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Microstructure evolution and properties were studied in a low carbon low alloyed hot-rolled bainitic steel by
annealing and annealing plus tempering. Microstructure of the hot-rolled steel consists of lath bainite and
martensite. By annealing at 720 °C for 30 min and water quenching, multi-phase microstructure consisting of
intercritical ferrite, tempered bainite/martensite, retained austenite and fresh martensite was obtained. With
increasing annealing temperature to 760 °C, microstructure of the steel consisted of intercritical ferrite,
fresh martensite without retained austenite. After the second step of tempering at 680 °C for samples annealed
both at 720 °C and 760 °C, ~8–9% volume fraction of retained austenite was obtained in the multi-phase
microstructure. Moreover, fine precipitates of VC with size smaller than 10 nm and copper precipitates with
size of ~10–50 nm were obtained after tempering. Results from scanning transmission electron microscopy
(STEM) give evidence to support that the partitioning of Mn, Ni and Cu is of significance for retained austenite
stabilization. Due to the combined contribution of multiphase microstructure, the transformation-induced-
plasticity effect of retained austenite and strengthening effect of nanometer-sized precipitates, yield strength
greater than 800 MPa, yield to tensile ratio of 0.9, uniform elongation of ~9% and good low temperature impact
toughness of 147 J at−40 °C were achieved.

© 2016 Elsevier Inc. All rights reserved.

Keywords:
Retained austenite
Nano-scale precipitation
Low alloyed steel
Multi-phase microstructure
Structure–property relationship

1. Introduction

There is a strong demand in producing high strength–high ductility–
high toughness low carbon low alloyed infrastructural steels with
low yield to tensile ratio for environment and safety consideration
[1]. Transformation-induced plasticity (TRIP) effect associated with
retained austenite has been realized to significantly improve the me-
chanical behavior of structural steels, especially for excellent strength
and ductility combination [2,3]. In addition, stable film-like retained
austenite has been found to remarkable contribute to low temperature
toughness of steels, especially for lowering ductile–brittle transition
temperature (DBTT) [4]. In order to obtain stable retained austenite,
numerous approaches have been developed for different alloying steels,
such as quenching and partitioning (Q&P) [5], austempering treatments
[6], and intercritical annealing [7]. The Q&P or austempering process
stabilizes retained austenite by rejection of carbon from martensite
or bainite to austenite [8,9] in steels with carbon concentration of
0.15–0.4%. In order to supply sufficient carbon for stabilizing austenite,
silicon and/or aluminum usually were added for suppression of carbide

formation. Another approach of the intercritical annealing treatment
produces retained austenite in high Mn (N5%) and/or high Ni (N5%)
alloyed martensitic/bainitic steels [10,11]. Retained austenite is
stabilized by partition of Mn/Ni to reverted austenite from martensite/
bainite matrix during annealing. However, these steels are mainly
used in automobile industry.

In order to develop high performance steels for infrastructure appli-
cations, the two-step intercritical heat treatment has been introduced
to low carbon low alloyed steels (b0.1C, 2–2.4Mn, 0.5–1Ni) to obtain
stable retained austenite [12,13] recently. The first step is the
intercritical annealing at the two-phase (ferrite + austenite) region to
produce lamellar poor alloyed ferrite and high alloyed reverted austen-
ite. However, the reverted austenite transformed to martensite during
the following cooling due to its low stability. The enrichment of austen-
ite with alloying elements in the first step decreases the temperature of
nucleation of reverted austenite (Ac1), such that the second reverted
transformation occurs at a lower tempering temperature during the
second step of intercritical tempering. With the benefit of further
enrichment of austenite stabilizers and fine size, the second reverted
austenite can be stabilized to room temperature.

On the other hand, softening effect caused by recovery of dislocation
during holding at high temperatures results in a low yield strength.
Based on this consideration, micro-alloying elements (Nb, V) and
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copper were added to produce precipitation strengthening. In the pres-
ent study, the one step and two-step intercritical heat treatments were
applied to a low carbon low alloyed steel to obtain high strength–high
ductility–high toughness. Microstructure evolution and nano-scale pre-
cipitation behaviorwere studied by using SEM, EBSD, XRDand TEM. The
structure–property relationship in the steel is discussed.

2. Material and experimental procedure

The nominal chemical composition of the studied steel in weight
percent is 0.08C–0.5Si–2.0Mn–0.5Ni–0.9Cu–0.8(Mo + Cr)–0.03Nb–
0.1(V + Ti) (wt.%). The steel was prepared by vacuum melting
and cast into ingots with a thickness of ~100 mm. The ingots were ho-
mogenized at 1200 °C for 2 h, and hot rolled in several passes with a
minimum reduction rate of 20%per pass to plates of 16mmthick,finally
water quenched to room temperature. Heat treatment samples with di-
mensions of 180 mm× 16 mm× 16mm (length, width and thickness)
for tensile properties and Charpy impact testing were cut parallel and
perpendicular to the rolling direction of the plate, respectively. The
heat treatments illustrated in Fig. 1 were carried out on these samples
in a resistance furnace. The directly quenched hot rolled samples were
firstly annealed at 720 °C and 760 °C for 30 min, respectively, followed
by water quenching. Secondly, the annealed samples were tempered
at 680 °C for 30 min, and air cooled to room temperature.

Mechanical properties in terms of strength and elongation of the
treated samples (φ10 mm standard tensile test samples) were mea-
sured at an extension rate of 2.5 × 10−3 s−1 at room temperature. Im-
pact tests were performed on Charpy V-notch (CVN) specimens with
size of 10 mm × 10 mm × 55 mm along the transverse orientation at
−40 °C according to ASTM: E2298 test standard. Microstructure of the
samples was examined by SEM performed on a ZEISS ULTRA-55 field
emission scanning electron microscope (FE-SEM) at an acceleration
voltage of 15 kV. To characterize the distribution and morphology of
retained austenite, electron back scattering diffraction (EBSD) analysis
was carried out using JEOL-7000 field emission scanning electron
microscope (FE-SEM) at an acceleration voltage of 20 kV after metallo-
graphic mechanical polishing and fine polishing with colloidal silica. A
fine step size of 50 nm was used to identify the nano-fine dispersion
retained austenite. EBSD data was post-processed by HKL CHANNEL 5
flamenco software to acquire necessary information. Foil specimens
were prepared by electro-polishing in a twin-jet polisher using 5%
perchloric acid solution for TEM observation. To characterize nano-
scalemicro-alloying elements precipitates, carbon extraction replica ap-
proach was used. The specimens was mounted using a mixture of resin
and hardener with ratio of 5: 1. The surface of the mounted specimens
was polished and firstly etched with 4% nital (a solution of nitric acid
andmethanol with volume ratio of 1: 24). Then, carbonwas evaporated
on to the etched surface. Next, the surfacewas scored to ~3mmsquares
and the sample was etched again with 4% nital. Finally, the extracted
replicas were rinsed with distilled water and placed on the copper
grid and dried. TEM was carried out using FEI Tecnai F20 and Philips

CM12 transmission electron microscopes both in combination with
an energy dispersive X-ray spectrometer (EDX), operated at 200 kV
and 120 kV respectively. The volume fraction of retained austenite in
different samples was determined by using a DMAX-RB 12Kv X-ray dif-
fractometer with Cu Kα radiation under following conditions: accelera-
tion voltage, 40 kV; current, 150mA; step, 0.02°. The volume fraction of
retained austenitewere calculated based on the integrated intensities of
the (2 0 0)α, (2 1 1)α, (2 0 0)γ, (2 2 0)γ and (3 1 1)γ diffraction peaks.

3. Results

3.1. Mechanical properties

Mechanical properties of one-step and two-step intercritically treated
samples are summarized in Table 1. The as-rolled sample exhibited high
yield strength (945MPa), ultrahigh tensile strength (1201MPa) and low
yield to tensile (Y/T) ratio (0.79), but a lowductility (uniformelongation:
3.1%; total elongation: 13.8%) and very poor toughness. After one step of
annealing, the yield strength and tensile strength dropped dramatically.
With increasing the annealing temperature from 720 °C to 760 °C, the
yield strength decreased from 748 MPa to 669 MPa, while tensile
strength remained as the same level of ~990 MPa. Y/T ratio was very
low and ductility was slightly improved for samples one step annealed
both at 720 °C and 760 °C. Charpy V-notch impact energy at −40 °C
had ~36 J of improvement only by annealing at 720 °C, there was no ob-
vious change for case of 760 °C in comparisonwith that of as-rolled steel.
For the two-step intercritical heat treatment, as annealing temperature
changed from 720 °C to 760 °C at a constant tempering at 680 °C, there
were ~81 MPa and 60 MPa increase in yield strength, respectively. By
tempering at 680 °C, the tensile strength remained to be 924 MPa for
sample firstly annealed at 720 °C, while there was ~200 MPa decrease
in tensile strength for sample firstly annealed at 760 °C. The Y/T ratio in-
creased by the second step of tempering, but it remained at a desired low
level of 0.9 and0.92. The ductility of the steelwas improved largely by the
second step of tempering (especially the uniform elongation and total
elongation: 8.9% and 22.3% for sample firstly annealed at 720 °C; 11.2%
and 25.1% for sample firstly annealed at 760 °C). In addition, low temper-
ature toughnesswas enhanced largely to be 147 J and 121 J by the second
step tempering for samples annealed at 720 °C and 760 °C, separately.

3.2. Characterization of microstructure and retained austenite

Generalmicrostructures of hot-rolled and heat-treated sampleswere
characterized by SEM, as shown in Fig. 2. Fig. 2a shows the fine lath
microstructure consisting of bainite and martensite for the hot-rolled
steel by water quenching. Dispersed carbides can be characterized with-
in bainitic laths. After one-step annealing at a low temperature of 720 °C,
tempered martensite/bainite microstructure dispersed with fine fresh
formed martensite or retained austenite along grain boundary was
observed as Fig. 2b. The tempered matrix remained fine lath-like micro-
structure. After annealing at a high temperature of 760 °C, dual-phase
microstructure mainly consisting of intercritical ferrite and newly

Fig. 1. Schematic diagrams for heat treatment used in the work.

Table 1
Tensile properties and Charpy impact energy of the studied steel after heat treatments.

Processing σs /MPa σb /MPa Au/% A/% Y/T
ratio

CVN/J at
−40 °C

As-rolled 945 1201 3.1 13.8 0.79 34
720 °C annealed 748 988 6.2 18 0.76 70
760 °C annealed 669 994 5.6 17.2 0.67 43
720 °C annealed plus 680 °C
tempered

829 924 8.9 22.3 0.9 147

760 °C annealed plus 680 °C
tempered

729 795 11.2 25.1 0.92 121

Note: σs―yield strength, σb―tensile strength, Au―percentage elongation at maximum
force (uniform elongation), A―percentage elongation after fracture (total elongation),
Y/T ratio―yield strength to tensile strength ratio, CVN―Charpy impact energy.
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