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In this paper, the enhanced mechanical properties and strengthening mechanism of ultrafine-lamella 304 L
stainless steel prepared through multidirectional hot forging process are investigated. This ultrafine-lamella
structure has an excellent combination of strength and ductility. The high yield strength origins from the ul-
trafine grains (fine grain strengthening mechanism) and the high density of dislocations in ultrafine grains
(dislocation strengthening mechanism). The good ductility benefits from the continuous strain-induced
martensitic transformation with continuous tensile deformation. During the transformation process, the

martensitic transformation improves the strain hardening ability, thereby maintaining the tensile ductility of
ultrafine-lamella 304 L stainless steel. Consequently, the strength and ductility during plastic deformation are

effectively improved.

1. Introduction

304 L stainless steel is widely used due to its excellent corrosion
resistance and excellent processing properties [1,2], but higher strength
and better ductility are required under certain harsh working condi-
tions. Recently, more and more reports are focused on how to realize the
combination of high strength and good ductility for metallic materials
[3,4]. Many methods have been proposed to improve the strength and
ductility of metallic materials [4-8]. Severe plastic deformation (SPD) is
one of the most often used method, through which an ultrafine/nano
structure can be obtained [3,5]. Although the yield strength is signifi-
cantly improved after SPD processing, the introduced refined martens-
itic structure is belonged to a brittle structure, and it is difficult to

maintain the strain hardening ability during the stretching process
[2-4]. A lot of work pointed out that the ultrafine grained single-phase
austenitic structure can be obtained through severe plastic deformation
and subsequent heating treatment process, so as to achieve good
strength-ductility matching [3,4]. Previous studies also indicated that
the lamella heterostructure had made a great contribution to improve
the strength and ductility of metallic materials [4,9]. The improvement
of its ductility largely depended on the strain-induced martensitic
transformation process during the stretching process [2]. A large num-
ber of studies have also emphasized the influence of structure and phase
change process on mechanical properties for other materials [10,11].
Therefore, in order to obtain an ultrafine grain structure with a
strengthening effect, while ensuring a continuous martensitic
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Fig. 1. Schematic diagram of multidirectional hot forging process.

transformation effect during the stretching process, which is the key to
realize good strength-ductility synergy of 304 stainless steel [3]. High
temperature forging process can effectively realize formations of ultra-
fine grain while ensuring nearly a single austenitic structure [8,12]. The
ultrafine grain structure can ensure a high yield strength, and the orig-
inal single austenitic structure can ensure the continuous martensitic
transformation effect during the stretching deformation process.

In this work, a multi-pass hot forging process was conducted to
achieve an ultrafine grain structure with nearly a single austenitic
structure. Moreover, it revealed the improvement and strengthening
mechanism of the strength-ductility matching of 304 stainless steel,
which can broaden its application.
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2. Experimental

In this work, the chemical composition of 304 L austenitic stainless
steel is C-0.02, P-0.026, S-0.005, Si-0.36, Mn-1.23, Ni-8.1, Cr-18.21 and
balance Fe (wt%). The mean grain size of the as-received sample is ~70
pm. The ultrafine-lamella 304 L stainless steel samples were obtained by
multidirectional hot forging process. The schematic diagram of multi-
directional hot forging is exhibited in Fig. 1. Firstly, the 20 x 20 x 20
mm? sample is heated at 700 °C for 5 min. The temperature of 700 °C
was selected for forging because the martensitic phase can be effectively
eliminated at ~700 °C according to previous works [3,13]. In order to
ensure the forging process conducted at high temperature, the heated

Austenite
Il Martensite

1000 mmm

P———

Fig. 2. (a) and (b) are the EBSD contrast map and IPF map of as-received 304 L sample, respectively; (c) and (d) are the EBSD contrast map and IPF map of hot
forging 304 L sample, respectively; (e) XRD curves of as-received and hot forging 304 L samples; (f) TEM image of the hot forging 304 L sample.
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Fig. 3. (a) Typical tensile engineering stress-strain curves of as-received and hot forging 304 L samples; (b) Comparison of strength and ductility in present work and
previous references. Hot forging [17], CR/CR-Annealing [18-20], DPD/DPD-Annealing [21,22] and ECAP/ECAP-Annealing [2,23-25].
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Fig. 4. (a) (b) and (c) are the EBSD IPF map, phase distribution map and TEM image of the fractured as-received 304 L sample, respectively; (d) (e) and (f) are the
EBSD IPF map, phase distribution map and TEM image of the fractured hot forging 304 L sample, respectively. (d1) and (el) are the EBSD IPF map and phase
distribution map of the deformed hot forging 304 L sample with the tensile strain of ~10%.

samples were taken out and immediately forged from 20 mm to 15 mm
along the X axis. Whereafter, it was rotated with 90°, and then forged
into a nearly square section. Finally, it was forged to the original cube
shape along the Z axis completing the first cycle forging process. After
repeating this hot forging process for 8 times, it was forged to a sheet
with a thickness of 5 mm. Then, flat “dog-bone” tensile specimens with
gauge dimension of 2 x 2 x 5 mm® were cut. These nonstandard tensile
specimens were also used in many previous references [14-16]. Uniaxial
tensile tests were conducted with the strain rate of 2 x 103571, In order
to guarantee the reliability of all the data, each tensile test was per-
formed three times.

The automated Bruker-AXS D8 Advance diffractometer with Cu Ka
radiation (40°-100° and 4°/min) was used to obtain XRD patterns. The
electron backscatter diffraction (EBSD) and transmission electron mi-
croscopy (TEM) measurements were conducted to analyze the micro-
structure evolution. EBSD maps were taken by a Zeiss Auriga scanning
electron microscope (SEM) equipped with an Oxford EBSD detector
(accelerating voltage: 15 kV, step size: 40-600 nm).

3. Results and discussion
Fig. 2 (a) and (b) indicate that the original structure of the as-

received sample is nearly a single austenitic phase with coarse grain
state. After multidirectional hot forging process, an ultrafine-lamella

structure with the thickness of several hundred nanometers is ob-
tained. During the multidirectional hot forging process, the original
coarse grains continually undergo the process of deformation and
recrystallization at ~700 °C, so as to achieve the effect of grain refine-
ment. After the last pass of forging, an ultrafine-lamella structure is
obtained because of the 75% hot forging reduction (from 20 mm to 5
mm). As shown in Fig. 2 (¢)-(f), such ultrafine grain structure is still with
nearly a single austenitic structure and contains high density of dislo-
cations. As shown in Fig. 3, the hot forging sample exhibits a good
combination of strength and ductility during the stretching process
(yield strength: 750 MPa, uniform elongation: 0.39), which is further
confirmed by the comparison of strength and ductility in present work
and previous references (Fig. 3b) [2,17-25]. In detail, a sharp increase of
stress with strain at the beginning (Fig. 3a). This higher elastic limit
strength can be attributed to ultrafine grain strengthening and disloca-
tion strengthening. With the tensile strain increasing, the stress for hot
forging sample increases. Once the stress reaches the critical value to
start martensitic transformation (~820 MPa), the original accumulated
strain energy will rapidly be released to compensate for the energy
required for martensitic transformation, and then the initial tensile
strain is difficult to maintain the stress state [26]. So, a stress drop
occurred and this is a typical yield drop phenomenon for low carbon
stainless steel [3]. With the further increase of tensile strain, the volume
fraction of the martensite steadily increases (Fig. 4e and el), and this
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may provide the enough strain hardening rate for uniform deformation
[4,27]. The martensitic phase transition ratio of the stretched sample is
carefully counted and calculated, and it indicates that the ratio of
martensitic transformation is 84.6% for hot forging sample (Fig. 4e).
Such phase transformation process is called the strain-induced
martensitic transformation effect, which can improve the ductility of
hot forging sample by the transformation-induced plasticity (TRIP) ef-
fect [3,26,28]. Consequently, the high strength of hot forging sample
origins from ultrafine grain strengthening and dislocation strengthening
while the good ductility benefits from the strain-induced martensitic
transformation.

4. Conclusions

The ultrafine-lamella 304 L stainless steel with the excellent strength
and ductility matching was achieved by multidirectional hot forging.
The yield strength of processed steel is ~750 MPa and the uniform
elongation ~0.39. The effects of the grain refinement strengthening and
dislocation strengthening lead to dramatic increase in yield strength and
the strain-induced martensitic transformation improves the ductility.

Declaration of competing interest

We declare that we have no financial and personal relationships with
other people or organizations that can inappropriately influence our
work, there is no professional or other personal interest of any nature or
kind in any product, service and/or company that could be construed as
influencing the position presented in, or the review of the manuscript
entitled “Enhanced mechanical properties of ultrafine-lamella 304L
stainless steel processed by multidirectional hot forging”.

Acknowledgment

The authors acknowledge the financial support of National Natural
Science Foundation of China (52071180), Natural Science Foundation of
Jiangsu Province (BK20191292), Natural Science Foundation of Anhui
Province (2008085J23), Project funded by China Postdoctoral Science
Foundation (2020TQ0300), Open Research Fund of Anhui Key Labora-
tory of High-Performance Non-ferrous Metal Materials, Anhui Poly-
technic University Research Founding (Xjky2020015), Project Additive
Manufacturing Institute of Anhui Polytechnic University (2020ybxm02,
2020ybxm05) and Natural Science Foundation of Anhui Provincial Ed-
ucation Department (KJ2020A0342).

Vacuum 187 (2021) 110116

References

[1] K.H. Lo, C.H. Shek, J.K.L. Lai, Mater. Sci. Eng. R 65 (2009) 39-104. https://doi:10
.1016/j.mser.2009.03.001.
[2] C.X. Huang, W.P. Hu, Q.Y. Wang, et al., Mater. Res. Lett. 3 (2015) 88-94, https://
doi.org/10.1080/21663831.2014.968680.
[3] J.S. Li, C. Fang, Y.F. Liu, Y, Mater. Sci. Eng. A 742 (2019) 409-413, https://doi.
org/10.1016/j.msea.2018.11.047.
[4] J.S. Li, Y. Cao, B. Gao, et al., J. Mater. Sci. 53 (2018) 10442-10456, https://doi.
org/10.1007/510853-018-2322-4.
[5] B.B. Straumal, V. Pontikis, A.R. Kilmametov, et al., Acta Mater. 122 (2017) 60-71,
https://doi.org/10.1016/j.actamat.2016.09.024.
[6] B.B. Straumal, A.A. Mazilkin, S.G. Protasova, et al., Mater. Lett. 161 (2015)
735-739, https://doi.org/10.1016/j.matlet.2015.09.076.
[7]1 E.W. Qin, L. Lu, N.R. Tao, et al., Acta Mater. 57 (2009) 6215-6225, https://doi.
org/10.1016/j.actamat.2009.08.048.
[8] A.K. Padap, G.P. Chaudhari, S.K. Nath, et al., Mater. Sci. Eng. A 527 (2009)
110-117, https://doi.org/10.1016/j.msea.2009.08.066.
[9] X.L. Wu, M.X. Yang, F.P. Yuan, et al., P. Natl. Acad. Sci. USA. 112 (2015) 14501,
https://doi.org/10.1073/pnas.1517193112.
[10] C.M. Koller, H. Marihart, H. Bolvardi, et al., Surf. Coating. Technol. 347 (2018)
304-312, https://doi.org/10.1016/j.surfcoat.2018.05.003.
[11] M. Bartosik, H.J. Bohm, C. Krywka, Z.L. Zhang, P.H. Mayrhofera, Vacuum 155
(2018) 153-157, https://doi.org/10.1016/j.vacuum.2018.06.001.
[12] M. Odnobokova, A. Kipelova, A. Belyakov, et al., IOP Conf. Ser. Mater. Sci. Eng. 63
(2014), 012060, https://doi.org/10.1088/1757-899X/63/1/012060.
[13] J.S. Li, B. Gao, Z.W. Huang, et al., Vacuum 157 (2018) 128-135, https://doi.org/
10.1016/j.vacuum.2018.08.049.
[14] Z.S.You, H.L. Fu, S.D. Qu, et al., Nano Mater. Sci. 2 (2020) 72-79, https://doi.org/
10.1016/j.nanoms.2020.03.001.
[15] K. Wei, R. Hu, D.D. Yin, et al., Acta Mater. 206 (2021) 116604, https://doi.org/
10.1016/j.actamat.2020.116604.
[16] H. Wang, Z.S. You, L. Lu, Mater. Res. Lett. 6 (2018) 333-338, https://doi.org/
10.1080/21663831.2018.1455752.
[17] M.C. Mataya, E.L. Brown, M.P. Riendeau, Metall. Trans. A 21 (1990) 1969-1987,
https://doi.org/10.1007/BF02647245.
[18] B.R. Kumar, D. Raabe, Scripta Mater. 66 (2012) 634-637, https://doi.org/
10.1016/j.scriptamat.2012.01.052.
[19] M. Milad, N. Zreiba, F. Elhalouani, et al., J. Mater. Process. Technol. 203 (2008)
80-85, https://doi.org/10.1016/j.jmatprotec.2007.09.080.
[20] M. Shirdel, H. Mirzadeh, M.H. Parsa, Mater. Char. 103 (2015) 150-161, https://
doi.org/10.1016/j.matchar.2015.03.031.
[21] H.Y.Yi, F.K. Yan, N.R. Tao, et al., Scripta Mater. 114 (2016) 133-136, https://doi.
org/10.1016/j.scriptamat.2015.12.021.
[22] H.Y.Yi, F.K. Yan, N.R. Tao, et al., Mater. Sci. Eng. A 647 (2015) 152-156, https://
doi.org/10.1016/j.msea.2015.08.065.
[23] Z.J. Zheng, J.W. Liu, Y. Gao, Mater. Sci. Eng. A 680 (2017) 426-432, https://doi.
org/10.1016/j.msea.2016.11.004.
[24] S. Qu, C.X. Huang, Y.L. Gao, et al., Mater. Sci. Eng. A 475 (2008) 207-216, https://
doi.org/10.1016/j.msea.2007.04.111.
[25] C.X. Huang, G. Yang, Y.L. Gao, S.D. Wu, Z.F. Zhang, Mater. Sci. Eng. A 485 (2008)
643-650, https://doi.org/10.1016/j.msea.2007.08.067.
[26] L.M. Fu, Z.M. Li, H.R. Wang, et al., Scripta Mater. 67 (2012) 297-300, https://doi.
org/10.1016/j.scriptamat.2012.05.010.
[27] Z.G. Zhu, W.L. Li, Q.B. Nguyen, et al., Addit. Manuf. 35 (2020) 101300, https://
doi.org/10.1016/j.addma.2020.101300.
[28] M. Soleimani, A. Kalhor, H. Mirzadeh, Mater. Sci. Eng. A 795 (2020) 140023,
https://doi.org/10.1016/j.msea.2020.140023.


https://doi:10.1016/j.mser.2009.03.001
https://doi:10.1016/j.mser.2009.03.001
https://doi.org/10.1080/21663831.2014.968680
https://doi.org/10.1080/21663831.2014.968680
https://doi.org/10.1016/j.msea.2018.11.047
https://doi.org/10.1016/j.msea.2018.11.047
https://doi.org/10.1007/s10853-018-2322-4
https://doi.org/10.1007/s10853-018-2322-4
https://doi.org/10.1016/j.actamat.2016.09.024
https://doi.org/10.1016/j.matlet.2015.09.076
https://doi.org/10.1016/j.actamat.2009.08.048
https://doi.org/10.1016/j.actamat.2009.08.048
https://doi.org/10.1016/j.msea.2009.08.066
https://doi.org/10.1073/pnas.1517193112
https://doi.org/10.1016/j.surfcoat.2018.05.003
https://doi.org/10.1016/j.vacuum.2018.06.001
https://doi.org/10.1088/1757-899X/63/1/012060
https://doi.org/10.1016/j.vacuum.2018.08.049
https://doi.org/10.1016/j.vacuum.2018.08.049
https://doi.org/10.1016/j.nanoms.2020.03.001
https://doi.org/10.1016/j.nanoms.2020.03.001
https://doi.org/10.1016/j.actamat.2020.116604
https://doi.org/10.1016/j.actamat.2020.116604
https://doi.org/10.1080/21663831.2018.1455752
https://doi.org/10.1080/21663831.2018.1455752
https://doi.org/10.1007/BF02647245
https://doi.org/10.1016/j.scriptamat.2012.01.052
https://doi.org/10.1016/j.scriptamat.2012.01.052
https://doi.org/10.1016/j.jmatprotec.2007.09.080
https://doi.org/10.1016/j.matchar.2015.03.031
https://doi.org/10.1016/j.matchar.2015.03.031
https://doi.org/10.1016/j.scriptamat.2015.12.021
https://doi.org/10.1016/j.scriptamat.2015.12.021
https://doi.org/10.1016/j.msea.2015.08.065
https://doi.org/10.1016/j.msea.2015.08.065
https://doi.org/10.1016/j.msea.2016.11.004
https://doi.org/10.1016/j.msea.2016.11.004
https://doi.org/10.1016/j.msea.2007.04.111
https://doi.org/10.1016/j.msea.2007.04.111
https://doi.org/10.1016/j.msea.2007.08.067
https://doi.org/10.1016/j.scriptamat.2012.05.010
https://doi.org/10.1016/j.scriptamat.2012.05.010
https://doi.org/10.1016/j.addma.2020.101300
https://doi.org/10.1016/j.addma.2020.101300
https://doi.org/10.1016/j.msea.2020.140023

	Enhanced mechanical properties of ultrafine-lamella 304L stainless steel processed by multidirectional hot forging
	1 Introduction
	2 Experimental
	3 Results and discussion
	4 Conclusions
	Declaration of competing interest
	Acknowledgment
	References


