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A novel processing route comprising thermomechanical rolling followed by direct quenching and parti-
tioning (DQ&P) was designed for developing tough, ductile, ultrahigh strength steels using 0.4 wt% carbon
steels. A preliminary characterization of a laboratory-rolled, high-silicon DQ&P steel revealed an excellent
combination of mechanical properties comprising high yield and tensile strengths (~1025 and
~2137 MPa, respectively), besides reasonable elongation (� 12%) and good impact toughness (T28J tem-
perature � �10 �C). The high mechanical properties are attributed to the formation of desired nanolath
martensite-retained austenite (� 15%) structures. Features such as nano-twinned martensite, interlath
austenite etc. were comprehensively characterized through high-resolution transmission electron micro-
scopy. Attempts have been made to detect possible existence of metastable hexagonal omega phase
within the boundaries of nano-twinned martensite and understand its nature of formation.
� 2021 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the International Confer-
ence on Multifunctional Nanomaterials. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Quenching and Partitioning (Q&P) process was first proposed by
Speer et al. [1] in 2003 as a potential means for improving the
mechanical properties of steels, particularly the balance of elonga-
tion to fracture and tensile strength for advanced high-strength
steels [2,3]. The Q&P process comprises quenching to a tempera-
ture (TQ) between martensite start (Ms) and finish (Mf) tempera-
tures, followed by holding at a suitable temperature for a
particular time to allow the partitioning of carbon from supersatu-
rated martensite to austenite, which can thereby be stabilized fully
or partly down to room temperature thus enabling desired fraction
of finely divided retained austenite (RA) in martensitic matrix [4].
While the martensitic matrix provides the high strength, a small
fraction of finely divided film-like retained austenite promotes
improved work hardening capacity and, uniform elongation, with-
out a loss of toughness. Steels used for Q&P processing are usually
alloyed with Si and/or Al to suppress the precipitation and growth
of carbides during the partitioning process [5,6]. Additionally, Ni
may also be added in some steels to augment the stabilization of
austenite [7].
In the present work, an innovative processing route comprising
multi-pass, thermomechanical rolling followed by direct quench-
ing and partitioning (DQ&P) has been employed on a high-silicon
0.4 wt% C steel in order to develop ultrahigh strength steel with
high yield (�1200 MPa) and tensile (�2000 MPa) strengths, ade-
quate toughness and reasonable ductility. Field Emission Scanning
(FESEM) and transmission (TEM) electron microscopy were
employed to reveal the morphology of complex structures
(martensite/bainite and retained austenite) as well as other fine
features e.g., nano-twinned martensite, omega phase, carbides,
etc. Mechanical properties were evaluated and correlated with
the complex microstructures.
2. Materials and methods

A 0.4 wt% C steel containing high level of silicon (1.51 wt%) was
designed for this study and procured from OCAS, Belgium. The
chemical composition of the steel determined using spark optical
emission spectroscopy along with its Ms temperature is presented
in Table 1.

A 200x80x60 mm block cut from the casting was soaked at
1200 �C for 2 h and thermo-mechanically controlled rolled in
two stages, as shown in Fig. 1. Stage 1 comprised hot rolling in 4
passes above the no-recrystallization (Tnr) temperature to a
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Table 1
Chemical composition (wt. %) and the Ms temperature of the experimental steel.

C Si Mn Al Cr Ni Ms [�C]

0.4 1.51 2.05 0.025 0.99 0.49 275
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thickness of 26 mm with ~0.2 strain/pass. Stage 2 comprised con-
trolled rolling in the Tnr regime (below ~900 �C) comprising 4
passes (~0.2 strain/pass) to a thickness of 11 mm with the finish
rolling temperature (FRT) at 800–820 �C (above Ar3 temperature).
Immediately after hot rolling, the sample was direct quenched in
water to the quench-stop temperature (TQ �150 �C), followed by
immediate partitioning in a furnace preheated to the partitioning
temperature (TP = 200 �C). TP was so selected in order to avoid or
at least delay carbide precipitation as well as bainitic transforma-
tion. The rolled plate was cooled very slowly over 24 h by switch-
ing off the furnace, thus simulating the cooling of the coiled strips
in actual industrial rolling.

It is noteworthy that the DQ&P parameters were previously
established and optimized with the aid of physical simulation on
a Gleeble thermomechanical simulator [8]. The microstructural
characterization of the DQ&P plate was carried out in the RD-ND
cross-section. The samples were polished using standard metallo-
graphic procedure, etched with 2% Nital and examined with a Zeiss
Sigma FESEM. The volume fraction of RA was determined using a
Rigaku Smart Lab 9 kW XRD unit (40 kV; 135 mA). The measure-
ments were performed using CoKa X-rays with 2h ranging between
45� and 130� and the rotation performed at 7.2�/min. The obtained
diffractograms were analyzed by Rietveld refinement using a
PDXL2 software. The carbon content (Cc) of RA was estimated
based on the lattice parameter of austenite (ac; in Å) derived from
XRD results using the method and equation established by Dyson
and Holmes [7].

ac ¼ 3:556þ 0:0453xC þ 0:00095xMn þ 0:0056xAl þ 0:0006xCr ð1Þ

where, xn (n = C, Mn, etc.) signify concentrations of the respective
alloying elements (in wt%). The effect of silicon on the lattice
parameter of austenite has been shown to be negligible and is
ignored [7]. The tensile test specimens were prepared according
to the ASTM E8M standard. Vickers hardness measurement of the
rolled specimen was carried out using a Duramin A-300 instru-
mented hardness tester using 5 kg load. Charpy impact toughness
specimens (10x10 mm) were machined perpendicular to rolling
direction according to the ASTM E23 standard and tests were con-
ducted in the temperature range �80 to 100 �C.
Fig. 1. Schematic diagram of the laboratory rolling simulation.
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3. Results and discussion

3.1. Microstructural evaluation of DQ&P samples

Fig. 2a presents typical FESEM micrograph of DQ&P processed
steel specimen. The microstructure consists mainly of fine packets
and blocks of martensite. Straining in austenite prior to Q&P pro-
cessing resulted in refinement and randomization of packets and
blocks of martensite. Retained austenite present as films between
martensitic laths is difficult to discern from FESEM micrographs.

Thin film examinations in TEM including bright and dark field
imaging clearly revealed that the specimens contained highly dis-
located lath martensite structure separated by fine RA films. The
dark field image (Fig. 3b) confirms the presence of film-like RA.
In addition, the existence of extremely fine carbide precipitates
within the martensite laths were revealed in some locations,
Fig. 3a. Twinned martensite was observed in several locations of
Fig. 3a. The selected area diffraction pattern (SAED) on [011]BCC
zone axis (Fig. 3c) shows the twinned regions having a (211) twin
plane aligned in [111] twinning direction. In addition, there are
two other spots found to be present along with the (211) plane
(Fig. 3c). The dark field image from one of the extra spots as
marked by yellow circle showed the existence of nanosized thin
plates in between the twinning planes. The crystals in this twinned
martensite most likely correspond to x phase [9]. However, it is
possible that overlapping twins could as well create such extra
spots due to double diffraction [10]. Further investigation is in
progress.
3.2. Evaluation of mechanical properties

The tensile properties of DQ&P steel are summarized in Table 2.
Also included in the table are the hardness (HV5), RA as well as Cc..
The high yield strength (Rp0.2 ~1025 MPa), together with ultrahigh
tensile strength (Rm > 2100 MPa) and reasonable uniform (Ag

�7.3%) and total elongation (A �12%) corroborate the observed
microstructure, Fig. 3. The Rp0.2 is lower than the target level
(>1200 MPa) but, for example, temper rolling should be able to
raise the yield strength to the required level (e.g., 1.0% proof
strength (Rp1.0) is of the order of 1300 MPa, see Table 2). Further-
more, the high hardness (625 HV5) correlated well with Rm. Even
more interesting are the satisfactory Ag and A, despite the low TQ
(�150 �C) and TP (�200 �C) temperatures employed in DQ&P pro-
cessing, suggesting that the partitioning is quite effective at such
low temperatures in stabilizing a good fraction (�15%) of RA. Also,
it resulted in high TRIP strains despite only moderate enrichment
(Cc = 0.63%), even though all the RA may not transform, both due
to size effects as well as possibility of mechanical stabilization.
Overall, the high mechanical properties are attributed to the for-
mation of desired nanolath martensite and film-like interlath RA
(�15%) structures. The martensitic matrix imparted the high
strength in the steel, whereas the finely divided RA improved the
work hardening capacity and uniform elongation.

Fig. 4 shows the variation of Charpy impact energy as a function
of test temperature for the DQ&P processed steel. The transition
temperature corresponding to 28 J impact energy (T28J) is
estimated to be about �10 �C, which is quite good in view of the
relatively high carbon content (0.4%) of the steel. Prior straining
in the austenite through controlled rolling in Tnr regime resulted



Fig. 2. (a) Typical microstructure of DQ&P specimen, (b) magnified image of the selected region as indicated in (a).

Fig. 3. (a) TEM bright, and (b) dark field images of DQ&P steel; (c) SAED pattern from the twinned region; (d) dark field imaging of the selected spot as marked by a circle in
(c).

Table 2
Mechanical properties of the lab rolled DQ&P steel, along with the RA and its carbon contents (Cc).

Rp0.2[MPa] Rp1.0[MPa] Rm[MPa] A[%] Ag[%] Hardness[HV5] RA[%] Cc[%]

1025 1318 2137 12.3 7.3 625 15 0.63
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in significant pancaking of the austenite grains, which in turn
imparted extensive refinement of martensite packets/blocks lead-
ing to significant improvement in impact properties. Further
research is in progress to improve the Rp0.2 to the desired level
and further enhance the impact properties in respect of upper shelf
energies as well as lower T28J temperatures.
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4. Conclusions

(i) In pursuance of developing tough, ductile ultrahigh strength
steels, composition design based on 0.4 wt% carbon steels
with high silicon and/or aluminium is in progress. A novel
processing route comprising multi-pass thermomechanical



Fig. 4. Charpy Impact energy vs. test temperature plot for DQ&P processed steel
specimens.
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rolling followed by direct quenching and partitioning
(DQ&P) amenable for industrial processing was developed
to achieve the target properties using a high-silicon steel.

(ii) The advantage of strained austenite in refining and random-
ization of the martensite packets/blocks was evident. DQ&P
treatment facilitated a fine acicular aggregate of carbon
depleted nanolath martensite with finely divided film-like,
interlath austenite. Even at relatively low quenching (�
150 �C) and partitioning (�200 �C) temperatures, most of
the untransformed austenite could be retained (�12%) at
RT, suggesting the effectiveness of the partitioning even at
low temperatures. Fine division of RA as interlath films
between the martensite laths contributed to a good combi-
nation of mechanical properties, including very good impact
properties despite relatively high carbon contents in the
steel. Further work is in progress to improve the mechanical
properties, particularly yield strength.

(iii) The ultrahigh strength achieved in the steel with adequate
ductility and good low temperature toughness indicates that
there are immense potentials of DQ&P route for developing
tough, ductile steels for various applications.

(iv) The probable existence of novel Omega (x) phase at the
boundaries of twinned martensite could be discerned in this
study. The mechanism of its formation can be tentatively
assessed in respect of transformation of C-enriched austen-
ite to both x and twinned martensite during final cooling.
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