
subsequent tempering.

These carbide chains, providing plenty of crack initiation sites and crack propagation paths, as well
as their coarse matrix microstructure with low fraction of HAGB, explain why no crack propagation
period is observed in Figure 9 with the E3 energy of zero, around 30 J less than that of the sub-surface
and t/4 specimens (Table 3). The main variation of impact toughness can therefore be contributed to
the completely lost capability to resist crack propagation at t/2.

5. Conclusions

In this work we investigated the variation of microstructure and mechanical properties at different
thicknesses of a quenched and tempered 178 mm thickness steel plate, and the following conclusions
can be drawn:

(1) The microstructure at t/2 consists of tempered martensite and a large amount of tempered bainite
with coarse size and a low fraction of HAGB, as well as high-density coarse carbides along interlath
boundaries, which is significantly differs from that at the sub-surface and t/4. The microstructural
variation results from the dramatic drop of the cooling rate from 6.8 ◦C/s at the sub-surface to
0.6 ◦C/s at t/2 where only partially martensitic transformation occurred.

(2) The lowest strength of 750 MPa at t/2 is from the weaker strengthening contributions from
coarse block size and precipitation of coarser carbides. Based on the variation in strengthening
components, it could be promising for designing the strength required at the middle thickness for
ultra-heavy steel by considering the quenching capability measured.

(3) The lowest impact toughness at t/2 is caused by the complete loss of crack propagation energy
and significantly lower crack initiation energy, which could have arisen from the coarse bainitic
or martensitic structure and high-density large carbides at the interlath boundaries.

(4) With a dramatic decrease of quenching intensity and severe segregation at t/2 of the ultra-heavy
steel plate, further study is needed to understand the complexity in partially martensitic
transformation and carbide precipitation.
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