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Abstract: Here we present a novel approach of intercritical heat treatment for microstructure tailoring, in which intercritical annealing is intro-
duced between conventional quenching and tempering. This induced a heterogeneous microstructure consisting of soft intercritical ferrite and
hard tempered martensite, resulting in a low yield ratio (YR) and high impact toughness in a high-strength low-alloy steel. The initial yielding
and subsequent work hardening behavior of the steel during tensile deformation were modified by the presence of soft intercritical ferrite after
intercritical annealing, in comparison to the steel with full martensitic microstructure. The increase in YR was related to the reduction in hard-
ness difference between the soft and hard phases due to the precipitation of nano-carbides and the recovery of dislocations during tempering.
The excellent low-temperature toughness was ascribed not only to the decrease in probability of microcrack initiation for the reduction of hard-
ness difference between two phases, but also to the increase in resistance of microcrack propagation caused by the high density of high angle

grain boundaries.
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1. Introduction

High-strength low-alloy (HSLA) steels with yield strength
(YS)>690 MPa are in great demand in shipbuilding, con-
struction, bridges, and offshore structures owing to their ex-
ceptional combination of strength and toughness, low yield
ratio (YR) (ratio of Y'S to tensile strength), excellent weather
resistance, and good weldability [1-3]. To achieve superior
comprehensive properties, alloy design is very important. For
example, low carbon content (<0.10wt%) is used for ensur-
ing good weldability, Cr, Mo, and Ni for improving harde-
nability, microalloying elements (Nb, V, and Ti) for thermo-
mechanical processing, and Cu for corrosion resistance and
precipitation strengthening [4—5]. Traditionally, quenching
and tempering (Q&T) processing is used for producing
HSLA steels. Quenching is used to obtain the martensitic or
bainitic microstructure for increasing the strength [6—7] while
tempering improves ductility and toughness. However, the
YR of HSLA steels by Q&T processing is usually higher
than 0.90 [3]. How to decrease the YR became an increas-
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ingly important issue for HSLA steels with a minimum Y'S of
690 MPa.

Creating a heterogeneous microstructure in HSLA steels
has proven to be a new method of addressing the above prob-
lem [8—11]. Heterogeneous microstructure has a significant
difference in strength among different domains, generally
containing a hard martensite phase embedded in the soft aus-
tenite and/or ferrite matrix [12—13], which can be fabricated
by intercritical annealing [14—15]. Compared with conven-
tional Q&T processing, intercritical annealing can markedly
increase the ductility and toughness and lower the YR of low
carbon low alloy steels. However, the excellent ductility and
toughness comes at a loss of strength, which results from the
presence of stable retained austenite induced by two-step in-
tercritical heat treatment (intercritical annealing plus inter-
critical tempering) [16]. Hence, it is still a challenge to simul-
taneously achieve a superior balance of strength and tough-
ness and a low YR in steels with low carbon and lean alloy.

To ensure that HSLA steels possess high strength and
toughness while sustaining a low YR, a new microstructure
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design approach, introducing intercritical annealing between
the conventional Q&T processing, is proposed. Through this
novel method, a heterogeneous microstructure with intercrit-
ical ferrite and tempered martensite can be achieved [17].
The microstructure would be much different compared with
that in steel with two-step intercritical heat treatment for the
absence of retained austenite, which means that the YR and
toughening mechanism may be different. However, the ef-
fect of a heterogeneous microstructure without retained aus-
tenite on YR and toughness in HSLA steel is poorly under-
stood to date, and requires further investigation. This study
aims to explore the significance of heterogeneous micro-
structure, namely intercritical ferrite and martensite, on the
mechanical properties of HSLA steel. To clarify the YR vari-
ation and toughening mechanism of this steel, full martensit-
ic microstructure was also adopted for comparison with het-
erogeneous microstructure.

2. Experimental

The chemical composition of the experimental steel is
shown in Table 1. The steel was vacuum melted and cast into
a 25 kg ingot. The ingot was forged and cut into blocks of
~80 mm thickness. The blocks were then soaked at 1200°C
for 120 min and hot-rolled to ~12 mm thick strips, followed
by air cooling to room temperature.

Table 1. Chemical composition of experimental steel wt%
C Si Mn Cr+Mo+Ni+Cu Nb+V+Ti B
0.09 021 1.43 2.66 0.15 0.0010

To prepare the heterogeneous microstructure in this steel,
intercritical annealing (IA) was added between the Q&T
treatments (QT), a process called intercritical heat treatment
(QIAT). Fig. 1 shows the volume fraction of phases against
temperature calculated using Thermo-Calc software (TCFE7
database) for the steel. The A; temperature (finishing temper-
ature of ferrite-to-austenite transformation) of the experi-
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mental steel was 812°C. Between 550 and 812°C, the volume
fraction of austenite increases with temperature. At 762°C,
50vol% austenite (fcc) and 50vol% ferrite (bee) can be ob-
tained after holding for a long time. In this work, this temper-
ature was selected as the temperature for IA. In addition, for
comparison with heterogeneous microstructure, a full
martensitic structure prepared by QT was also employed in
the present study. Schematics of the two heat treatments are
shown in Fig. 2. After austenitizing at 900°C for 60 min, the
samples were quenched in water to obtain full martensitic
structure (designated as Q), and then divided into two groups.
One group was tempered at 450°C for 30 min (termed as
QT), the other was intercritically annealed at 760°C for 30
min and then tempered at 450°C for 30 min (referred to as
QIA and QIAT, respectively).
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Fig. 1. Temperature-volume fraction phase diagram of the
experimental steel.

After the heat treatments, tensile specimens with dimen-
sions of ¢5 mm x 25 mm were machined from the heat-
treated strips, and the tensile axis was parallel to the trans-
verse direction. The room-temperature tensile tests were per-
formed on a universal testing machine (WDW-200D)
equipped with an extensometer at a strain rate of 1.0 x
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Fig. 2.

Schematic diagrams illustrating two heat treatments: (a) QT; (b) QIAT (4, and A; stand for the starting and finishing tem-

peratures of ferrite-to-austenite transformation, respectively; WQ—water quenching; AC—air cooling).
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107 s™". The impact toughness in the transverse direction was
measured using Charpy 45° V-notch specimens with a size of
10 mm x 10 mm % 55 mm, and Charpy impact tests were
conducted at —40°C. The nanoindentation tests were carried
out in displacement-controlled mode using an MTS Nano In-
denter XP® system to obtain the hardness of the soft and hard
phases. A constant strain rate of 0.03 s~ was applied until the
indenter reached a depth of 300 nm into the samples. The
load was then held for 10 s before unloading, and ten meas-
urements were made for each sample. The tests were per-
formed on the same surface as the one used for electron
backscatter diffraction (EBSD) data acquisition. Data
analysis was based on the traditional Oliver—Pharr (OP)
method [18].

Scanning electron microscopy (SEM) and EBSD tech-
nique were used to obtain morphology and crystallography
information. The samples were mounted and mechanically
polished, then etched by a 3vol% nital solution and electro-
polished using a solution containing 85vol% alcohol, 10vol%
perchloric acid, and 5vol% glycerol for SEM and EBSD ex-
aminations. The SEM observation was made using TES-
CAN MIRA3 field emission scanning electron microscopy
(FE-SEM) operating at 10 kV. The crystallographic data was
acquired using an Oxford-EBSD system at an acceleration
voltage of 20 kV and step size of 80 nm. HKL Channel 5 and
MATLAB® software were employed for post-processing
EBSD data. Transmission electron microscopy (TEM)
samples were prepared by cutting 3 mm diameter disks from
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the heat-treated strips, mechanically thinning them to 60 pum,
and electropolishing to perforation using a solution of 5vol%
perchloric acid in ethanol at —20°C. TEM observation was
conducted with an FEI Tecnai G2 F20 TEM. The volume
fraction of retained austenite was determined by X-ray dif-
fraction (XRD) using Cu K, radiation and calculated based
on the integrated intensities of (200)a, (211)a, (200)y, (220)y,
and (311)y diffraction peaks.

3. Results
3.1. Mechanical properties

The mechanical properties of the heat-treated samples are
presented in Table 2 and Fig. 3. The Q sample exhibited
tensile properties with a YS of 988 MPa, tensile strength of
1276 MPa, YR of 0.77, total elongation of 15.2%, and a
—40°C impact energy of 65.0 J. After tempering at 450°C, the
YS of the QT sample was increased to 1064 MPa, while the
tensile strength decreased to 1141 MPa. Consequently, the
YR dramatically increased to 0.93. The QT sample showed
similar ductility and lower toughness with a reduction of
~52%, as compared to those in the Q sample.

When the quenched sample was subjected to IA, there was
a significant change in strength, ductility, and toughness
(Table 2 and Fig. 3). The yield and tensile strengths of the
QIA sample were decreased to 708 and 1086 MPa respect-
ively, thus lowering the YR. Meanwhile, uniform elongation
was 6.0%, an increase of 1.9%, and total elongation was

Table 2. Mechanical properties of the studied steel after heat treatments

Processing YS /MPa TS / MPa YR UEL /% TEL /% CVN/]
Q 988 1276 0.77 4.1 15.2 65.0£8.1
QIA 708 1086 0.65 6.0 17.0 68.5+6.5
QT 1064 1141 0.93 3.7 15.0 31.5+6.0
QIAT 811 958 0.85 5.3 18.2 143.5+2.8

Note: YS—ryield strength; TS—tensile strength; YR—yield ratio (YS/TS); UEL—uniform elongation; TEL—total elongation;

CVN—Charpy V-notch impact energy.
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Fig. 3. Mechanical properties of experimental steels: (a) engineering stress—strain curves; (b) Charpy impact energy at —40°C.
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17.0%, an increase of 1.8%, while the impact energy was
slightly increased to 68.5 J. A better balance of strength and
toughness was achieved in the intercritically annealed sample
after tempering (Table 2 and Fig. 3). In comparison to the
QIA sample, the QIAT sample showed a higher YS (811
MPa) and impact energy (143.5 J), lower tensile strength
(958 MPa), and virtually the same ductility. In addition, a
considerably low YR of 0.85 was obtained, which is appro-
priate for structural applications [19].

3.2. Microstructural characterization

The microstructure of the samples under different heat
treatment conditions is shown in Fig. 4. A typical lath
martensitic microstructure was observed in the Q sample
(Fig. 4(a)). After IA, a heterogeneous microstructure of inter-
critical ferrite and martensite was obtained in the QIA sample
(Fig. 4(b)). The volume fraction of intercritical ferrite was

~50vol%. The martensite can be classified into granular
martensite and fibrous martensite according to its morpho-
logy. The fine granular and fibrous martensite was trans-
formed from globular and acicular reversed austenite, re-
spectively, during the cooling process. It is concluded that the
microstructure of the QIA sample was much finer than that of
the Q sample due to the transformation during cooling from
the reversed austenite obtained during IA. The tempered
martensite structure in the QT sample is presented in Fig.
4(c). Some of the lath boundaries were ambiguous due to the
recovery of martensite, and the carbides were fine and uni-
formly dispersed at the boundaries and in the lath matrix. Fig.
4(d) shows the microstructure features of the QIAT sample.
Fine carbides presented in the tempered matrix (intercritical
ferrite and tempered martensite). The boundaries reserved
were indistinct owing to the recovery of heterogeneous mi-
crostructure during tempering.

Fig. 4. SEM micrographs of (a) Q, (b) QIA, (¢) QT, and (d) QIAT samples.

Fig. 5 depicts the band contrast maps showing the micro-
structure morphology and boundary distributions of the
samples. The microstructure in the Q sample had lath mor-
phology (Fig. 5(a)). After IA, no retained austenite was ob-
served (Fig. 5(b)), which was consistent with the XRD result.
In addition, globular and acicular reversed austenite was
formed. The globular reversed austenite was nucleated at the
prior austenite grain boundaries as well as the packet and
block boundaries of the martensite; the acicular reversed aus-
tenite was nucleated at the block and lath boundaries [20-21].
The fine globular reversed austenite grew into one side of the
adjacent two prior austenite grains (PAGs), which refined the
coarse PAGs. According to the misorientation (), grain

boundaries can be divided into three types, i.e. white (5° <6<
15°), black (15° < @ < 45°), and yellow (6 > 45°) lines. The
density of the high angle grain boundaries (HAGBSs) in the
intercritically heat-treated samples was higher than that in the
quenched and tempered samples, which was attributed to the
refinement of microstructure.

Fig. 6 shows the Kernel average misorientation (KAM)
maps analyzed by EBSD, in which the evolution of disloca-
tion can be observed. KAM was processed based on Gaussi-
an smoothing filter and 3rd nearest-neighbor, which repres-
ents the distribution of local dislocation density [22]. This
kind of dislocation is associated with geometry-necessary
dislocation. It can be seen that there is no clear decrease in the
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QIAT samples (white line: 5° <6 < 15°, black line: 15° <8< 45°, yellow line: 8 > 45°; —misorientation).

distribution of KAM values of the QT sample compared to
the Q sample. A remarkable KAM variation of the QIA
sample was observed in the intercritical ferrite, granular
martensite, and fibrous martensite, which denotes that the
dislocations were heterogeneously distributed in the micro-
structure. In addition, the distribution of KAM in the QIAT

sample was more uniform than that in the QIA sample. More
specifically, the KAM values of the martensite in the QIAT
sample became lower, especially in the granular martensite.
This suggested that the dislocation density in granular and
fibrous martensite was decreased after tempering due to its
recovery.

Fig. 6. Kernel average misorientation (KAM) maps of (a) Q, (b) QIA, (c) QT, and (d) QIAT samples (black line: 8 > 15°, &—misori-
entation).
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4. Discussion
4.1. Effect of heterogeneous microstructure on strength

From the mechanical properties of samples subjected to
Q&T (Table 2), the QT sample exhibited a higher YS and
lower tensile strength compared with the Q sample, which
resulted in a sharp increase in YR to 0.93. This was due to the
microstructure recovery during tempering at 450°C. The
change in YS is related to the mobility of dislocations at the
early stage of plastic deformation, which determines Y'S [23].
During tempering, dislocation recovery, carbides precipita-
tion, and pinning of carbides on dislocations in martensite led
to higher stress to initiate dislocation motion, thus enhancing
YS. Tensile strength largely relies on the strength of each
phase according to the law of mixtures [24]. Therefore, the Q
sample had a higher tensile strength, while the tensile
strength of the QT sample was reduced due to softening dur-
ing tempering. In the intercritically heat-treated condition, the
QIAT sample exhibited a notable increase in YS (~14.5%)
and an acceptable reduction in tensile strength (~11.8%)
compared to the QIA sample. The variation in strength of the
QIAT sample resulted from the precipitation of nano-
carbides and the recovery of dislocation in the matrix during
tempering. As a result, the YR increased to 0.85, which is still
low enough for modern structural design.

To better understand the yielding behavior of the heat-
treated samples, the extended Kocks—Mecking (K-M) curves
[25], the instantaneous work hardening rate (O, do/de)
against the true stress, was used in this analysis. In general,
there are two stages before tensile strength is reached. One is
a gradual decay of @ caused by the anelastic reversible beha-
vior for the bowing of matrix dislocations (Stage [ ); the oth-
er is a marked transition to the plastic regime associated with
the effective accumulation of dislocations during subsequent
plastic deformation (Stage II). Fig. 7 depicts the extended
K-M curves of the samples. The curve of the Q sample

250
. —Q
Lo N a I\ - — QIA
200 b el et s TN ---QT
rrrrr QIAT
] ®/0YS
& 150 b
s
§100 -
0r Stage 11
..“i.\‘\ N
0 , . L

0 200 400 600 800 1000 i200 1400

True stress / MPa
Fig. 7. Extended K-M curves of heat-treated samples (the
transition marked by blue and red dots representing the yield

strength (YS) of QT and QIAT samples, respectively).

shows an almost linear trend in @ without visible transition
from elastic to plastic regime, when the true stress exceeds
500 MPa. The microstructure of the Q sample, as mentioned
above, was single quenched martensite, in which the high
density of dislocations resulted in this yielding behavior. To
the contrary, a noticeable transition between stage [ and
stage II, marked by a blue dot, was presented in the QT
sample, which simultaneously occurred with the yielding of
the sample. The yielding behavior is related to the diminish-
ing of dislocation mobility triggered by the reduction in dis-
locations, the precipitation of carbides, and the pinning of the
carbides on dislocations in martensite after tempering [26].
In the QIA sample, a continuous decay of @ without a not-

able transition was observed, which is similar to the trend in
the Q sample. The absence of a clear transition from stage [
to stage II indicated continuous yielding, which results from
the heterogeneous microstructure. Owing to the presence of
~50vol% intercritical ferrite in the QIA sample, the O at stage

I of the extended K-M curve decreased more quickly than
that at stage II . This suggests that the intercritical ferrite yiel-
ded at a lower stress level than the martensite, and its yield-
ing behavior was prior to that of martensite. Therefore, it is
clear that the initial yielding behavior and subsequent work
hardening behavior of the QIA sample during tensile deform-
ation were modified due to the presence of intercritical fer-
rite as compared with the Q sample. When the intercritically
annealed sample was subjected to tempering, the extended
K—M curve of the QIAT sample exhibited an obvious trans-
ition from stage I to stage I, marked by a red dot. The sud-
den change in @ was attributed to the precipitation of nano-
carbides and the recovery of dislocation in the matrix during
tempering.

4.2. Effect of heterogeneous microstructure on yield ratio

To further clarify the effect of strength variation on YR in
the intercritically heat-treated samples, the heterogeneous mi-
crostructure was further characterized by a nanoindentation
test and TEM. Fig. 8 shows the nanoindentation hardness of
the intercritically annealed samples before and after temper-
ing. It can be seen that the intercritical ferrite and martensite
were the soft and hard phases, respectively. The indentation
hardness of intercritical ferrite in the QIAT sample was 0.30
GPa higher than that in the QIA sample, while the indenta-
tion hardness of martensite was much lower (0.26 and 1.00
GPa reduction in fibrous martensite and granular martensite,
respectively). Thus, the hardness difference between the soft
intercritical ferrite and hard martensite was decreased, which
was related to the tempering [27]. After tempering, the de-
crease in hardness of martensite was the result of the disloca-
tion recovery and carbides precipitation. It can be inferred
that the softening effect of the dislocation recovery was
greater than the strengthening effect of carbides precipitation
in the tempered martensite. For intercritical ferrite, the in-
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creased hardness after tempering was mainly related to
carbides precipitation.

8.0 " -
B ntercritical ferrite

B Fibrous martensite
B2 Granular martensite

~
S
T

=2
(=3
T

v
S
T

w
(=]
T

4
(=]
T

Indentation hardness / GPa
N
(=)

—_
S
T

QIA QIAT

Samples after different heat treatment
Fig. 8. Nanoindentation hardness of intercritically annealed
samples before and after tempering.

TEM images showing the carbides in the intercritical fer-
rite of the QIA and QIAT samples are presented in Fig. 9. In
the QIA sample, fine carbides with a spherical shape and a
size of ~10-20 nm were distributed on dislocations in the in-
tercritical ferrite. In contrast, a higher density of nano-carbide
precipitates with a size of ~5—15 nm was observed in the QI-
AT sample, which contributed to the strengthening of the in-
tercritical ferrite. Generally, the soft phase can deform first
and contribute to a low YS and a high uniform elongation
during deformation, while the hard phase is conducive of a
high tensile strength [8,28]. Hence, the YS of the QIAT
sample was increased by the precipitation strengthening in
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the soft intercritical ferrite, while the decrease in tensile
strength is due to the reduction in indentation hardness of
hard martensite caused by tempering softening. As a result,
the YR increased from 0.65 to 0.85.

Swift [29] and Hollomon [30] equations indicate that YR
can be expressed as a function of material constants [31]. The
relationship is described as follows:

[b+ln(l +ey)]N exp(N —b)
(1+ey) NN

where b, e,, and N are additive strain constant, engineering
yielding strain, and strain hardening exponent, respectively. b
and N are controllable variables to determine YR. b is related
to the constituent phases [9], and can be expressed as

YR =

Q)

b = (appXpr + @apXar + @ Xgp + @prXpr) eXp (—kXm) +

apmXum 2
where @; and .X; refer to the proprietary constant and volume
fraction of each constituent phase, respectively, and & is the
constant dependent on the size and distribution of martensite
or martensite/austenite (M/A) constituent. The value of « is
proposed as 0.03 for polygonal ferrite (PF), 0.015 for acicu-
lar ferrite (AF), 0.008 for granular bainite (GB), 0.003 for
bainitic ferrite (BF), and 0.0003 for martensite (M) [9,31]. «
tends to decrease in low-temperature transformation products
with high density of dislocations, and b decreases with the
fraction of phases with small @. N is complexly associated
with the microstructural features such as grain size, density of
dislocations, fraction of precipitates, and the amount of alloy-
ing solution.

TR A
‘|

Fig.9. TEM micrographs of nano-carbides in the intercritical ferrite of (a) QIA and (b) QIAT samples.

A previous study has shown that the YR is linearly pro-
portional to In(b/N?) [31]. The YR can be reduced through
microstructure modification by decreasing the b or increas-
ing the N. Generally, the constants b and N show opposite in-
fluences on tensile properties. Increasing the volume fraction
of phases like martensite would decrease the value of b and
increase the YS. However, this would also decrease the value
of N, which may lead to an increase in In(h/N?) and thus raise
the YR [9]. Consequently, there exist the balanced values of

b and N to satisfy the required properties with low YR. The
most effective way to obtain low YR is to control the micro-
structure toward decreasing In(b/N*) by adding an appropri-
ate proportion of soft phase into hard phase, aiming at min-
imizing the increase in the b value while maximizing the in-
crease in the N value [9-10,32]. Hence, the quenched and
tempered samples with full martensitic microstructure had a
higher YR in this study, whereas the intercritically heat-
treated samples with heterogeneous microstructure exhibited
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alower YR.

In the steel with heterogeneous microstructure, the YR is
related not only to the volume fraction of soft phase, but also
to the relative hardness (strength) of the soft and hard phases
[8,27-28]. When the volume fraction of the soft phase is
fixed, the greater the hardness difference between the soft
and hard phases is, the lower the YR of the steel will be. In
the intercritically annealed samples, a heterogeneous micro-
structure containing ~50vol% soft intercritical ferrite was
achieved. After tempering, the hardness difference between
the soft intercritical ferrite and hard martensite was de-
creased due to carbides precipitation and dislocation recov-
ery, which led to a decrease in N value and thereby raised the
YR to 0.85. In other words, the hardness difference between
the soft intercritical ferrite and hard martensite was reduced,
causing the increase in YR. It can be inferred that the YR of
the heterogeneous microstructure can be effectively con-
trolled by manipulating the hardness difference between the
soft intercritical ferrite and the hard martensite.

4.3. Effect of heterogeneous microstructure on toughness

As is mentioned above, the samples with intercritical heat
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treatment exhibited higher impact energy compared to the
samples with Q&T. For unraveling the toughening mechan-
ism in the heterogeneous microstructure, the variation in
grain boundaries and distribution of KAM in the samples
were analyzed. The fraction and density of grain boundaries
were calculated statistically based on the maps in Fig. 5, and
the result is depicted in Fig. 10. The fraction of HAGBs in the
QIA sample was higher compared with that in the Q sample.
In addition, the fraction of HAGBs in tempered samples was
increased, which resulted from the merging of lath structure
with small misorientation during tempering [33]. Fig. 10(b)
shows a notable difference in HAGBs density between the Q
and QIA samples. The density of HAGBs in the Q and QIA
samples were 1.43 and 1.77 um’’, respectively. The high
density of HAGBs in the QIA sample was attributed to the
refinement of microstructure. Moreover, the density of
HAGBs (15° < 6 <45°) in the QIA sample was much higher
than that in Q sample, which means that the PAGs are much
finer in the QIA sample. The HAGBSs can effectively deflect
or arrest microcrack propagation, thereby enhancing tough-
ness [34]. Thus, the heterogeneous microstructure with a high
density of HAGBs is the basis of toughness improvement.
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Fig. 10. Misorientation distribution (a) and boundary density (b) of heat-treated samples.

The KAM distribution of the heat-treated samples is
shown in Fig. 11. The distributions of KAM in the Q and QT
samples were almost the same. However, the toughness of
the QT sample was lower compared to the Q sample. This
may be related to the tempered martensite embrittlement.
After tempering at 450°C, cementite precipitated at the
PAGB:s and lath boundaries, leading to intergranular or trans-
granular fractures [35]. The KAM distribution in the QIA
sample shifted to the lower KAM zone compared to the Q
sample, which means the density of dislocations was lower in
the QIA sample. The toughness of the QIA sample was as
low as that in the Q sample, which may be associated with
the hard martensite in the heterogeneous microstructure,
which can provide nucleation sites for cleavage cracks and

reduce the toughness [36-37]. When the QIA sample was
tempered at 450°C, a notable change in the KAM distribu-
tion was observed. The fraction of KAM between 0° and
0.65° in the QIAT sample increased, while the fraction of
KAM between 0.65° and 2.00° was lower. This difference in
KAM distribution between two samples may be attributed to
tempering, which significantly influenced the dislocation
density and low-temperature toughness. The dislocation
density in martensite was decreased after tempering due to its
recovery, resulting in the reduction in hardness difference
between soft intercritical ferrite and hard martensite. The
small hardness difference may lead to a decrease in probabil-
ity of microcrack initiation, which thereby contributes to im-
proved toughness. Consequently, it is concluded that the
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higher toughness in the QIAT sample is the product of the re-
duction in the hardness difference caused by tempering.
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Fig. 11. KAM distribution of heat-treated samples.

According to this analysis, the superior toughness in the
QIAT sample was related to the reduction in hardness differ-
ence between the soft and hard phases and the high density of
HAGB:s. In other words, the exceptional toughness of the
samples with intercritical heat treatment was attributed to
“double effects”. One effect is the decrease in the probability
of microcrack initiation for the reduction in hardness differ-
ence, the other is the effective deflection or arrest of micro-
crack propagation induced by the high density of HAGBs.

5. Conclusions

A novel intercritical heat treatment was carried out in a
HSLA steel to obtain heterogeneous microstructure with low
yield ratio and high impact toughness. The microstructure
and mechanical properties of this steel were characterized
and compared to those of steel treated by conventional
quenching and tempering treatment. The main conclusions
are summarized as follows.

(1) A heterogeneous microstructure consisting of soft in-
tercritical ferrite and hard tempered martensite was obtained
in the studied steel by introducing intercritical annealing
between the quenching and tempering. The structure was
much finer than full martensitic microstructure.

(2) Compared to the steel with full martensitic microstruc-
ture, the initial yielding behavior and subsequent work
hardening behavior of the steel during tensile deformation
were modified by the presence of soft intercritical ferrite after
intercritical annealing. Hence, a low yield strength of 708
MPa, a high total elongation of 17.0%, and a low yield ratio
of 0.65 were obtained. After tempering, the hardness differ-
ence between the soft intercritical ferrite and hard martensite
was decreased due to the precipitation of nano-carbides and
the recovery of dislocations, which in turn contributed to a
yield strength increment of 103 MPa. At the same time, the
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yield ratio was increased to 0.85, which is still low enough
for structural applications.

(3) The average Charpy impact energy at —40°C of the in-
tercritically annealed samples before and after tempering was
68.5 and 143.5 J respectively, both of which are clearly high-
er than the 31.5 J of the quenched and tempered samples. The
excellent toughness of the quenched, intercritically annealed,
and tempered samples was attributed to the reasonably small
hardness difference between the soft and hard phases and the
high density of high angle grain boundaries. These, in turn,
contributed to decreasing the probability of microcrack initi-
ation and increasing the resistance of microcrack propaga-
tion, thus enhancing the impact toughness.
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