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a b s t r a c t 

In this paper, a commercial grade 304 SS has been processed by high-frequency pulse forging - rotary 

swaging (RS) to different strains up to 1.5. The average grain size, volume fraction of martensite and to- 

tal dislocation density of ∼80 nm, 68 vol.% and 2.15 × 1015 m−2 , respectively, are achieved in the 304 

steel at an equivalent strain of ∼1.5, granting the steel withan ultra-high yield strength of 2235 MPa. 

Subsequent annealing at 450 °C for 10 min, led to the unexpected formation of high-density B2 nanopre- 

cipitates for the first time in the 304 steel and an increased volume fraction of nanostructured marten- 

site, and thus further increased the yield strength to a new record of 2375 MPa. Annealing the RS steel 

at 700 °C for 10 min, led to the heterostructure consisting of coarse-grained austenite, nanostructured 

austenite and nanostructured martensite. Semi-in-situ X-ray diffraction tensile tests, in-situ digital image 

correlation analysis and ex-situ microstructural characterization together reveal that the heterostructured 

304 steel deforms via synergistic deformation mechanisms involving martensitic transformation, defor- 

mation twinning, dislocation-precipitate interactions, thus demonstrating the excellent yield strength of 

1290 MPa and uniform elongation of 20.1 %. 

© 2026 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

Austenitic stainless steels have been used in nearly all indus- 

ries, including aerospace, nuclear power, petroleum, automobile, 

iomedical, food processing, textile manufacturing, etc. [ 1–3 ], ow- 

ng to their excellent corrosion resistance, formability, workability, 

eldability and non-magnetic property [ 4–8 ]. Austenitic stainless 

teels usually have large contents of chromium and nickel which 

tabilize the austenitic phase at room temperature and provide the 

teels with excellent corrosion resistance, but on the other hand 

ignificantly lower the yield strength (YS). Fortunately, austenitic 

tainless steels do have widely adjustable mechanical properties 

ue to their comparatively low stacking fault energies (SFE) and 

he associated propensity for twinning and martensitic transfor- 

ation [ 9 ]. Both twinning and martensitic transformation can ac- 

ommodate plastic strain by shearing on slip planes, which are 

nown as the twin-induced plasticity [ 10 ] and transformation- 

nduced plasticity [ 11 ], respectively. Once twins and martensite 

orm, they can provide excess boundaries for blocking and storing 
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islocations, and thus significantly improve the strength at the cost 

f ductility. Nevertheless, common boundary strengthening mecha- 

isms such as high and low angle boundary strengthening can also 

e easily realized in austenitic stainless steels via cold plastic de- 

ormation to sufficiently high strains [ 12 ]. 

Austenitic stainless steels are high alloy steels, typically con- 

aining multiple alloying elements, including minor/trace additions, 

ith the total alloying content exceeding 20 wt. %. The high al- 

oying contents grant the steels with possibility of solute segrega- 

ion and precipitation upon heat treatment. Recently, strengthen- 

ng by introducing coherent nanoprecipitates in steels and multi- 

rincipal element alloys has received much attention [ 13 ]. Knowing 

hat combining the processes of severe plastic deformation (SPD) 

nd heat treatment can change the precipitation kinetics in many 

lloys [ 14 ], we are therefore wondering if some sort of beneficial 

recipitates can also be made in industrial-grade austenitic steels 

ia readily available industrial processes. Strengthening of plasti- 

ally deformed austenitic stainless steels after low-temperature an- 

ealing has been reported [ 15 , 16 ]. The strengthening phenomenon 

as been attributed to annealing-induced martensitic transforma- 

ion [ 15 ] or significant recovery of mobile dislocations [ 16 ]. In

ur present study, following low-temperature annealing, we ob- 
Materials Science & Technology. 
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Fig. 1. (a) Structural components of the RS system; (b) schematic illustration of the 

RS setup. 
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erved not only an increase in martensite content but also the 

recipitation of nano-sized B2 phase. This marks the first report 

f nano-sized B2 phase, typically found in Al-rich steels [ 17–19 ] 

nd in an Al-free 304 steel. As a potent strengthening phase, the 

2 phase contributes to strengthening in materials such as Al- 

ontaining lightweight steels, maraging steels, and medium-Mn 

teels [ 17 , 19 , 20 ]. Our findings provide an alternative explanation

or annealing-induced strengthening in austenitic steels and offer 

 new insight for designing high-strength austenitic steels. 

Both martensite and precipitate are secondary phases with dis- 

inct mechanical properties from the austenitic matrix. According 

o the pioneering work by Wu et al. [ 21 ], the existence of het-

rogeneous zones such as dual phase structure and precipitate- 

atrix structure may stimulate hetero-deformation induced (HDI) 

trengthening effect [ 22 ] on top of conventional strain harden- 

ng effect to help optimize the strength-ductility combination in 

etallic materials. Encouragingly, there have already been some 

eports on heterostructured steels with improved mechanical prop- 

rties [ 23 ], thus opening the horizon for making better austenitic 

tainless steels with heterostructures. Romero-Resendiz et al. sys- 

ematically reviewed the deformation mechanisms and properties 

f heterostructured stainless steel, providing valuable knowledge 

hat supports our current work [ 24 ]. 

While having many materials strengthening concepts in mind, 

e urgently need to put the concepts into practice and find the 

rocessing route for making ultra-strong austenitic stainless steels 

t an industrial scale. Severe plastic deformation [ 25 ] processes can 

heoretically impose unlimited strains for achieving the ultimate 

oundary strengthening effect to even triple the strength of steels 

 26 ], but high costs and scaling-up of the SPD processes are still

nsolved issues. Conventional plastic deformation processes such 

s rolling and extrusion are widely used for mass production of 

teel products, but the work hardening effect is limited due to low 

train input and low strain rate [ 27 ]. 

Rotary swaging (RS) is a near-net metal forming process that 

ses high-speed pulse hammers/dies to strike a cylindrical work- 

iece such as a solid rod or hollow tube, while the workpiece is 

xially fed into the unit of swaging dies, as shown in Fig. 1 . RS has

ollowing characteristics: (1) High-frequency pulse impact loading: 

2 or more pressure rollers are radially distributed around a full 

et of hammer blocks and dies ( Fig. 1 (b)); therefore, each full ro-

ation of the forging dies can forge the sample 12 times or more; 

y adjusting the rotation speed, the swaging machine using four 

ies can produce 180–1700 strokes per minute. (2) Multi-direction 

orging: the sample is forged/formed by four radially placed dies, 

herefore, the cylindrical sample experiences compressive strain in 

adial directions and tensile strain in the axial direction, simulta- 

eously. The multi-directional strains and stresses are effective in 

ctivating multiple slip systems for dislocations and even twinning. 

3) High strain rate: it takes only 0.04 s or less for a swaging ma-

hine to produce a complete stroke; by using different sets of dies 

nd spacers, the strain rate can be adjusted from 1 to 100 s−1 . (4)
298
ow strain input: the equivalent strain imposed by each strike is 

nly 0.01 or even much lower; such low strain input can help pre- 

ent premature failure and cracking during the swaging process, 

nd control the shape and surface quality of the workpiece. (5) 

pplicable to a wide range of metals: RS can efficiently reduce, ta- 

er, shape, form, or bond metal parts by imposing complex three- 

imensional stress states and incremental strains, even for metals 

ith low ductility such as magnesium alloys and metals with high 

trength such as tungsten, molybdenum and nickel alloys. 

Nowadays, RS is already a widely used industrial metal process- 

ng method that can continuously process a workpiece with the- 

retically unlimited length. RS has low cost and high production 

fficiency, making it especially suitable for mass production. Al- 

hough the plastic strain imposed by RS may not be as large as 

he SPD methods, the high strain rate imposed by RS in the ra- 

ial direction can drastically increase the dislocation densities in 

he metal workpiece for effective strain hardening. There have al- 

eady been many studies recently reporting the successful conduct 

f RS [ 28 , 29 ] for processing high-strength Ti [ 30 ], Mg-Gd-Y-Zr and

Z31 alloys [ 31–33 ], high-conductivity Cu and Cu-Cr alloys [ 34–

6 ], high-toughness Al matrix composites [ 37–39 ], etc. Hence, we 

re keen to prove the feasibility of making high-strength austenitic 

tainless steels by RS, and to understand the underlying co-action 

f various strengthening mechanisms. 

. Experimental 

.1. Rotary swaging and heat treatment 

The 304 grade steels have ∼18 % Cr and ∼8 % Ni and are there-

ore also known as 18/8 stainless steel. It has comparable mechan- 

cal properties and costs much < 316 grade steels, and thus makes 

t an excellent choice of model materials. The composition of the 

odel material is provided in Table 1 . The as-received 304 stain- 

ess steel (304 SS) has a uniform microstructure with an average 

rain size of 13.1 μm, as shown in Fig. 2 (a) and (b). Fig. 2 (c) shows

 schematic diagram of the RS process. The 304 SS bar with an 

nitial diameter of 24 mm and a length of 1 m underwent RS at 

oom temperature. RS reduced the diameter of the bar to 18.7, 14.6 

nd 11.3 mm, corresponding to the equivalent strains of 0.5, 1 and 

.5, respectively, as shown in Fig. 2 (d). The RS processed 304 SS 

amples are named RS0.5, RS1 and RS1.5 hereafter. The equivalent 

train was calculated by the formula, ε= ln( A0 / A ), where A0 and A

re the initial and post-swaging cross-sectional areas, respectively. 

he RS1.5 samples were annealed for 10 min in a muffle furnace at 

emperatures of 450 and 700 °C. The annealed samples are named 

S-450 and RS-700, respectively ( Fig. 3 ). 

.2. Mechanical property tests 

As shown in Fig. 3 , the flat dog-bone shaped samples for ten- 

ile tests have the gauge length, width and thickness of 10, 2.5 and 

 mm, respectively. The tensile samples were cut from the bars by 

he electrical spark wire cutting machine. The surfaces and edges 

f the tensile samples were polished with 320#, 10 0 0# and 20 0 0#

andpapers to remove surface impurities and scratch marks. Uniax- 

al quasi-static tensile tests were conducted by the Walter + bai LFM 

0 kN tensile test machine equipped with an Epsilon contact ex- 

ensometer, to measure mechanical properties of the steel samples 

nder the tensile strain rate of 1 × 10−3 s−1 . Tensile tests were 

epeated at least three times for each sample to ensure reliability. 

.3. Microstructural characterization 

Microstructural characterization was carried out by means of 

lectron back-scattered diffraction (EBSD) and transmission elec- 
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Table 1 

Chemical compositions of the 304 SS used in the present study (wt. %). 

C Si Mn P S Ni Cr Mo N Fe 

0.046 0.41 1.12 0.027 0.01 8.08 17.51 0.14 0.035 Bal. 

Fig. 2. (a) EBSD inverse pole figure (IPF) map of the as-received 304 SS sample, and (b) corresponding grain size distribution chart. (c) Schematic illustration of the RS 

process. (d) 304 SS bars before and after RS. 

Fig. 3. Heat treatment process diagram, and dimensions of the dog-bone shaped sample for tensile tests (Unit: mm). The samples are defined by the coordinate system with 

the axial direction (AD) and radial direction (RD). 

t

c

fi

c

d

4

a

s

o

4

p

b

n  

t

s

t

d

2

t

ron microscopy (TEM) techniques. All EBSD samples were me- 

hanically polished and subsequently electro-polished for a mirror 

nish. The electrolytic polishing solution is a mixture of 25 % per- 

hloric acid and 75 % glacial acetic acid. EBSD mapping was con- 

ucted by using a high-resolution field emission Carl Zeiss-Auriga- 

5–66 scanning electron microscope (SEM) equipped with a fully 

utomatic Oxford Instruments Aztec 2.0 EBSD system (Channel 5 

oftware). The acceleration voltage of 20 kV and working distance 

f 14–16 mm were used for EBSD acquisition. The step size of 

0 nm was used for EBSD analysis. 
299
The TEM sample preparation has been done by the following 

rocedures: thin slices with the thickness of ∼0.6 mm were cut 

y electrical spark wire cutting, and then ground to the thick- 

ess of ∼100 μm with 60 0#, 10 0 0#, 150 0# sandpapers in turn;

hin disks with the diameter of 3 mm were punched off the thin 

lices, and then further ground to the thickness of ∼60 μm with 

he 20 0 0# sandpaper; finally, perforations were done to the thin 

isks by electro-polishing with the electrolyte solution containing 

5 vol. % perchloric acid and 75 vol. % glacial acetic acid, under 

he applied voltage of ∼15 V. TEM observations have been carried 
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Fig. 4. (a) Engineering stress-strain curves for the 304 SS samples processed under different conditions in the present study. (b) Relationship between yield strength and 

the equivalent strain imposed by various plastic deformation methods. (c) Yield strength versus uniform elongation for the 304 SS processed by different methods. (d) Yield 

strength versus elongation to failure for 304 SS processed by different methods. The statistical data are obtained from the present study and literature [ 16,26,42–73 ]. 
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Table 2 

Tensile properties of the as-received, RS-treated, and annealed 304 SS. 

Sample YS (MPa) UTS (MPa) UE (%) FE (%) 

As-received 297 ± 20 727 ± 20 65.1 ± 5.2 69.3 ± 2.3 

RS0.5 1415 ± 10 1424 ± 11 0.2 ± 0.1 10.9 ± 1.3 

RS1 1819 ± 32 1961 ± 41 0.3 ± 0.1 5.1 ± 0.4 

RS1.5 2235 ± 30 2293 ± 13 0.4 ± 0.1 3.4 ± 0.9 

RS-450 2375 ± 21 2395 ± 13 0.4 ± 0.2 5.8 ± 0.6 

RS-700 1290 ± 42 1299 ± 26 20.1 ± 0.6 28.18 ± 0.3 

t  
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c

ut on FEI Tecnai 20 LaB6 high-resolution TEM (200 kV) and FEI 

itan spherical aberration corrected high-resolution TEM (HR-TEM) 

perating at 300 kV. High-resolution energy-dispersive X-ray spec- 

roscopy (EDS) analysis was done by a double Cs-corrected Grand 

RM 300F TEM operating at 300 kV. 

X-ray diffraction (XRD) experiments were performed using the 

ruker AXS D8 Advance diffractometer, which has the Cu target 

α radiation with a wavelength of 0.15406 nm. The acceleration 

oltage is 40 kV, the current is 40 mA, and the scanning angle 

anges 40 °–100 °. The XRD line profiles are recorded with a step 

ize of 0.02 ° and a dwell time of 1 s. The volume fractions of 

ustenite and α′ -martensite were deduced from the XRD data with 

q. (1) [ 40 ]: 

α′ =
1 
n 

∑ n 
j=1 

I j 

α′ 
Rj 

α′ 

1 
n 

∑ n 
j=1 

I j 
γ

Rj 
γ

+ 1 
n 

∑ n 
j=1 

I j 

α′ 
Rj 

α′ 

(1) 

here Vα ′ is the volume fraction of α′ -martensite. R and I are the 

heoretical intensities and integrated intensities for ( hkl ) planes, re- 

pectively [ 41 ]. n is the number of peaks examined. 

. Results 

.1. Mechanical properties 

The engineering stress-strain curves for the 304 SS samples 

rocessed under different conditions are shown in Fig. 4 (a). Corre- 

pondingly, the mechanical properties, including YS, ultimate ten- 

ile strength (UTS), uniform elongation (UE) and elongation to fail- 

re (FE), are summarized in Table 2 . As shown in Fig. 4 (a), the RS

rocess is very effective in producing work hardening effect to the 

04 SS samples. An equivalent strain of 0.5 is sufficient to elevate 

he YS of the 304 SS to 1415 MPa, which is five times higher than

he as-received sample. As the RS imposed strain increased fur- 
300
her to 1 and 1.5, the YS of the 304 SS continued to increase to

819 and 2235 MPa, respectively. After annealing the RS1.5 sam- 

le for 10 min at 450 °C, the YS strength was further increased 

o a record high of 2375 MPa, which is more than eight times 

tronger than a commercial coarse-grained 304 SS. After annealing 

he RS1.5 sample at 700 °C for 10 min, the RS-700 sample with an 

xcellent combination of strength (YS = 1290 MPa) and ductility 

UE = 20.1 %) is made. 

Fig. 4 (b) shows the relationship between yield strength and the 

rocessing strain for a series of representative austenitic steels. The 

teel grade is distinguished by colors, and the processing method is 

istinguished by point shapes. Although the concurrent evolution 

f dislocation structures and grain refinement process under plas- 

ic deformation demonstrates stochastic and intermittent dynam- 

cs [ 74 ], the dislocation density increases and the grain size de- 

reases with the increasing strain, which is still the general trend. 

hile the dislocation and Hall-Petch strengthening effects gov- 

rn the strength of the steels, the yield strength of the steels in- 

reases with increasing strain, as the general trend is reasonably 

hown in Fig. 4 (b). Conventional cold working methods, such as 

old rolling (CR), can hardly impose a strain larger than 5, even by 

he aid of liquid nitrogen temperature, the strength of 304 steel 

an only be increased to 1820 MPa [ 42 , 43 ]. Some 316 steels pro-

essed by high-pressure torsion (HPT) can have the yield strength 
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Fig. 5. (a) XRD patterns of the samples treated with different RS strains and annealing temperatures, and (b) volume fractions of α’ phase deduced from the XRD patterns 

in (a). (c) Dislocation densities in the steel samples processed by different conditions. 
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densities in both austenite and martensite increase with increas- 
ncreased above 20 0 0 MPa, but the sample size is limited to a 

oin piece. Considering only a moderate strain of 1.5 and short- 

ime annealing of 10 min at 450 °C were done to the 304 SS, the

trengthening effect is stunning. Especially, as shown by the “red 

tars” in Fig. 4 (b–d), the YS of RS-450 °C sample has reached a 

ew record high of 2375 MPa surpassing all other 304 SS pro- 

essed by other cold working methods including CR [ 44 ], cyclic tor- 

ion (CT) [ 45 ], surface mechanical rolling treatment (SMRT) [ 46 ], 

onstrained groove pressing (CGP) [ 47 ], HPT [ 48 ], cyclic channel 

ie pressing (CCDC) [ 49 ], multi-directional hot forging (MHF) [ 50 ], 

ryogenic cyclic plastic strengthening (CCPS) [ 51 ], equal-channel 

ngular pressing (ECAP) [ 52 ] and ultrasonic nanocrystal surface 

odification (UNSM) [ 53 ]. Annealing the RS1.5 sample at 700 °C 

or only 10 min, significantly improved the ductility at the ex- 

ense of strength, pushing the combination of strength and duc- 

ility slightly beyond the “banana curves” as shown by the “blue 

tars” in Fig. 4 (c) and (d). 

.2. Microstructure 

As shown in Fig. 5 (a), XRD peaks for both austenite with the 

ace-centered cubic (FCC) structure and martensite with the body- 

entered tetragonal (BCT) structure [ 75 , 76 ] are apparent in all RS

rocessed samples. With the increase of strain, the intensities of 

ustenite peaks decrease, while the intensities of martensite peaks 

ncrease. After annealing the RS1.5 sample at 450 °C for 10 min, the 

ntensities of the martensite peaks in the RS-450 sample increased 

ven higher. After annealing at 700 °C for 10 min, the intensities of 

he martensite peaks for the RS-700 sample decreased compared 

o the RS-450 sample. The volume fractions of martensite are de- 

uced from the XRD patterns in Fig. 5 (a) and shown in Fig. 5 (b).

s the RS strain increased from 0.5 to 1.5, the volume fractions of 

artensite increased from 38 % to 68 %; for the RS-450 sample, 

he volume fraction of martensite increased even further to 79 %. 

onsidering that the martensitic phase is metastable, annealing the 

S1.5 sample at 700 °C expectedly reduced the volume fraction of 

artensite to 8.8 %. 

Fig. 5 (c) shows dislocation densities in the 304 SS samples 

rocessed under different conditions. In the RS0.5 and RS1 sam- 

les, the dislocation densities (green bars) in austenite are 4.21 

1014 m−2 and 1.28 × 1014 m−2 , respectively, which are signif- 

cantly lower than the dislocation densities in martensite (wheat 

ars). When the RS strain is increased to 1.5, both austenite and 

artensite possess high dislocation densities above 2 × 1015 m−2 . 

t has been reported that martensitic transformation in 304 steels 

educes the local strain energy [ 76 ]. Therefore, we suspect that 

artensitic transformation has consumed a large number of dis- 

ocations in the austenite. However, when the grain size is reduced 
301
o the ultrafine grain region and the volume fractions of marten- 

ite increases to a very high level, for example in the case of RS1.5 

ample, the dislocation density in the austenite increased drasti- 

ally to 2.42 × 1015 m−2 , in response to the high flow stress and 

arge strain gradients at austenite/martensite interfaces. Annealing 

he RS1.5 sample at 450 °C for 10 min, moderately reduced the 

islocation densities in both austenite and martensite in the RS- 

50 sample, but the dislocation densities in austenite decreased 

aster than in martensite. Annealing the RS1.5 sample at 700 °C for 

0 min, reduced the dislocation densities in austenite and marten- 

ite to 1.74 × 1014 and 1.22 × 1014 m−2 , respectively, in the RS-700 

ample. 

Semi-in-situ XRD tensile tests and digital image correlation 

DIC) tensile analysis were conducted on the RS-700 sample, which 

ossesses an excellent combination of strength and ductility. As 

hown in Fig. 6 (a), the XRD peaks for both austenite and marten- 

ite co-exist when the tensile strain is 2 %, but the martensite peak 

t 44.8 ° is weak. As the tensile strain increases to 8 % and 14 %, al-

ost all of the martensite peaks increase and all of the austenite 

eaks decrease correspondingly. When the tensile strain increases 

o 20 %, the austenite peaks at 43.6 ° and 90.7 ° almost disappear. 

The volume fractions of martensite increase with the tensile 

train for the RS-700 sample, as shown in Fig. 6 (b). The engineer- 

ng stress-strain curve and snap shots of DIC strain contour maps 

re also shown in Fig. 6 (b), to help illustrate the correlation be- 

ween tensile deformation and martensitic transformation in the 

S-700 sample. When the RS-700 sample was tensile deformed 

rom 0 % to 2 % elongation, the stress first increased to a peak 

alue of 1323.8 MPa and then dropped slightly to 1230.8 MPa. 

orrespondingly, the volume fraction of martensite was increased 

rom 8.8 % to 18.5 %. At the tensile strain of 2 %, when the

tress/yield began to level off, a narrow band of strain localization 

n the color of sky blue formed in the strain contour map. As the 

ensile strain increased from 2 % to 8 %, the fraction of marten- 

ite increased linearly from 18.5 % to 49.0 %, and correspondingly 

he high strain region expanded from the lower part of the sam- 

le towards the upper part of the sample, in the way similar to 

he expansion of Lüders band [ 77 ]. As the tensile strain increased 

rom 8 % to 14 %, the fraction of martensite increased linearly from 

9.0 % to 63.6 % with a slightly reduced slope, and yellow color 

ispersive strain bands spread over the whole gauge section. As the 

ensile strain increased from 14 % to 20 %, the fraction of marten- 

ite continued to increase linearly from 63.6 % to 75.7 %, and the 

ecking region began to form at the central part of the tensile 

ample. A plateau of the stress-strain curve is seen in the tensile 

train range from 2 % to 20 % in conjunction with the near-linear 

ncrease in the fraction of martensite. Meanwhile, the dislocation 
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Fig. 6. (a) XRD patterns of the RS-700 sample deformed to different tensile strains. 

(b) Engineering stress-strain curve for the RS-700 sample; the variation of volume 

fractions of martensite as a function of strain; DIC strain contour maps obtained at 

different tensile strains; dislocation density evolutions with respect to tensile strain. 
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ng tensile strain, demonstrating the strain hardening effect. It shall 

e noticed that the dislocation density in austenite increases much 

aster than in martensite; this is due to the HDI strengthening ef- 

ect that the soft austenite requires a high density of geometrically 

ecessary dislocations (GNDs) to accommodate the strain gradients 

t austenite/martensite interfaces [ 78 ]. 

Fig. 7 (a) shows the heterogeneous grains structure consisting of 

 large number fraction of ultrafine grains and a small number 

raction of coarse grains in the RS-700 sample. All coarse grains 

nd the majority of the ultrafine grains are the austenitic phase 

ue to annealing-induced reverse martensitic transformation [ 79 ], 

s shown in Fig. 7 (b). Although the RS-700 sample has been an- 

ealed at a high temperature of 700 °C, there are still 62.7 % of the

rains been recognized as deformed grains, as shown in Fig. 7 (c). 

his is because short-time annealing for 10 min is insufficient to 
302
ecover the dislocations associated with reverse martensitic trans- 

ormation. The deformed and recrystallized grains are heteroge- 

eously distributed throughout the bulk sample ( Fig. 7 (a)) and 

re closely related to the heterogeneous distribution of the coarse 

nd ultrafine grains ( Fig. 7 (c)). All of the red �3 twin boundaries

n Fig. 7 (b) are located in the regions of recrystallized grains in 

ig. 7 (c), suggesting that they are annealing twins (ATs). The EBSD- 

ased statistical result in Fig. 7 (d) shows that the average grain size 

s approximately 200 nm in the RS-700 sample. The misorientation 

istribution chart in Fig. 7 (e) shows two peaks, one at low angles 

nd the other at ∼60 °. The large fraction of low-angle boundaries 

s related to the deformed grains and substructures. The peak at 

60 ° is related to the �3 twin boundaries. 

The RS-700 sample was tensile deformed to fracture. The frac- 

ure tip is analyzed by EBSD, and the result is shown in Fig. 8 .

he hit-rate of EBSD detection is comparatively low due to high 

ensities of accumulated dislocations, leaving many unresolved 

lack areas throughout the EBSD maps as shown in Fig. 8 (a) and 

b). Austenite grains are hardly seen in Fig. 8 (a), indicating that 

artensitic transformation is the major plastic strain carrier for the 

ensile deformation, and has occurred throughout the fracture tip 

egion. 

In order to capture the microstructural details beyond the res- 

lution of SEM and EBSD, TEM observations have been done on 

S samples, RS plus annealing samples and tensile deformed sam- 

les. Fig. 9 shows the microstructures of the 304 SS samples de- 

ormed by RS to strains of 0.5, 1, and 1.5. In the RS0.5 sample, thin

ands which are deformation twins and/or martensite [ 80 ] can be 

bserved on both AD-plane ( Fig. 9 (a1)) and RD-plane ( Fig. 9 (a2)),

uggesting that twinning and/or martensitic transformation are ac- 

ive in multiple slip systems. In the RS1 sample, dislocation sub- 

tructures and sub-grains of irregular shapes are seen on the AD- 

lane ( Fig. 9 (b1)). Thin band structures inclined to the AD direc- 

ion are seen on the RD-plane ( Fig. 9 (b2)). In the RS1.5 sample,

ome equiaxed sub-grains with shape boundaries are seen on the 

D-plane ( Fig. 9 (c1)). Elongated sub-grains nearly parallel to the 

D direction are seen on the RD-plane ( Fig. 9 (c2)). The average 

ize of the equiaxed sub-grains observed on the AD-plane is ap- 

roximately 80 ± 51 nm which matches the average thickness of 

he elongated sub-grains observed on the RD-plane. As shown in 

ig. 9 (d1) and (d2), the selected area electron diffraction (SAED) 

ings corresponding to α’-martensite are much brighter than the 

AED rings corresponding to γ -austenite. The brightness of the 

AED patterns is consistent with the XRD result, and the volume 

raction of martensite is much larger than that of the austenite in 

he RS1.5 sample. Based on the TEM images in Fig. 9 , it can be

oncluded that significant grain refinement has been achieved via 

ooperative deformation [ 14 ] involving twinning, martensitic trans- 

ormation, dislocation entanglement, and dislocation-boundary in- 

eractions. The resultant sub-grains are elongated along the AD di- 

ection to accommodate the elongation of the bulk sample. 

The RS-450 sample is made by annealing the RS1.5 sample at 

50 °C for 10 min. The RS-450 sample consists of nanograins, ul- 

rafine grains and dislocation substructures as shown in Fig. 10 (a). 

right SAED rings for α’-martensite and dull rings for γ -austenite 

re observable from the inset in Fig. 10 (a), supporting the XRD- 

easured large fraction of martensite. The sub-grains viewed on 

he RD-plane show elongation parallel to the AD, as shown in 

ig. 10 (b). The contrast varies along the long axis of the grains, in- 

icating the rich content of dislocations and substructures in the 

rains. Well-developed nano-grains are hardly found. Therefore, 

nnealing at 450 °C for 10 min was insufficient to cause inverse 

artensitic transformation or recrystallisation in the RS processed 

anostructured 304 SS. 

Fig. 10 (c) and (f) presents bright-field TEM images viewed on 

D-plane and RD-plane, respectively, in which ultrafine sub-grains 



W. Xia, J. Meng, R. Liu et al. Journal of Materials Science & Technology 251 (2026) 297–310

Fig. 7. Microstructure of the RS-700 sample: (a) EBSD IPF map; (b) EBSD map showing phases and grain boundaries; (c) EBSD map showing deformed grains, recrystallized 

grains and dislocation substructures; (d) grain size distribution chart; (e) grain boundary misorientation distribution chart. 

Fig. 8. Microstructure of the RS-700 sample at tensile fracture: (a) EBSD IPF map and (b) EBSD phase map. 

Fig. 9. Bright-field TEM images of (a1, a2) RS0.5, (b1, b2) RS1 and (c1, c2) RS1.5 samples. (a1–c1) are observed from AD-Planes; (a2–c2) are observed from RD-Planes. (d1) 

SAED pattern corresponding to (c1); (d2) SAED pattern corresponding to (c2). 
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Fig. 10. Microstructures of the RS-450 sample. Low magnification bright-field TEM images showing typical microstructures observed on the (a) AD-plane and (b) RD-plane; 

insets are the corresponding SAED patterns. High magnification TEM images showing deformed sub-grains observed on the (c) AD-plane and (f) RD-plane; (d) HR-TEM image 

taken from the boxed area in (c); (e) FFT pattern deduced from the green-boxed area in (d). (g) HR-TEM image taken from the area marked by the blue arrowhead in (f). (h) 

FFT pattern deduced from the green-boxed area in (g). 
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n the RS-450 sample are shown. The boxed region in Fig. 10 (c) 

s magnified in Fig. 10 (d), which exhibits a BCT lattice structure 

riented to the [ 81 ] zone axis. Fast Fourier transform (FFT) analy- 

is performed on the boxed region in Fig. 10 (d) yielded two sets 

f diffraction patterns shown in Fig. 10 (e). The strong diffraction 

pots correspond to the α′ -martensite on the [ 81 ] zone axis. The 

eak diffraction spots, indicated by green circles, correspond to 

he B2 phase on the [ 81 ] zone axis. Fig. 10 (g) displays an atomic-

esolution image of the area marked by the blue arrow in Fig. 10 (f),

howing the α′ -martensite structure on the [ 82 ] zone axis. Again, 

he FFT image in Fig. 10 (h) reveals the diffraction spots from the B2

hase that exhibit the sizes of only a few nanometers. The nano- 

ized B2 phase maintains a coincidence site lattice (CSL) relation- 

hip with the martensitic matrix: [ 81 ]B2 // [ 81 ] α′ and [ 82 ]B2 //

 82 ] α′ [ 83 ]. Nano-sized B2 phases were randomly observed within 

he martensite grains of the RS-450 sample but were absent in 

he RS1.5 sample. Thus, the B2 phase forms via thermally induced 

hase transformation during the short-term annealing at 450 °C 

 20 ]. Unlike the B2 phase found in Al-containing lightweight steels, 

araging steels, and medium-Mn steels [ 17–19 ], the nano-sized B2 
304
hase in the RS-450 sample is electron beam sensitive and unsta- 

le. Under 300 kV electron beam scanning, the B2 phase quickly 

isappears, posing a challenge for STEM-EDS analysis. Additional 

ttempts for characterizing the B2 phase in the 304 steels will 

e done by means of STEM with electrostatic dose modulator and 

owered acceleration voltage, and atom probe tomography (APT), 

n our future work. 

The RS-700 sample was made by annealing the RS1.5 sample at 

00 °C for 10 min. As shown in Fig. 11 (a), abnormal grain growth 

ccurred, resulting in bundles of recrystallized ultrafine-grains (RX- 

FGs) delineated by red dashed lines that grew larger than sur- 

ounding deformed sub-grains. As shown in Fig. 11 (b), both de- 

ormed sub-grains and RX-UFGs are seen on the RD-plane, but they 

re mostly equiaxed and no longer elongated along the AD. Dis- 

ocations, nano-ATs and stacking faults (SFs) [ 16 ] can be found in 

he nanostructured austenite, as shown in Fig. 11 (a) and (c). As re- 

ealed in Fig. 11 (d), some nano-precipitates (the blurred light con- 

rast spots) are found within the recrystallized austenite grains. 

n Fig. 11 (e), the HR-TEM image and the corresponding FFT in- 

et confirm that these precipitates are M23 C6 carbides exhibiting 
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Fig. 11. Microstructures of the RS-700 sample. (a, b) Low-magnification bright-field TEM images showing microstructures on the (a) AD-plane and (b) RD-plane, respectively. 

(c) TEM image revealing dislocations and SFs. (d) TEM image presenting the morphology of precipitates. (e) HR-TEM image showing atomic structures in the blue-boxed area 

in (d), and the inset SAED pattern showing the [ 82 ] M23 C6 //[100] γ orientation relationship. (f) STEM and EDS images showing compositions for the carbides. (g) HR-STEM 

image displaying the atomic structure of M23 C6 with an atomic-scale EDS elemental overlay. 

<

I

s

p

i

s

d

d

v

F

g

f

4

4

b

c
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n Fig. 11 (f), STEM images reveal some M23 C6 carbides of various 

izes. The corresponding EDS maps in Fig. 11 (f) indicate that the 

recipitates are predominantly Cr-rich. The atomic-scale EDS map 

n Fig. 11 (g) verifies that the carbides are Cr-rich M23 C6 . 

Fig. 12 (a) shows the microstructure in the RS-700 sample ten- 

ile deformed to fracture. The grain boundaries became ill-defined 

ue to pronounced dislocation-boundary interactions. The inserted 

iffraction pattern shows bright diffraction rings for martensite but 

ery dull rings for austenite. A high magnification TEM image in 

ig. 12 (b) shows a high density of dislocations inside a martensite 
w

305
rain. The inserted diffraction pattern shows only diffraction spots 

or martensite, and no diffraction spots for B2 phase at all. 

. Discussion 

.1. Source of ultra-high yield strength after RS 

As shown in Fig. 4 and Table 2 , rotary swaging processing has 

een very effective in strengthening the commercial 304 SS. In the 

urrent case, the yield strength of 304 SS continues to increase 

ith increasing strain, and reaches 2235 MPa at the RS strain of 
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Fig. 12. TEM images showing microstructures in the RS-700 sample deformed to tensile fracture, at (a) low magnification and (b) high magnification. 
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.5. Detailed microstructural characterization as shown in Figs. 5 (b, 

) and 9 , reveals that the substantial increase in yield strength is 

ttributed to a significant increase in dislocation density, extreme 

rain refinement and martensitic transformation in large volume 

ractions. As shown in Fig. 5 (c), the dislocation densities in austen- 

te and martensite of the RS1.5 sample are 2.42 × 1015 and 2.02 

1015 m−2 , respectively. The average grain size (austenite and 

artensite mixed) is ∼80 ± 51 nm ( Fig. 9 (c)); the volume frac- 

ion of martensite is ∼68 % ( Fig. 5 (b)). According to literature, sim-

lar microstructural parameters can also be attained via cold rolling 

 84 ], ECAP [ 26 ] and HPT [ 85 , 86 ], but with a strain input much

igher than 1.5. 

The apparent microstructural change to the commercial 304 SS 

one by RS has to be explained from two perspectives, the pro- 

essing route and the material. In terms of the processing route, as 

hown in Fig. 2 (c), the RS process imposes multi-directional strains 

n radial and axial directions, and high strain rates in the radial 

irections, resulting in complex stress states in the 304 SS rod 

ample. Multi-directional strains are helpful for stimulating dislo- 

ations, twins and martensitic transformation in multiple slip sys- 

ems. High strain rate can stimulate high flow stress, which in turn 

ncreases dislocation density [ 87 ], twin density [ 88 ], and volume 

raction of martensite [ 89 ]. In terms of materials, 304 grade steels 

ave very low SFE (14–36 mJ/m2 ) [ 90 ], thus making them prone 

o deformation twinning and martensitic transformation during 

ll sorts of cold working. Meanwhile, cross-slip, dynamic recov- 

ry and recrystallisation are difficult in 304 SS, because the dis- 

ocations tend to dissociate into partial dislocation pairs for planar 

lip rather than cross-slip [ 9 ]. To sum up, (1) RS imposes multi-

irectional strains to 304 SS with the low SFE, resulting in defor- 

ation twinning and martensitic transformation in multiple slip 

ystems to subdivide the grains into domains with sizes of hun- 

reds of nanometers, as shown in Fig. 9 (a1); (2) High strain rates 

nd low SFE help to reduce the thicknesses of deformation twins 

nd martensite lamellae, as shown in Fig. 9 (c2); (3) High strains 

nd multi-directional strains can drastically increase the disloca- 

ion density, and meanwhile the low SFE delays dynamic recovery 

nd recrystallisation to help sustain the high dislocation density 

nd small grain size (the blurred and irregular sub-grain bound- 

ries seen in Fig. 9 (c1) suggest high dislocation densities and re- 

arded dynamic recrystallisation). 

It is known that both twin and phase boundaries are effective 

n blocking dislocation slip. Once deformation twins formed, the 

win boundaries can trap dislocations and gradually develop into 

onventional high-angle grain boundaries [ 14 ]. Deformation twins 

re unstable and will mostly transform into martensite due to the 

ow SFE of 304 SS and under the high flow stresses imposed by 

S. The martensite phase boundaries can also trap dislocations un- 

er plastic deformation and change the orientation with respect 

o the adjacent grain, which can either be an austenite grain or 

artensite grain [ 91 ]. Therefore, the resultant ultrafine grains and 
306
anograins inherit from the deformation twins and martensite, and 

he final grain sizes are comparable to the thicknesses of the de- 

ormation twins and martensite. 

According to the microstructural characterization results in Figs. 

 and 9 (c), it is apparent that grain boundary strengthening, dis- 

ocation strengthening and some other strengthening effects [ 92 ] 

due to strain partitioning between soft and hard microstructures) 

ontribute additively to the high yield strength of the RS1.5 sam- 

le. Therefore, the yield strength of the steel sample can be esti- 

ated by Eq. (2) : 

y = σ0 + �σHP + �σd + �σother (2) 

here σ0 is the lattice friction stress; �σHP and �σd are the 

trength increments due to boundary strengthening and disloca- 

ion strengthening, respectively; and �σother represents the com- 

ined strengthening contribution arising from the observed mi- 

rostructural heterogeneities, predominantly encompassing: (i) α′ - 
phase boundaries, (ii) nano-precipitates, and (iii) the boundaries 

etween the hard deformed grains and soft recrystallized grains. 

The empirical Hall-Petch equation is often used to estimate the 

trength increment due to grain boundary strengthening in poly- 

rystalline alloys [ 93 ]: 

σHP = k · d−1 / 2 (3) 

here k is the Hall-Petch coefficient [ 94 ], and d is the average

rain size. 

The Bailey-Hirsch equation can be used to estimate the strength 

ncrement due to dislocation strengthening [ 95 ]: 

σd = MαGb
√ 

ρ (4) 

here M, α, G, b and ρ are, respectively, the Taylor factor (mean 

rientation factor), α is a temperature-dependent constant, G is the 

hear modulus, and b is the Burgers vector [ 94 ]. 

The parameters necessary for estimating the strength incre- 

ents are collected in Table 3 . The parameters d, M and ρ are 

stimated based on TEM, EBSD [ 96 ], and XRD [ 41 ] results, respec-

ively. The texture at the meso scale [ 97 , 98 ], and the Schmid fac-

or, local shear stress and the number of active slip systems at the 

icro scale [ 97 ], together determine the mean orientation factor 

 . In all three samples, the martensite phase ( α’) exhibits signif- 

cantly higher M values than the austenite phase ( γ ) ( Table 3 ).

he austenite in RS1.5 sample has the lowest M . The M values 

or the austenite in RS-450 and RS-700 samples are 3.22 and 3.17, 

espectively. This is because the austenite was transformed from 

he martensite and also inherited the hard orientations. The RS- 

50 sample shows higher M values than the RS-700 sample, sug- 

esting that annealing at 700 °C can drive the grains towards the 

oft orientations. The large M values for the martensite in RS1.5 

nd RS-450 samples signify substantial yield strength anisotropy 

t both macro and micro scales. The RS-700 sample contains 

redominantly austenite ( M ( γ ) = 3.17); therefore, the large frac- 

ion of austenite with soft orientations substantially lowered the 
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Table 3 

Parameters used for strength estimation. 

Sample Phase 

σ0 

(MPa) 

k 

(MPa μm1/2 ) 

d 

(nm) M α

G 

(GPa) 

b 

(nm) 

ρ

(m−2 ) 

RS1.5 Austenite 200.0 

[ 94 ] 

325 

[ 94 ] 

80 2.95 0.24 

[ 99 ] 

80 

[ 99 ] 

0.260 

[ 94 ] 

2.42 × 1015 

Martensite 82.5 

[ 100 ] 

390 

[ 100 ] 

80 3.47 0.25 

[ 82 ] 

80 

[ 82 ] 

0.248 

[ 82 ] 

2.02 × 1015 

RS-450 Austenite 200.0 325 88 3.22 0.24 80 0.260 1.04 × 1015 

Martensite 82.5 390 88 3.44 0.25 80 0.248 1.66 × 1015 

RS-700 Austenite 200.0 325 206 3.17 0.24 80 0.260 1.74 × 1014 

Martensite 82.5 390 169 3.33 0.25 80 0.248 1.22 × 1014 

Table 4 

Empirical calculation results of strength increments (MPa). 

Sample �σ HP �σ d σ 0 �σother σ y 

RS1.5 1305.32 761.51 120.10 48.07 2235 

RS-450 1268.68 661.72 107.18 337.43 2375 

RS-700 736.53 206.56 189.66 157.25 1290 
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trength of the steel. The texture effect contributes to �σd in 

q. (4) . The rest of the parameters are adopted from the litera- 

ure [ 82,94,99,100 ]. �σHP = 1305.32 MPa and �σd = 761.51 MPa 

re estimated by using Eqs. (3) and (4) , and the rule of mixture. 

or simplicity, the strengthening effects attributed to the complex 

icrostructural heterogeneities consisting of α′ - γ phase bound- 

ries, B2 nano-precipitates, M23 C6 carbides, hard deformed grains 

nd soft recrystallized grains, are consolidated to a single param- 

ter �σother . The value of �σother for RS1.5 (48.07 MPa) was de- 

uced by substituting the experimentally measured yield strength 

nto Eq. (2) . The strength increments calculated for all samples are 

ummarized in Table 4 . 

.2. Record high yield strength attained in the RS-450 sample 

The record high yield strength of 2375 MPa has been suc- 

essfully obtained for the RS-450 sample, surpassing all known 

04 steels processed by different methods and even many high- 

trength steels, as shown in Fig. 4 (a). Considering that the RS-450 

ample is obtained by annealing the RS1.5 sample at 450 °C for 

0 min, the short-time annealing has increased the yield strength 

y ∼140 MPa. Annealing strengthening has been reported in some 

lastically deformed alloys [ 101–104 ], and is explained by the re- 

uction of dislocation sources [ 16 ], free energy reduction by cell 

ormation [ 101 ], solute segregation to defects [ 102 ], and precipita- 

ion [ 20 ]. In the current case, the dislocation density in the RS-450 

ample is only slightly lower than the RS1.5 sample, but still at a 

igh-level of 1015 m−2 , as shown in Fig. 5 (c) and Table 3 . Therefore,

he effect of dislocation source reduction can be considered negli- 

ible. The statistically averaged grain size of ∼88 ± 60 nm in the 

S-450 sample is estimated from TEM images, in which disloca- 

ion boundaries and grain boundaries are hardly distinguishable. It 

s very common for TEM and XRD analysis to mistake cell walls as 

rain boundaries [ 105 ]. Therefore, if a significant number of dislo- 

ation cells were formed, the average grain size should be reduced 

ather than increased. Provided that the measured average grain 

izes show relatively large standard deviations (80 ± 51 nm for 

S1.5 and 88 ± 60 nm for RS-450), the change in average grain size 

rom 80 nm to 88 nm seems negligible. While cell formation due 

o recovery cannot be ruled out, the negligible change in average 

rain size after short-time annealing could be a combined result of 

ecovery and grain growth. 304 steels are rich in alloying contents, 

eanwhile, the high density of lattice defects induced by RS can 

hange the segregation and precipitation kinetics upon annealing 

 14 ]. Therefore, elemental segregation to defects such as disloca- 
307
ions and grain boundaries is very likely, but the resultant strength 

ncrement is very difficult to quantify in such a complex alloy 

ystem. Considering that the annealing temperature is compara- 

ively low and the annealing time is short, short-range reshuffling 

f the constituents is more likely than long-range diffusion [ 20 ]. 

herefore, the direct effect of elemental segregation on strength is 

onsidered small. As shown in Fig. 10 (e) and (h), nano-sized B2 

recipitates are identified inside the ultrafine martensite grains. 

n recent years, the strengthening effect of B2 nano-precipitates 

n steels and high entropy alloys has received much attention 

 17 , 19 , 20 , 106 , 107 ]. In Ni and/or Al rich high alloy steels, Ni(Al,Fe)

ano-precipitates with a B2 structure usually form upon annealing 

t ∼500 °C [ 20 ]. The B2 nano-precipitates are highly coherent with 

he BCC/BCT martensite matrix. The low lattice misfit between 

ano-precipitates and matrix decreases the nucleation barrier for 

recipitation, thus enabling and stabilizing nano-precipitates with 

 large number density at the interior of martensite grains. The 

n-depth research work by Jiang et al. [ 20 ] proves that the small

lastic misfit strains around the B2 nano-precipitates contribute 

arginally to dislocation interactions/strengthening. Instead, it is 

he local chemical ordering and modulus mismatch contributing to 

he precipitation strengthening effect. 

In addition to the above-mentioned strengthening mechanisms, 

nnealing-induced martensitic transformation is unignorable and 

rucial, because, as shown in Fig. 5 (b), the volume fraction of 

artensite is increased by 11 % to 79 %. Martensitic transforma- 

ion in metastable austenitic steels due to short-time annealing in 

he temperatures 330−450 °C, may be governed by three mech- 

nisms: (1) the precipitation of carbides which locally increases 

he martensitic transformation temperature ( Ms ) and so promotes 

dditional α′ formation during the cooling stage of the anneal- 

ng treatment [ 81 , 108 ]; (2) thermal nucleation of new martensite 

articles which shall have the characteristic lenticular appearance 

 109 ]; (3) the growth of existing α′ laths due to relaxation of α′ - γ
nterfaces as a part of the recovery process [ 108 ]. Fig. 10 shows

ypical microstructures in the RS-450 sample, and there is no 

race of lenticular martensite at all. Therefore, nucleation of new 

artensite particles is ruled out in the present study. The RS-450 

ample has undergone large strain deformation under tensile stress 

n the axial direction and compressive stress in the radial direc- 

ions prior to annealing, and thus, many of the α′ - γ interfaces 

ossess high energies and are under compressive stresses. There- 

ore, moderate thermal input may trigger expansions of α′ laths 

ia recovery of partial dislocations at α′ - γ interfaces, permitting 

elaxation of the local compressive stresses [ 108 ]. 

After systematic analysis and discussion, it is concluded that 

he annealing-induced strengthening in the RS-450 sample is 

ainly attributed to the formation of B2 nano-precipitates and 

ncreased volume fraction of α′ martensite, offsetting the effect 

f recovery. According to the empirical calculation results given 

n Table 4 , the contributions from grain boundary strengthen- 

ng ( �σHP = 126 8.6 8 MPa) and dislocation strengthening ( �σd = 

61.72 MPa) for the RS-450 are smaller than for the RS1.5 sam- 
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Fig. 13. True stress-strain and work hardening rate curves for the RS-700 sample. 
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le, primarily due to recovery. However, the strength increment 

 �σother = 337.43 MPa) attributed to precipitates and α′ - γ in- 

erfaces for the RS-450 is significantly larger than that of the 

S1.5 sample. In summary, the B2 nano-precipitates within the α′ 
artensite together are a potent strengthening feature that signif- 

cantly elevates the yield strength of the 304 SS to a new record 

evel. 

.3. Mechanical properties and synergistic deformation mechanisms 

n the RS-700 sample 

As shown in Fig. 4 (c) and (d), the RS-700 sample possesses 

n excellent combination of strength and ductility, which are 

ttributed to the synergistic deformation mechanisms involving 

artensitic transformation, deformation twinning, dislocation ac- 

ivities, and precipitates-related mechanisms. As shown in Fig. 5 (b) 

nd (c), annealing the RS1.5 sample at 700 °C for 10 min has 

rastically reduced both the fraction of martensite and total dis- 

ocation density to 8.8 % and 1.82 × 1014 m−2 , respectively. As 

hown in Figs. 7 and 11 , the remnant martensite is ultrafine/nano 

rains dispersed among the ultrafine austenite grains. M23 C6 (M 

s mainly Cr) carbides exhibiting semi-coherent and/or incoherent 

nterfaces with the austenite matrix have been reported [ 110–112 ]. 

he M23 C6 carbides larger than a critical size of ∼50–100 nm, as 

hown in Fig. 11 (e) and (f), can effectively strengthen the steel 

ia the Orowan bypass mechanism [ 113 ]. Given that the RS-700 

ample exhibits a yield strength of 1290 MPa, the contribution of 

23 C6 carbides is significant, enhancing strength by impeding dis- 

ocation glide. 

The RS-700 sample exhibits excellent strength, ductility, and 

train hardening at room temperature. This is primarily attributed 

o the martensitic transformation-induced plasticity (TRIP) effect. 

he SFE is one of the decisive factors influencing the deformation 

echanisms. For metallic materials, an SFE below 20 mJ/m ² fa- 

ors deformation-induced martensitic transformation; an SFE rang- 

ng from 20 to 45 mJ/m ² promotes deformation twinning; whereas 

n SFE exceeding 45 mJ/m ² favors dislocation slip as the primary 

eformation mechanism [ 114 ]. The SFE of an austenitic stainless 

teel at room temperature can be estimated by [ 90 ]: 

SFE 

(
mJ /m2 

)
= − 53 + 6 . 2

(
%Ni 

)
+ 0 . 7( %Cr ) + 3 . 2( %Mn ) 

+9 . 3( %Mo ) (5) 

The SFE of the 304 SS investigated in this work is estimated by 

q. (5) as 14.2 mJ/m ², which is sufficiently low to promote marten- 

itic transformation. Fig. 13 presents the true stress-strain curves 

nd work hardening rate (d σ /d ε) curves for the RS-700 sample. 
308
ield drop occurred in the early stage of plastic deformation, cor- 

esponding to the sharp drop and rise of the work hardening rate 

urve. This is attributed to the initiation of Lüders-type deforma- 

ion in UFG austenitic stainless steel [ 115 ]. The work hardening 

ate curve can be divided into two distinct stages. In the first 

tage (true strain range of 0.04–0.08, Fig. 13 ), the volume fraction 

f martensite increases rapidly, but the dislocation density hardly 

hanges, as shown in Fig. 6 . Apparently, martensitic transformation 

arries the plastic strain, but provides a trivial hardening effect. At 

 true strain of 0.08, the volume fraction of martensite reached 

9 % and increased slowly beyond. Meanwhile, the dislocation den- 

ities in both austenite and martensite begin to rise simultaneously 

o increase the work hardening rate. 

To further analyze the tensile behavior under the TRIP effect, 

IC was employed to quantify full-field strain evolution. As shown 

n Fig. 6 (b), the tensile stress of the RS-700 sample first reached 

 peak value of 1323.8 MPa at a strain of 0.7 %, then quickly 

ropped to 1230.8 MPa at a strain of 2 %. Meanwhile, a blue 

and of strain concentration formed, as shown in the 2 % DIC 

ontour map. As the tensile deformation proceeds, from 2 % to 

0 % strain, the stress-strain curve develops a plateau, and cor- 

espondingly the strain band expands gradually to cover the en- 

ire tensile specimen, demonstrating the Lüders-like deformation 

hich is due to the dynamic balance between strain localization 

nd martensitic transformation induced hardening [ 115–117 ]. Ac- 

ording to the empirical calculation results provided in Table 4 , 

σother = 157.25 MPa is smaller than that of the RS-450 sample, 

ndicating that the precipitation and interfacial strengthening ef- 

ects in the RS-700 are moderate. Meanwhile, at the early stage 

f deformation, when the strain is smaller than 8 %, the dislo- 

ation density in austenite is only marginally higher than that in 

artensite, and the dislocation densities increase slowly. However, 

he volume fraction of martensite increased dramatically to 49.0 %. 

herefore, the plastic deformation at the early stage is dominated 

y martensitic transformation, which competes against dislocation 

ccumulation [ 118 ]. This is because the α′ - γ interfaces are mostly 

nstable, instead of accumulating or interacting with dislocations, 

he interfaces shear across the austenite grains to accommodate 

he plastic strains. Once a sufficiently large number of stable α′ - γ
nterfaces formed after 8 % of tensile strain, dislocations began to 

ccumulate at a fast rate, indicated by the increased slope of dislo- 

ation density curve of austenite, as shown in Fig. 6 (b). Figs. 8 and

2 show the microstructure at the fracture tip of the RS-700 sam- 

le, where the volume fraction of martensite is close to 100 %. As 

hown in Fig. 12 (b), the martensite grain contains many dislocation 

ebris, but neither B2 nor M23 C6 carbide nano-precipitate is found 

nside the grain. Apparently, martensitic transformation has wiped 

ut M23 C6 carbides when shearing across the austenite grains. B2 

recipitates did not form under room temperature plastic deforma- 

ion. 

. Conclusions 

Via industrial RS and annealing treatment, the microstructure 

nd mechanical properties of a commercial 304 SS can be modified 

n wide ranges. Three major conclusions are drawn below: 

1) The equivalent strain of 1.5 imposed by RS is capable of pro- 

cessing the 304 SS to the ultra-high strength of 2220 MPa. The 

RS1.5 sample has an average grain size of ∼80 nm, volume frac- 

tion of martensite of ∼68 % and total dislocation density of 

∼2.15 × 1015 m−2 . Apparently, the ultra-high YS is attributed 

to extreme grain refinement, conspicuous martensitic transfor- 

mation and dislocation accumulation. 

2) Subsequent annealing treatment at 450 °C for 10 min to the 

RS1.5 sample further increased the YS to a record high of 
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2360 MPa. The short-time annealing increased the volume frac- 

tion of nanostructured martensite to 79 % via the growth of 

existing α′ laths due to relaxation of α′ - γ interfaces. The ex- 

tremely high strength of the RS-450 sample is thus attributed 

to the large fraction of martensite and B2 nano-precipitates. 

3) Subsequent annealing treatment at 700 °C for 10 min to the 

RS1.5 sample drastically reduced the fraction of martensite, 

resulting in the heterostructure consisting of remnant ultra- 

fine martensite, nano-sized M23 C6 carbides and a small frac- 

tion of coarse-grained austenite. The RS-700 sample demon- 

strates Lüders-like tensile deformation due to the dynamic bal- 

ance between strain localization and martensitic transformation 

induced hardening, and thus shows an excellent combination of 

1320 MPa YS and 20.5 % UE. 
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