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Abstract A conventional SUS 316L low carbon stainless

steel has been processed by Equal channel angular pressing

(ECAP) to the equivalent shear strain equal to 2, 4, 6 or 8 at

different temperatures ranging from 250 �C to room tem-

perature. The aim of this study is to gain extra control

over the ‘‘strength-ductility’’ combination via nanostructure

formation, involving twinning and/or strain-induced phase

transformation. The resultant microstructure is examined by

transmission electron microscopy, X-ray diffraction and

electron back scattered diffraction (EBSD) techniques.

Substantial structure refinement down to nanoscale is

observed in parallel with significant enhancement of tensile

yield and ultimate tensile stress, both exceeding 1GPa. A

considerable resistance to fracture during localized plastic

flow and a fairly good elongation to fracture in tension is

reported.

Introduction

The significance of grain boundaries and interfaces for

materials properties cannot be overvalued. The amount of

grain boundaries is governed by the grain size which

therefore can be regarded as a key structural factor

affecting nearly all aspects of the physical, chemical, and

mechanical behavior of metals. Hence, control over the

grain size has long been recognised as an avenue for

designing materials with desired properties. Among the

procedures devised for grain refinement, severe plastic

deformation (SPD) techniques [1] have been proven

capable of producing ultrafine grained (UFG) materials

with sub-micron grain size range in bulk-scale work pieces

after high imposed strains amounting up to 24 or so, thus

increasing substantially the volume fraction of interfaces

up to several or even ten percent and giving promise for

structural applications.

The SUS 316L stainless steel is a material of particular

interest because of its wide range of applications in the

industry. Qu et al. [2] successfully obtained bulk nano-

crystalline grain structures in low carbon stainless steel by

means of ECAP at room temperature. TEM investigations

showed that two types of nanostructures were formed:

nanocrystalline strain-induced martensite with a mean

grain size of 74 nm and nanocrystalline austenite with a

size of 31 nm characterized by high density of deformation

twins. This result suggests nanostructurization by ECAP

benefits significantly from low stacking fault energy (SFE).

Focusing on microstructure formation Belyakov et al. [3, 4]

have deformed the 304 steel in uniaxial compression at

elevated temperature. Dobatkin et al. [5, 6] have demon-

strated the possibility of martensitic transformation during

high pressure torsion of austenitic stainless steels. Yapici

et al. [7] have deformed the 316L steel by ECAP at various

temperatures ranging from 450 to 800 �C. They observed

the increased tensile and compressive strength in parallel

with SPD-induced miscrostructure refinement and defor-

mation twinning.

One of major problems associated with UFG structures

produced by SPD is their inherent thermal and mechanical

instability caused by an excess amount of dislocations, local

internal stresses and limited hardenability [8]. A variety of
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ways have been proposed to stabilize deformed structures.

These include alloying and enhancing the planarity of slip

[9], forming a bimodal structure [10], intensifying twinning

[11] and activating phase transformations either in a form of

precipitations [12] or deformation-induced martensite [13].

Aid of twining and/or phase transformation is of particular

interest for this study since both give rise to increasing

strain hardening, preventing necking and thus maintaining a

very high strain capacity. Potentially the use of the TWIP

(Twining-induced plasticity) or TRIP (Transformation-

induced plasticity) effect can give a clue for enhancement of

ductility in UFG structures and provide an appealing way of

tailoring UFG microstructures with different phase frac-

tions and novel functional properties. Thus, another moti-

vation of this study is to clarify whether the TWIP/TRIP

effect is significant or not during ECAPing of the SUS 316L

stainless steel.

Despite a large amount of papers generated during the

past two decades in the field of SPD and a large number of

materials processed, very few reports are available about

mechanical properties linked to microstructure formation

in a stainless steel. Greger et al. [14] have produced the

UFG SUS 316L steel with twin layers in the microstrcuture

by ECAP in the 105� die at temperatures up to 280 �C.

After four pressings they have reached the r02 and rUTS

values exceeding 1 GPa, namely 1.063 and 1.099 GPa,

respectively, and elongation to failure of 15%. The 316L

stainless steel contains metastable austenite, which can be

transformed to martensite during deformation (strain-

induced martensite) below the Md temperature. The volume

fraction of deformation-induced martensite increases with

increasing strain leading to substantial strengthening. Ucok

et al. [15] produced the ultrafine-grained 316L stainless

steel with the yield strength as high as 1280 MPa by heavy

cold working at 77 K followed by annealing at 973 K.

Pakiela et al. [16] prepared a nanostructured 316L with a

grain size of 65 nm using high pressure torsion. This steel

had a tensile strength of about 1340 MPa. A higher

strength (up to 1920 MPa) can be obtained by deformation

at cryogenic temperatures to achieve a 100% martensitic

structure, however, the ductility will be completely sacri-

ficed (less than 3% elongation to failure).

In this study the authors will show that a combination of

high strength (up to 1600 ± 30 MPa) with good ductility

(17% elongation at break and 36% cross-section area

reduction) is possible by tailoring a microstructure by

means of ECAP at modest temperature.

Experimental procedure

The nominal composition of the SUS 316L steel used in

this study is shown in Table 1. The material was austeni-

tized at 1080 �C for 5 min and water quenched. ECAP has

been performed using a die with 4 9 4 mm2 channels

intersecting at 90o with sharp corner. The ECAP has been

performed up to four passes via route Bc whereby the billet

was rotated by 90o between subsequent passes. The

pressing velocity was 0.1 mm/s and temperatures ranged

from 250 �C to room temperature (250, 150, 80, 50, and

20 �C). The equivalent plastic strain imposed onto a

working billet per pass for a given die geometry equals

1.15 (shear strain C = 2) [1].

The microstructure after ECAP was observed by a

scanning electron microscope JEOL 6500-FEM equipped

with the EDAX-TSL EBSD detector and by JEOL JEM

2100 transmission electron microscope operated at 200 kV.

Several thin foils were obtained from the plane normal to

the extrusion direction of the specimens and then examined

in TEM to make sure that the observed microstructures are

representative. The Rigaku Rint-2000 X-ray diffractometer

was used with the filtered Co–Ka irradiation to study the

phase composition and the lattice strain in the samples

before and after ECAP.

Tensile tests were carried out on a screw-driven testing

machine at a nominal strain rate 1 9 10-3 s-1. After ten-

sile failure, the dimensions of the final cross-section area

were measured using microscopic images of the fracture

surface. True fracture strain eT
b and true fracture stress rT

b

were estimated from the fracture load and initial and final

cross-sectional areas.

Results

Microstructure

The average grain size in the as received state was about

10 lm. The EBSD observations reveal a typical coarse

grain austenitic structure with the presence of annealing

twin boundaries and a small amount of bcc phase located

primarily at the grain boundaries, Fig. 1a (shown in green;

the EBSD phase map is shown in Fig. 1b where the fcc

lattice is marked in red and the bcc lattice is marked in

green). This bcc phase is commonly identified as retain-

ing d-ferrite, resulting in slight ferromagnetic properties.

Table 1 Chemical composition of the SUS 316L stainless steel

Element C Si Mn P S Ni Cr Mo Fe

Amount (wt%) 0.008 0.62 1.19 0.033 0.002 12.09 17.33 2.04 Balance
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The traces of the d-ferrite phase can be also found in the

X-ray patterns, Fig. 2. The structure becomes considerably

finer after the first ECA-pass and then refines further with

the number of pressings. The structure after ECAP is

characterized by large number of deformation bands with

low and high angles of misorientation between adjacent

domains, Fig. 1c and d. These bands divide the initial

grains into fragments as is frequently observed during

deformation of materials with relatively low SFE promot-

ing planarity of slip. The lower processing temperature

results in a finer structure and higher lattice strain, c. f.

Fig. 1c and d. The latter manifests itself in blurred Kikuchi

patterns which appeared unclear in local points, generating

a high color noise on orientation image maps (OIM) and

making the phase analysis by EBSD unclear.

Increasing lattice strain is also confirmed by the XRD

analysis. After ECAP the X-ray peaks shift slightly to

higher angles, Fig. 2a and broaden significantly, Fig. 2b.

The ECAP induced broadening of the austenite peaks

increases as working temperature reduces, which is char-

acteristic of increasing lattice strain during SPD. Besides,

the intensity of the austenitic peaks, e.g., (111), decreases

after ECAP. This can be an indication of the phase trans-

formation (partial transformation of c phase into a0 mar-

tensite) which might occur during ECAP. After ECAP at

room temperature, a very weak X-ray maximum can be

seen in the insert to Fig. 2a around 2h = 51.50o where the

bcc a0 martensite (110) peak is expected. Nonetheless, the

separation between c and a0 peaks is not clear enough to

conclude firmly about the presence of martensite in the

deformed structure.

The shift of the XDR peaks to higher angles indicates

that the lattice parameter, a, of the austenite phase after

ECAP reduces and the relative change Da/a0 related to the

‘‘unstrained’’ lattice constant, a0, of as-received sample

amounts to 0.5% after ECA-pressing at room temperature,

giving rise to considerable residual stresses in the austenitic

phase. As a general trend, the X-ray peak broadening in

Fig. 1 Orientation maps of

SUS 316L steel in the as-

received state (a) and after 1

ECA-pass at 250 �C (c), and

150 �C (d); (b) the phase map

corresponding image (a) the fcc

lattice is marked in red and the

bcc lattice in green
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terms of the full width half maximum (FWHM) increases

with the number of pressings, Fig. 3a and/or with the

reduced processing temperature, Fig. 3b, which is associ-

ated with increasing working load and accumulating lattice

strain during processing.

Figure 4 shows the bright filed TEM images and

respective selected area electron diffraction patterns

(SAEDP) of the 316L stainless steel ECAPed at 150 �C to

1 and 3 passes. The banded structure consisting of multiple

mechanical twin layers having nanoscopic width is clearly

evident after 1 ECA-pass. With further pressing to 3 passes

via the ‘‘orthogonal’’ route Bc the intersection of the

twinning systems is inevitable and elongated twin layers

are divided into fragments having nanometer dimensions

not only in width but also in length. Although the elongated

grain structure with the aspect ratio of 2.5–3 is still visible

in the deformed sample after 3 passes, Fig. 4c, a rather

equiaxed structure with grains of 10–40 nm size is readily

observed in large areas here and there in different sections

across the sample, Fig. 4d (notice that Fig. 4d was obtained

from the foil sectioned from the plane nrmal to the extru-

sion direction). It is possible to conclude that while the

ultrafine grain structure with grain sizes of 200–500 nm

forms in many materials during SPD, the nanostructure is

common in the SPD-manufactured 316L austenitic stain-

less steel. The authors suppose that nanostructurization in

this material is strongly assisted by twinning and possibly

by formation of the martensitic phase at the intersection of

the deformation bands.

Mechanical properties

Reduction of the processing temperature gives rise com-

monly to higher processing load and higher yield stress

after ECAP. The tensile stress–strain curves are shown in

Fig. 5 for the samples manufactures comfortably at 150 �C.

Austenitic steels of 300 series are well known for their

excellent ductility and relatively small necking elonga-

tions. Significant hardening after ECAP is paired by sig-

nificant loss in ductility as is commonly observed in

severely plastically deformed metals [17]. The elongation

to failure reduces from 90% in the as received state to 30%

after the first pass and then to 17% after four subsequent

passes. The uniform elongation stage is short amounting to

about 5% in all ECAPed samples, which is expected

Fig. 2 XRD profiles, depending on the processing temperature (a).

The shift of the c-austenite (111) peak to higher angle and

corresponding change of the lattice parameter (b)

Fig. 3 X-ray austenite peak broadening depending on the number

of ECA-passes at 150 �C (a) and processing temperature (b)
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reasonably from limited hardenability after SPD in line

with the Considère’s criterion for the loss of the macro-

scopic stability and the onset of necking.

The prompt necking at yield resulting in low uniform

elongation is a common feature of many SPD materials.

However, localized deformation within the neck can be

very prominent [18]. SEM observations of the fracture

surface of the steel studied reveal ductile dimple-like

fracture relief and the sample view after fracture is shown

in Fig. 6 showing that the present ECAPed steel is featured

by a fairly large area reduction at break (c.f. Table 2),

indicating fairly high local ductility and crack nucleation

resistance in the neck.

It is well known, that the mechanical properties, strength

and uniform elongation, can be improved considerably in

the post-SPD thermo-mechanical treatment involving

either deformation or hear treatment or a combination of

both (e.g., [19]). The positive effect of annealing is asso-

ciated with relaxation of internal stresses, optimization of

grain boundary structure and partial recovery of disloca-

tions introduced during SPD. In this study the authors did

not explore the full capacity of post-ECAP treatment

aiming at structure optimization and enhancement of

properties and this will be done in future studies.

Discussion

Austenitic steels of 300 series exhibit a great variety of

deformation mechanisms: besides the dislocation glide, the

TWIP and TRIP effects are common phenomena for these

steels depending on their chemical composition. As has

been mentioned above, the occurring deformation mecha-

nisms are closely related to SFE of the austenitic phase. In

general, the tendency toward martensite formation increa-

ses with amount of chromium, strain, deformation speed,

and decreases with nickel equivalent, SFE and deformation

temperature. The SFE in austenitic stainless steels of 300

series varies broadly from low to high values: 9.2–80.7 mJ/

m2 [20]. Frommeyer et al. [21] concluded that at the SFE

lower than 16 mJ/m2 the c! a0-transformation is the

favored mechanism, whereas the SFE above 25 mJ/m2

supports twinning and above 60 mJ/m2 plastic deformation

Fig. 4 Bright field TEM

images of the microstructure in

SUS 316L stainless steel

ECAPed at 150 �C to 1

(a, b) and 3 (c, d) passes and

corresponding SAEDP. The

circles in (a) and (b) correspond

to areas from which the SAEDP

was obtained. Micrographs

a–c were taken from the flow

plane and d from the plane

perpendicular to the extrusion

direction

Fig. 5 Tensile stress strain curves of the SUS 316L stainless steel

after ECAP at 150 �C
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is mediated by dislocation slip. Depending on the chemical

composition the SFE can be estimated by the following

empirical relation [22]:

SFE mJ
�
m2

h i
¼ 25:7 þ 2 � Ni þ 410 � C � 0:9 � Cr

� 77 � N� 13 � Si � 1:2 �Mn ð1Þ

The chemical composition also determines the austenite

phase stability. The parameters commonly used to express

the austenite stability are the martensite start tempera-

ture, Ms and the Md30 -temperature, which represents the

lowest temperature where 50% of deformation-induced

a
0
-martensite is formed with a true strain of 30%. The lower

parameters indicate the higher respective austenite stability,

and vice versa: the greater the Md30, the more unstable

the austenite should be. The empiric relationships for

estimating the values of Ms and Md30 are given by

Eichelmann and Hull [23] and Angel [24], respectively, as:

Ms
�C½ � ¼ 1350� 1665 � Cþ Nð Þ

� 28 � Si� 33 �Mn� 42 � Cr� 61 � Ni

Md30
�C½ � ¼ 413� 462 � Cþ Nð Þ � 9:2 � Si� 8:1 �Mn

� 13:7 � Cr� 9:5 � Ni� 18:5 �Mo ð2Þ

From the alloy chemistry (Table 1), Eqs. 2 and 3 yield a

medium SFE of 28 mJ/m2 for the steel under investigation

and Ms and Md30 temperatures of -185 and 119 �C,

respectively. The Ms temperature is quite low and therefore

martensite formation is not expected during initial cooling

from 1080 �C. However, the Md30 temperature is high

enough to expect some martensitic transformation at room

temperature or possibly a small amount of martensite can

Fig. 6 Fracture surface

(tensile) of 316L stainless steel

ECAPed at 150 �C after tensile

test: a as received, b 1 ECA-

pass, c 2 passes d 3 passes

Table 2 Mechanical properties of SUS316L stainless steel ECAPed at 150 �C

Sample r02, MPa rUTS, MPa eU eb AR (%) rT
b , MPa

0 passes (as-received) 220 560 0.75 0.88 80 ± 5 1460 ± 20

1 pass 150 �C ECAP 850 900 0.05 0.30 73 ± 4 1530 ± 50

2 passes ECAP 1040 1120 0.05 0.20 60 ± 5 1700 ± 80

3 passes ECAP 1300 1440 0.05 0.18 52 ± 3 1770 ± 50

4 passes ECAP 1480 1560 0.05 0.17 44 ± 2 2050 ± 30

r02 conventional nominal yield stress, rUTS ultimate nominal tensile strength, eU uniform elongation, eb- elongation at break, rT
b true stress

at break
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be produced after intensive multi-pass ECA-straining even

at 150 �C processing temperature.

Mechanical twinning occurs usually at high strains and

low temperatures. However, the propensity of twining is

promoted by solutes raising the shear stress in the slip plane,

reducing SFE and increasing the planarity of slip. Similarly,

martenistic transformation c! a
0
or c! e! a

0
tends to

occur at lower temperatures, and it is also promoted by lower

SFE. Using TEM of the deformed 316LN steel Byun et al.

[25] have shown that twins, stacking faults, and/or mar-

tensite laths, along with dislocations, are formed at subzero

temperatures and dislocation-dominant microstructures at

elevated temperatures.

Byun [26] reported that during deformation of 316

stainless steels a variety of deformation structures is pro-

duced depending on the reached stress level: (1) dislocation

tangles were dominant at low equivalent stresses of

400 MPa; (2) isolated stacking faults smaller than about

1 lm were formed in the stress range from about

400–600 MPa; (3) twin bands became dominant at stresses

exceeding 600 MPa at room temperature. It was argued that

the critical twinning stress is proportional to the stacking

fault energy, which is a positive function of temperature.

Hence, the temperature dependence of the SFE determines

the temperature dependence of critical twinning stress rT

[27]. During the first ECA-pressing through the die at

150 �C, the steady extrusion occurred in these experiments at

maximum normal stress of 900–1000 MPa that exceeds the

critical twinning stress of 750 MPa expected at this tem-

perature [27]. During the third pass, the normal stress reaches

2.3–2.5 GPa which is by far higher than rT.

Mechanical twining depends on grain size, easier twin-

ning being expected at larger grain sizes [28], i.e., defor-

mation twins can be most efficient at first pressings through

the die. It is timely to notice that formation of a distinctive

banded twin structure, Fig. 4a and b, with characteristic

orientation splitting seen on the SAEDP correlates with

particularly high ductility in the neck and high strength at

fracture after first and second path. Dislocation glide and

twinning are competitive mechanisms of plastic deforma-

tion: the second comes into play when the first exhausts and

cease to accommodate the imposed strains. The dislocation

multiplication in very fine grains can be impeded so that

twinning can be a major mechanism of plastic flow [29].

Alternatively, martensitic transformation may also occur

during deformation in parallel with twinning as was

observed by Mishra et al. [30].

An interesting finding of this study is related to the ability

of the ECAPed 316L steel to deform significantly during

necking. Table 2 and Fig. 6 shows that although the cross-

section area reduction decreases with the number of ECA-

passes from about 80% in the as received state to 44% after 4

passes, the local ductility in the neck still remains high.

Accordingly, the true stress at break increases from about

1460 to 2050 MPa indicating thereby that the local strain

hardening capacity remains high too. The detailed mecha-

nism of this hardening has yet to be understood. Bearing in

mind a potential application of this material for nuclear

engineering, Wu et al. [27] have discussed that certain irra-

diation conditions lead to the development of a damaged

microstructure where plastic flow is confined to very small

volumes of material, as opposed to the smooth plastic flow

observed in unirradiated materials. In other words, the

observed high resistance of the ECAPed SUS 316L stainless

steel to the localized plastic flow even at high stresses can be

of interest for prospective applications.

Summary and conclusions

(i). Austenitic stainless steel SUS 316L has been sub-

jected to severe plastic deformation by ECAP at dif-

ferent temperatures aiming at forming ultra-fine

grained structures. Deformation bands consisting of

multiple twin layers with nanoscopic width and length

limited by a grain dimensions have been commonly

observed after the first pass through the die at elevated

temperature (150 �C). The twining activated during

the first ECA-passes is supposed to play a key role in

nanostructurization during further ECAP processing.

(ii). A uniform nanostructure has been proven to form

after the third ECA-pass (route Bc) at 150 �C.

(iii). Following a general trend, the yield strength increased

significantly after the first ECA-pressing and then kept

increasing steadily with increasing accumulated strain

during further pressing. An appealing combination of

the strength and ductility has been demonstrated

though a short uniform deformation stage (5% plastic

strain) is still below expectations.

A challenging goal to make use of the TRIP and/or TWIP

effect to delay necking and extend the uniform ductility has

yet to be achieved and this will be the scope of the future

research.
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