Paradigm Academic Press -—
S

Innovation in Science and Technology -=
ISSN 2788-7030 PARADIGM
MAR. 2026 VOL.5, NO.1

Quench and Partitioning Heat Treatment to Improve the Ductility of
Ultra High Strength Steel

J. N. Mohapatra' & D. Satish Kumar!
1 JSW Steel Ltd., Toranagallu, Bellary, Karnataka 583275, India
Correspondence: J. N. Mohapatra, JSW Steel Ltd., Toranagallu, Bellary, Karnataka 583275, India.

doi:10.63593/1ST.2788-7030.2026.03.001

Abstract

Quench & Partitioning (Q&P) heat treatment was carried out on an ultra high strength steel with the Q&P
temperatures below the Ms-Temperature. It was found that by increasing the single stage Q&P temperature
resulted in decrease in yield strength, ultimate tensile strength and hardness with marginal increase in the total
elongation of the steel where no retained austenite is found. With the double stage Q&P heat treatment a very
marginal decrease in the ultimate tensile strength found with a significant increase in its total elongation due to
presence of 3-5% retained austenite detected by XRD. Hence, double stage Q&P heat treatment can be an
effective method to improve the ductility of ultra high strength steels by stabilizing the retained austenite which
give the TRIP effect while deformation.
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1. Introduction

Quench and partitioning (Q&P) steels have similar chemical composition to TRIP assisted steels with the
excellent combination of strength and elongation suitable for automotive applications. In this process the steel is
subjected to quenching in a temperature range below the martensite start temperature after austenitization above
Aj temperature or after inter critical annealing, the steel may be either held at the same quenching temperature
called as single stage Q&P or the steel temperature is raised above the quench temperature either in the
martensite regime or above the martensite regime to the bainitic regime followed by water quenching or air
cooling called as second stage Q&P to achieve attractive level of strength and elongations in the third generation
AHSS regime suitable for automotive applications (David K Matlock et al., 2003; Hana Jirkova et al., 2012;
Wang Li et al., 2013; G. A. Thomas & J. G. Speer, 2014; Yuki Toji et al., 2014; Emmanuel De Moor et al., 2017;
Li, Z. etal., 2021; Y.Y. Cheng et al., 2022; Xu, Y. et al., 2022; Yuki Toji et al., 2023; Christian Illgen et al., 2023;
Evgeniy Tkachev et al., 2023; Pengsheng Hu et al., 2023; Roman Mishnev et al., 2023). In the process of
partitioning the carbon from the martensite is rejected to the surrounding to be become relatively soft martensite
whereas the rejected carbon is captured by the retained austenite to stabilize at room temperature. Various
alloying elements play a vital role in the carbon partitioning and stabilizing the retained austenite in addition to
the grain refinement and morphological changes in the microstructure to give the unique characteristics
microstructure and mechanical properties to the steel. Effect of C & Mn-Carbon and Mn stabilizes the retained
austenite in the Q&P steel also imparts the morphology of the microstructure in the steel (Huan Xiao et al., 2022;
Emmanuel De Moor et al., 2011). Effect of Si-Si suppresses the cementite and carbide formation leading to
availability of more rejected/partitioned carbon from the martensite to the retained austenite to stabilize it (S
Jenicek et al., 2017). Effect of Cr & Mo and V-Q&P heat treatments in Cr-Mo steel with less Si and Al elements
presents an obvious characteristic of tempered martensite, while high-Silicon and high-aluminum steels with
more Si or Al contain more residual austenite and Cr, Mo, V further gives more stable austenite (Wen-hua Xu et
al., 2023; Roman A. Kussa et al., 2022). Effect of Nb & Ti-grain boundary pinning by precipitates and Nb solute
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drag effects refine the austenite grain size during the hot-rolling process to give refined in the final
microstructure of Q&P steel. The remaining supersaturated Nb suppresses the bainite formation and decreases
the final bainite fraction formed in the Q&P process. Ti too helps in grain refinement by the precipitation of fine
carbides and carbo nitrides (Zhisong Chai et al., 2021; Ji Dong et al., 2017).

Effect of Cu-Combination of nanosized Cu-rich precipitates and ultrafine microstructure through the addition of
Cu can be a highly potential method to improve the mechanical properties of Q&P steel (Xu Wang et al., 2022).

2. Experimental

The steel used in the present study was designed and induction melted followed by hot deformation to
70mm*70mm billet size to further processing. The chemical composition of the steel was obtained using
SPECTRO optical emission spectroscopy. The hot deformed billet was then sliced to 2mm thick sheets in an
EDM machine for the further experiments. JMat Pro software was used to construct the CCT diagram and the
critical temperatures such as Az, Ai, B; and M; and found to be 843, 743, 498 and 328°C respectively. The
experiment involved holding the samples above Az temperature for 5 min followed by quenching at 150, 200,
250°C for 5min for the single stage Q&P and the 200 and 250°C samples were again partitioned at 300°C for
Smin for the double stage Q&P and then water quenched. The heat-treated samples were then subjected to
standard metallography for microstructural observation using a Hitachi scanning electron microscope (SEM).
Subsize standard (ASTM ES8) tensile specimens were made from the as-hot-deformed and heat-treated samples
for the tensile test on a Zwick/Roell make 250 kN universal tensile testing machine at a standard strain rate of
0.008/s for the evaluation of mechanical properties.

3. Results and Discussion

Chemical composition of the steel obtained through OES is shown in Table 1. The steel is having (Wt. %)
0.2C-2Mn-1.78i-0.9Cr-0.18M0-0.07Nb-0.04Ti-0.2Cu-0.05Ni-0.025A1-0.002B-0.04S-0.06P. The steel is a low
carbon low alloy steel suitable for automotive applications. C and Mn stabilizes the retained austenite in the steel
whereas Si helps in retarding the cementite formation leading to additional austenite stabilization. Cr, Mo and V
give strength to the steel and Nb, Ti with the fine precipitates helps in grain refinement in the steel. The Cu with
the nano size precipitate further improves the strength of the steel.

Table 1. Chemical composition of the steel (wt. %)

C Mn S P Si  |Al Cr Ni Cu Nb \4 Ti Mo B

0.213 [2.07 (0.037 |0.056 |1.71 [0.025 (0.899 |0.045 |0.213 |0.069 [0.005 |0.038 |0.176 [0.0017

The CCT diagram of steel with the critical temperatures and heat treatment cycle is shown in Figure 1.
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Figure 1. CCT diagram of the steel with the critical temperature and heat treatment cycle

The low and high magnification SEM micrograph of the steel austenitized at 880°C followed by salt bath
quenching and partitioning at 150, 200 and 250°C and then water quenched is shown in Figure 2. The volume
fraction of martensite at each quenched temperature can be evaluated through Koistinen-Marburger empirical
equation.

F=1=[70.011 (MS=T)] ceeeeeieieee e 1)
For the present steel Ms =327.9°C. Hence, the volume fraction of martensite
For 150°C, £=0.86
For 200°C, f=10.75
For 250°C, f=0.58

Hence, the volume fraction of martensite at the temperature of 150, 200 and 250°C are 86%, 75% and 58%
respectively.

The stress-strain diagram of the single stage and double stage quench and partitioning steel is shown in Figure 3.
The change in mechanical properties of the steel with increase in quench and partitioning temperature is shown
in Figure 4. The yield strength (YS), ultimate tensile strength (UTS) and hardness (HV) were found to decrease
with a marginal increase in the total elongation of the steel with the increase in Q&P temperature. With an
increase in Q&P temperature, the volume fraction of martensite decreased, which led to a decrease in strength
and hardness, with a marginal increase in the total elongation of the steel.
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Figure 2. SEM micrograph of the steel at low magnification (a), (c) and (e) and their corresponding high
magnification micrographs (b), (d) and (f) of the single stage quenched and partitioning temperature 150, 200
and 250°C respectively

The SEM micrograph of the steel at low and high magnification subjected to double stage Q&P at 300°C after
quenched at 200 and 250°C is shown in Figure 5. The mechanical properties of the steel after partitioning at
300°C compared to their single stage quench and partitioning condition at 200 and 250°C mechanical properties
is shown in Figure 6. The results clearly show that a marginal decrease in the ultimate tensile strength and a
significant increase in the total elongation occurs due to the double stage quench and partitioning of carbon from
the martensites. The XRD of the Q&P steels is shown in Figure 7. The retained austenite content of the steel is
summarized in Table 2. It can be observed that no retained austenite is detected in the single stage Q&P, which
might be due to the transformation of the retained austenite to bainite/martensite during cooling, whereas a
maximum of 5% retained austenite is found at 200°C—300°C double stage Q&P and with 250°C-300°C it is
further decreased to 3%. The partitioning of carbon resulted in soft martensite and enrichment of retained
austenite, which helps in the TRIP effect to give adequate strength and elongation to the steel.
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Figure 3. Stress-strain diagram of the quenched and quenched and partitioned steel
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Figure 4. Change in yield strength (YS), ultimate tensile strength (UTS), hardness (Hv) and total elongation (TE)
of the steel with increase in quenching temperature
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Figure 5. Low and high SEM micrograph of the steel subjected to double stage quench and partitioning at 300°C
after quenching at 200°C (a) & (b) and after quenching at 250°C (¢) & (d)
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Figure 6. Change in mechanical properties of the steel after partitioning compared to the only quenched
condition
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Figure 7. XRD analysis of retained austenite volume fraction of the Q&P steels

Table 2. Retained austenite content evaluated through XRD

Q&P Condition Retained Austenite, %
880°C-150°C 0

880°C -200°C 0

880 °C -250°C 0

880 °C -200-300 °C 4.95

880 °C -250 °C -300°C 3.34

4. Conclusions

Single stage Q&P at 150, 200 and 250°C although give ultra high strength >1350MPa, poor elongation was
found due to absence of retained austenite content. With increase in single stage Q&P temperature the UTS
decreased marginally with small increase in the total elongation due to carbon partitioning in the steel.
Significant improve in the total elongation was found with a marginal decrease in the ultimate tensile strength by
the double stage Q&P of the steel at 300°C which were subjected to single stage Q&P at 200 and 250°C due to
presence of 3-5% retained austenite. More studies under progress to further improve the properties by double
stage Q&P heat treatment cycle.

References

Christian Illgen, Sven Winter, Rico Haase, Marcus Bohme, Nadja Reiser, Ansgar Hatscher, Verena Psyk, Verena
Kriusel and Martin F.-X. Wagner. (2023). Experimental and Numerical Process Design for Press
Partitioning of the New Q&P Steel 37SiB6. Metals, 13(8), 1346. https://doi.org/10.3390/met13081346.

David K Matlock, Volker E Brautigam, John G Speer. (2003). Application of quenching and partitioning (Q&P)
process to a medium carbon, high—Si microalloyed bar steel. Materials Science Forum, 426-432,
1089-1094.

Emmanuel De Moor, John Gordon Speer, David Kidder Matlock Jai-Hyun Kwak and Seung-Bok Lee. (2011).
Effect of Carbon and Manganese on the Quenching and Partitioning Response of CMnSi Steels. IS1J
International, 51(1), 137-144.

Emmanuel De Moor, Joonas Kidhkonen, Preston Wolfram, John G. Speer. (2017, Nov. 13-16). Current
developments in quenched and partitioned steels. Proceedings of the 5th International Symposium on Steel
Science (ISSS 2017). Kyoto, Japan: The Iron and Steel Institute of Japan.

Evgeniy Tkachev, Sergey Borisov, Yuliya Borisova, Tatiana Kniaziuk, Sergey Gaidar and Rustam Kaibyshev.




INNOVATION IN SCIENCE AND TECHNOLOGY MAR. 2026 VOL.5, NO.1

(2023). Strength—Toughness of a Low-Alloy 0.25C Steel Treated by Q&P Processing. Materials, 16, 3851.
https://doi.org/10.3390/mal6103851.

G. A. Thomas and J. G. Speer. (2014). Interface migration during partitioning of Q&P Steel. Materials Science
and Technology, 30(9), 998-1007. DOI 10.1179/1743284714Y.0000000546.

Hana Jirkova, Ludmila Kucerova and Bohuslav Masek. (2012). Effect of Quenching and Partitioning
Temperatures in the Q-P Process on the Properties of AHSS with Various Amounts of Manganese and
Silicon. Materials Science Forum, 706-709, 2734-2739.

Huan Xiao, Gang Zhao, Deming Xu, Yuanyao Cheng and Siqgian Bao. (2022). Effect of Microstructure
Morphology of Q&P Steel on Carbon and Manganese Partitioning and Stability of Retained Austenite.
Metals, 12, 1613. https://doi.org/10.3390/met12101613.

Ji Dong, Xiaosheng Zhou, Yongchang Liu, Chong Li, Chenxi Liu, Huijun Li. (2017). Effects of
quenching-partitioning-tempering treatment on microstructure and mechanical performance of Nb-V-Ti
microalloyed ultra-high strength steel. Materials Science and Engineering: A, 690(6), 283-293.

Li, Z., Wu, R., Li, M., Zeng, S.-S., Wang, Y., Xie, T., & Wu, T. (2021). The Effect of Quenching and Partitioning
(Q&P) Heat Treatment on the Microstructure and Mechanical Properties of High Boron Steel. Materials,
14(6), 1556. https://doi.org/10.3390/mal14061556

Pengsheng Hu, Yu Su, Jun Li and Zhicheng Zuo. (2023). Texture and mechanical properties of quenching and
partitioning steel. Materials Research, 10, 076504. https://doi.org/10.1088/2053-1591/acd1d2.

Roman A. Kussa, Vadym I. Zurnadzhy, Manuele Dabala, Mattia Franceschi, Vasily G. Efremenko, Ivan
Petryshynets, Frantisek Kromka, Michail N. Brykov. (2022). Comparative study on the effect of (Cr, Mo,
V)-alloying on transformation and mechanical behavior of 0.2 wt.% C TRIP-assisted steel. Kovove Mater,
60, 31-43. DOI: 10.31577/km.2022.1.31

Roman Mishnev, Yuliya Borisova, Pikina Anna, Sergey Gaidar, Rustam Kaibyshev. (2023). Medium carbon
Q&P steel with high product of strength and elongation. Materials Science Forum, 1105(9), 117-122.

S Jenicek, I Vorel, J Kana, K Opatova, K Rubesova, V Kotesovec and B Masek. (2017). Evolution of
microstructure and mechanical properties during Q&P processing of medium-carbon steels with different
silicon levels. IOP Conference Series: Materials Science and Engineering, 181, 012035.

Wang Li, Zhong Yong, Feng Weijun, Jin Xinyang, John G. Speer. (2013). Industrial Application of Q&P Sheet
Steels. AIST, 141-151.

Wen-hua Xu, Yang Li, Gui-yong Xiao, Guo-chao Gu, Yu-peng Lu. (2023). Effects of quenching and partitioning
on microstructure and properties of high-silicon and high-aluminum medium carbon alloy steels. Materials
Today Communications, 34, 10503 1. https://doi.org/10.1016/j.mtcomm.2022.105031.

Xu Wang, Yunbo Xu, Yuan Wang, Jiayu Li, Yu Wang, Xingli Gu, R.D.K. Misra. (2022). Combined effect of Cu
partitioning and nano-size precipitates on improving strength-ductility balance of Cu bearing Q&P steel.
Materials Characterization, 194, 112441.

Xu, Y., Chen, F., Li, Z., Yang, G., Bao, S., Zhao, G., Mao, X., & Shi, J. (2022). Kinetics of Carbon Partitioning
of Q&P Steel: Considering the Morphology of Retained Austenite. Metals, 12(2), 344.
https://doi.org/10.3390/met12020344

Y.Y. Cheng, G. Zhao, D.M. Xu, X.P. Mao, S.Q. Bao, G.W. Yang. (2022). Comparative study on microstructures
and mechanical properties of Q&P steels prepared with hot-rolled and cold-rolled C-Si-Mn sheets. Journal
of Materials Research and Technology, 20, 1226-1242.

Yuki Toji, Hiroshi Matsuda, Michael Herbig, Pyuck-Pa Choi, Dierk Raabe. (2014). Atomic-scale analysis of
carbon partitioning between martensite and austenite by atom probe tomography and -correlative
transmission electron microscopy. Acta Materialia, 65, 215-228.

Yuki Toji, Tatsuya Nakagaito, Hiroshi Matsuda, Kohei Hasegawa, and Shinjiro Kaneko. (2023). Effect of
Microstructure on Mechanical Properties of Quenching &Partitioning Steel. ISIJ International, 63(4),
758-765. https://doi.org/10.2355/isijinternational ISIJINT-2022-508.

Zhisong Chai, Jun Hu, Chenchong Wang, Lingyu Wang, Weihua Sun, Sybrand van der Zwaag, Wei Xu. (2021,
July 21). Effect of Nb on Microstructural Evolution and Mechanical Properties of Hot-Rolled Quenching
and Partitioning Steels Containing Bainite. Steel Research International.
https://doi.org/10.1002/srin.202100247.



INNOVATION IN SCIENCE AND TECHNOLOGY MAR. 2026 VOL.5, NO.1

Copyrights
Copyright for this article is retained by the author(s), with first publication rights granted to the journal.

This is an open-access article distributed under the terms and conditions of the Creative Commons Attribution
license (http://creativecommons.org/licenses/by/4.0/).



