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A B S T R A C T   

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 

* Corresponding author. Anhui Key Laboratory of High-Performance Non-ferrous Metal Materials, Anhui Polytechnic University, Wuhu, 241000, PR China. 
** Corresponding author. School of Engineering and Technology, China University of Geosciences (Beijing), Beijing, 100083, PR China. 

E-mail addresses: drlijiansheng@163.com, lijiansheng@ahpu.edu.cn (J. Li), qwb_strive@126.com (W. Qin).   
1 These authors contributed equally to this work. 

Contents lists available at ScienceDirect 

Vacuum 

journal homepage: http://www.elsevier.com/locate/vacuum 

https://doi.org/10.1016/j.vacuum.2021.110116 
Received 12 December 2020; Received in revised form 15 January 2021; Accepted 1 February 2021   

mailto:drlijiansheng@163.com
mailto:lijiansheng@ahpu.edu.cn
mailto:qwb_strive@126.com
www.sciencedirect.com/science/journal/0042207X
https://http://www.elsevier.com/locate/vacuum
https://doi.org/10.1016/j.vacuum.2021.110116
https://doi.org/10.1016/j.vacuum.2021.110116
https://doi.org/10.1016/j.vacuum.2021.110116
http://crossmark.crossref.org/dialog/?doi=10.1016/j.vacuum.2021.110116&domain=pdf


Vacuum 187 (2021) 110116

2

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. 

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 
μm. 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 × 20 × 20 
mm3 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 

Fig. 1. Schematic diagram of multidirectional hot forging process.  

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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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 × 2 × 5 mm3 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 × 10− 3 s− 1. 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 (c)–(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 e1), and this 

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]. 

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 (e1) are the EBSD IPF map and phase 
distribution map of the deformed hot forging 304 L sample with the tensile strain of ~10%. 
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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. 
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