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bstract

304L austenitic stainless steel was successfully processed by equal channel angular pressing (ECAP) in the temperature range of 500–900 ◦C,
nd the influences of processing temperature on the microstructures and tensile properties were investigated. At temperature below 700 ◦C, the
icrostructures were characterized by lamellar structures and many bundles of deformation twins, which led to a high tensile strength but low

longation-to-failure. With increasing the processing temperature up to 800 ◦C, dynamic and also static recovery took place and more equiaxed

ubgrains with low dislocation density were obtained. Deformation twins were found to form only in some grains in the form of individual bands.

low strength and a high elongation-to-failure were achieved compared with those processed at low temperature. The best combination of both
igh strength and large elongation took place at the processing temperature of 800 ◦C.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Austenitic stainless steels (SSs) are widely used engineering
aterials mainly due to their excellent corrosion and oxidation

esistance. However, their low yield strength is often a major
rawback. To strengthen the stainless steel, microstructure/grain
efinement is an effective approach [1,2]. It is now well estab-
ished that processing through the application of severe plastic
eformation (SPD), typically, equal channel angular pressing
ECAP), is especially effective in grain refinement for those bulk
olycrystalline metals [3]. Up-to-date, this method has been suc-
essfully used to produce several ultrafine-grained (UFG) steels,
uch as low-carbon steels [4,5], ferrite–martensite dual-phase
teels [6], etc. As a result, the UFG steels exhibited superior
echanical properties, such as high strength and sometimes

ood ductility, compared with their coarse-grained (CG) coun-

erparts [5–8].

During the process of ECAP, many processing parameters can
ffect the deformation structures of materials. They are the die
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ngle, which determines the strain introduced into the material
uring each deformation pass [9]; the pass number, which cor-
esponds to the total accumulated strain applied to the material;
he processing route, which involves rotating the billet between
asses [10,11]; the processing speed [12] and the processing
emperature [13]. Among these parameters, the effect of pro-
essing temperature has been investigated in several materials,
uch as Al [14], Al–Mg alloys [13,15] and Cu [16]. Increas-
ng the processing temperature (up to 300 ◦C) caused a fast
ynamic recovery in Al and Al–Mg alloys, which resulted in
n increase of grain size and the grain shape becoming more
quiaxed-like [13–15]. Compared with Al deformed by ECAP
t similar homologous temperature (∼0.32Tm, 150 ◦C), the dis-
inct difference in the deformation microstructure of Cu was
he presence of dynamic recrystallization [16]. It is well known
hat dynamic recovery/recrystallization occurs easily in those

aterials with medium-high stacking fault energy (SFE) after
arge plastic strain. Reduction of SFE decreases the rate of
ynamic recovery and facilitates the occurrence of deforma-
ion twinning. Recently, 316L SS was processed by ECAP and

oth dynamic recovery/recrystallization and deformation twin-
ing were observed at temperature as high as 800 ◦C (∼0.6Tm)
17]. The occurrence of deformation twinning implies that twin-
ing might be beneficial to the microstructure/grain refinement
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f austenitic SS at high processing temperature. Accordingly,
he mechanical properties of 316L SS displayed different fea-
ures, such as apparent tension–compression asymmetry at lower
rocessing temperature and an increase of toughness at higher
rocessing temperature [17].

By checking the materials processed by ECAP in literature,
ost of them are relatively soft, such as Cu [16], Al alloys

13–15], Fe [18] and low-carbon steel [4,5]. These materials
an be processed at RT in order to obtain a good grain refine-
ent effect. However, for hard material, such as SS [17,19], Ti

lloys [19,20], Ni–Ti shape memory alloy [21] and W [22], they
ere commonly processed at elevated temperature due to the

imitation of processing conditions. Therefore, the processing
emperature becomes an important parameter that can affect the

icrostructure and related mechanical properties of these mate-
ials obviously. As to SS, though there have been several studies
n the microstructure/grain refinement of SS processed by SPD
23–27], the application of ECAP to SS is still quite rare and
he influences of the processing temperature on the deformation

icrostructures and corresponding mechanical properties are
ot adequately explored. In this work, 304L austenitic SS was
elected to be processed by ECAP for one pass in the tempera-
ure range from 500 to 900 ◦C. The main goal is to investigate the
nfluences of processing temperature on the microstructures and
oom-temperature (RT) tensile properties developed by ECAP.

. Experimental procedure

A hot-rolled commercial AISI 304L type austenitic SS was
sed in this investigation. The chemical composition of the mate-
ial is in weight percent of 0.025 C, 18.75 Cr, 10.96 Ni, 0.005 S,
.0068 P, 0.36 Si, <0.5 Mn, and the balance Fe. The hot-rolled
illet was annealed at 1150 ◦C for 2 h. Samples for ECAP pro-
essing were cut from the as-annealed billet with dimension of
8 mm × 45 mm.
The ECAP experiments were conducted using a split die with

wo channels intersecting at inner angle of 90◦ and outer angle
f 30◦, which yields an effective strain of ∼1 by a single pass.
efore extrusion, the die was preheated to 300 ◦C and the sam-
les were heated up to the deformation temperature and held for
0 min. Samples were pressed for only one pass at a pressing
peed of ∼9 mm/s and at high temperatures of 500, 600, 700,
00, and 900 ◦C, respectively. After pressing, the samples were
ooled in air to RT.

The microstructures on the transverse cross-sections of the
s-pressed samples were observed by both optical microscope
OM) and JEM-2000FXII transmission electron microscope
TEM, operating at 200 kV). For OM, samples were ground on
iC paper, polished and etched in a solution of 10% Cr2O3 + 90%
thanol. While for TEM, thin foils were first mechanically
round to about 40 �m thick and then finally thinned by a twin-
et polishing facility using a solution of 10% perchloric acid and
thanol at room temperature.
Tensile specimens with a dog-bone shape were cut from the
s-pressed billets with the tensile axes oriented parallel to the
xtrusion direction. The gauge dimension of the tensile speci-
ens is 1.5 mm × 3.0 mm × 15 mm. Tensile experiments were

3

t
k

Fig. 1. Optical microstructure of the initial state.

erformed on an Instron 8871 testing machine at a constant
rosshead speed of 1 mm/min at room temperature.

. Results and discussion

.1. Microstructure observations

.1.1. Optical microstructures
Fig. 1 is the optical microstructure of the stainless steel after

ot-rolling and annealing at 1150 ◦C for 2 h. The microstructures
re characterized by equiaxed grains with grain sizes in a range of
0–120 �m. Additionally, there are some annealing twins with
rientations varying from grain to grain. Inclusions with sizes
f several micrometers can only be detected occasionally.

Figs. 2(a)–(f) present the typical optical microstructures of
he samples after ECAP processing at different temperatures. It
an be seen that for the samples processed at low temperature,
elow 800 ◦C (Fig. 2(a)–(d)), the deformation microstructures
ainly consist of severely elongated grains, as well as very

igh density of lamella in the interior of some grains. One of
he detailed deformation structures for the sample processed
t 500 ◦C is enlarged and shown in Fig. 2(b). As indicated by
he white arrows, many parallel thin lamellae with alternative
ark-bright contrast were formed and curved together along cer-
ain crystallographic habit plane. Similar deformation structures
ere also observed in other austenitic steels during tension and

re believed to be deformation twins [28]. With increasing the
rocessing temperature, the microstructures display the follow-
ng characteristics (see Fig. 2(e) and (f)): (a) the shape of grains
ecame equiaxed-like; (b) the density of lamella in grain interior
ecreased significantly. Fig. 2(g) is a high magnification image
f the sample processed at 900 ◦C, showing that the grains are
lmost lamella-free. These deformation features suggest that
eformation twinning is not prevalent any more at such high
emperature.
.1.2. TEM microstructures
TEM observations were carried out in order to characterize

he deformation microstructures in detail. In most cases, two
inds of deformation microstructures were observed, i.e. defor-
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ig. 2. Optical microstructures of the samples processed at: (a and b) 500 ◦C, (c
f (c–f) are as same as that of (a). The arrows in (b) indicate twin lamellae.

ation bands/subgrains and deformation twins. Fig. 3(a)–(e)
resent the typical bright-field TEM micrographs of the samples
rocessed at different temperatures, showing the microstruc-
ures of deformation bands and subgrains. The sample processed

t 500 ◦C is mainly composed of band structure with a band
idth of 100–500 nm, as shown in Fig. 3(a). With increasing

emperature, the band structure becomes weak gradually and
ell-developed subgrains are formed. After processed at 600

a
t
o
a

◦C, (d) 700 ◦C, (e) 800 ◦C and (f and g) 900 ◦C, respectively. The staff gauges

nd 700 ◦C, the elongated subgrains are formed usually in defor-
ation bands, as seen in Fig. 3(b) and (c). Further increasing

emperature up to 800 and 900 ◦C leads to more equiaxed-like
ubgrains (Fig. 3(d) and (e)). The typical size of subgrains in

ll the samples is of 200–1000 nm. The higher the processing
emperature is, the coarser the subgrains are. The formation
f subgrains can be confirmed by the corresponding selected-
rea diffraction (SAD) patterns in Fig. 3(a)–(e), respectively.
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ig. 3. Bright-field TEM micrographs with corresponding SAD patterns showin
d) 800 ◦C, and (e) 900 ◦C.

t is seen that the spots in the SAD patterns are elongated and
ormed discontinuous rings, which indicates that low angle grain
oundaries have developed during processing.

It should be noted that the grain refinement and formation of
quiaxed subgrains at high temperature might be associated with
ynamic and also static recovery during pressing and cooling. As
hown in Fig. 4(a) of the sample processed at 800 ◦C, hot defor-
ation leads to the formation of dislocation substructures, such

s cells and dense dislocation walls (DDWs) subdividing the
riginal grain into fine blocks. It has been shown in recent works
n severe warm and hot deformation of Cu, Al alloy and 304L
S [23,24,29,30], that DDWs evolved eventually into high-angle

rain boundary (HAGB, see Fig. 4(a)) via dislocation rearrange-
ent, which was mostly assisted by dynamic recovery. This

henomenon of strain-induced continuous reaction assisted by
ynamic recovery was sometimes called as continuous dynamic

t
a
i

microstructures of the samples processed at: (a) 500 ◦C, (b) 600 ◦C, (c) 700 ◦C,

ecrystallization [23,29,30]. As a result, new equiaxed fine grains
ith low dislocation density were obtained. In the present case,

he subgrains produced at high pressing temperatures are charac-
erized by a little larger size, relatively lower dislocation density
nd more equiaxed shape (Figs. 3(c)–(e) and 4(a)) in compar-
son with those of the samples processed at low temperature.
esides, HAGB is also created, as shown in Fig. 4(a). All of the
henomena mentioned above imply that dynamic and sometimes
tatic recoveries have taken place during hot pressing. Addition-
lly, recrystallization grains with sizes no more than 1 �m were
lso observed somewhere in the sample processed at 900 ◦C, as
hown in Fig. 4(b).
In addition to deformation bands and subgrains, deformation
wins were also observed, especially in the samples processed
t temperature below 700 ◦C. Fig. 5(a) and (c) are the typ-
cal TEM micrographs taken from the samples processed at
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Fig. 4. (a) TEM micrograph of strain-induced subboundaries developed during
pressing at 800 ◦C. The sharp contrast and appearance of boundary fringes in the
upper-left part suggest that the boundary is a high angle grain boundary (HAGB).
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b) Recrystallized grain, marked with ‘A’, observed in the sample processed at
00 ◦C. Note the size of the grain is much larger than that of the neighboring
ells/subgrains.

00 and 600 ◦C, respectively. As indicated by arrows, defor-
ation twins with very thin thickness of 20–50 nm are widely

bserved and most of them appear in the form of bundles.
he twin bundles are not very straight but curving somewhere.
ig. 5(b) is the corresponding SAD pattern of Fig. 5(a) with
zone axis [0 1 1]. Diffraction spots appear with respect to

he (1 1 1̄) plane, confirming the thin lamellae constitute a
1 1 1} twin relationship. When the processing temperature was
ncreased, deformation twins were also observed but only in
ome of grains. Fig. 5(d)–(f) show the microstructures of defor-
ation twins in the samples processed at 700, 800 and 900 ◦C,

espectively. It can be seen that there are only individual twin
amellae, but not twin bundles, in some grains. The lack of twin
revalence in these samples implies that twinning is not a dom-
nant deformation mode at such high processing temperature,
hich is consistent with the optical observations as shown in
ig. 2(e)–(g).

In metallic materials with fcc structure, the formation of
eformation twins is not only controlled by the characteristic

f materials, such as SFE, but also by many deformation condi-
ions, including strain, strain rate and temperature, etc. [31]. It
s well accepted that high strain level, high strain rate and low
emperature promote twin formation [31,32]. Decrease in SFE

o
i
o
F
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lso facilitates deformation twinning because the cross-slip of
islocation becomes difficult. However, at elevated temperature,
he SFE of materials could vary. Latanision and Ruff [33] had
easured that the SFE of 304L SS increased from 16.4 mJ/m2

t 25 ◦C to 27.6 mJ/m2 at 135 ◦C and 30.4 mJ/m2 at 325 ◦C.
n the present case, the SFE of 304L SS could be increased
p to relatively high level at 900 ◦C (for simplicity, 4 mJ/m2

s increased every 100 ◦C based on the results of Latanision
nd Ruff [33], and then, the SFE of ∼52 mJ/m2 is roughly esti-
ated at 900 ◦C). The increase of SFE suggests that deformation

winning becomes difficult due to the decrease of the resistant
tress for dislocation slip that makes slip a very sufficient defor-
ation mode. Therefore, deformation conditions required for

winning at high temperature should be more rigorous than those
t low temperature. On one hand, the local stress resulted from
tress concentration should be high up to the level of the critical
winning stress. In the case of the processing of austenitic SS
present 304L SS and previous 316L SS [17]), the high stress
evel can be achieved by dynamic strain aging, high strain level
ε − 1) and relatively high strain rate (2 s−1, 12.7 mm/s) during
CAP, as indicated by Yacipi et al. [17]. On the other hand, a

avorable grain orientation is also necessary because only one
winning system, {1 1 1}<1 1 2>, can be activated in the fcc

aterials. For example, Huang et al. [34] had indicated recently
hat in order to twinning for Cu at RT and low stain rate under
CAP, the shear stress should be along the crystallographic
irection of [1 1 2] and perpendicular to the direction of twin
islocation.

.2. Tensile properties

Fig. 6(a) shows the typical tensile engineering stress–strain
urves of the ECAPed samples. For comparison, the ten-
ile curve of initial sample is also presented. It can be
een that the strength is substantially enhanced after ECAP
eformation together with quite good elongation of all sam-
les. Fig. 6(b) shows the dependence of yield strength (0.2%
roof stress), ultimate tensile strength (UTS) and the value
f elongation-to-failure on the processing temperature for the
CAPed 304L. At processing temperature of 500 ◦C, the yield
trength can be increased from 165 MPa of initial state up
o 810 MPa, and the UTS strength is increased from 550
o 895 MPa. However, there is an obvious decrease in the
trength for the sample processed at 700 ◦C than that at 600 ◦C.

ith further increasing the processing temperature, the UTS
trength varies little, while the yield strength decreases con-
inuously. The elongation-to-failure of the ECAPed samples
ncreases gradually with increasing the processing tempera-
ure. The best combination of both high yield strength and
arge elongation-to-failure takes place at 800 ◦C (605 MPa and
7%).

In most cases, the materials processed by SPD exhibited
ery high strength but generally low ductility due to the lack

f strain hardening ability, regardless of cold and warm press-
ng [4,5,35–37]. In order to reveal the strain hardening behavior
f the present samples, the engineering stress–strain curves in
ig. 6(a) were converted into the true stress–strain curves using
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ig. 5. Bright-field TEM micrographs with corresponding SAD patterns show
AD pattern of (a), (c) 600 ◦C, (d) 700 ◦C, (e) 800 ◦C, and (f) 900 ◦C, respectiv

he following standard formulas:

= (1 + ε) · σ, (1)

= ln(1 + ε), (2)

here S is true stress, e the true strain, σ the engineering stress
nd ε is the engineering strain. The true stress–strain curves
re shown in Fig. 6(c). Since the strain hardening exponent (n)
or samples can be derived by fitting the Hollomon equation
= Kεn to the uniform plastic deformation section of the true

tress–strain curves well beyond the yield point, the calculated
esults are shown in Fig. 6(d). It is found that the n values follow

slow increasing order of 0.110, 0.147 and 0.175, respectively,

or the samples processed at 500, 700 and 900 ◦C, but are much
maller than that (0.478) for the initial CG state. The decrease in
value should be owing to the microstructural refinement and

o
s
e
l

e microstructures of the samples processed at: (a) 500 ◦C, (b) corresponding
eformation twins are indicated by arrows.

igh density of dislocations induced during the ECAP process,
hich hinder the subsequent dislocation storage during tensile
eformation. However, the positive n value for the ECAPed sam-
les indicates that certain strain hardening can occur prior to
ailure, which is especially prominent for the samples processed
t temperature higher than 700 ◦C (n > 0.15).

The differences in strength evolution and strain hardening
ehavior can be explained by examining the microstructures
f the samples processed at different temperatures. As shown
n Fig. 3, the microstructures in the samples ECAPed at 500
nd 600 ◦C are mainly characterized by lamellar structures
nd subgrains with small size, which are similar to those

f cold-deformed fcc metals [10,36,37]. Therefore, a high
trength but low ductility is expected. In contrast, the recov-
red microstructures, more equiaxed subgrains with a little
arge size and low dislocation density formed at higher pro-
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ig. 6. Mechanical properties of 304L SS processed by ECAP: (a) engineering s
σb) and the value of elongation-to-failure (εUTS), (c) true stress–strain curves,

essing temperature, can supply relatively low yield strength
ut high ductility. The increase of the processing tempera-
ure provides an effect similar to annealing as widely observed
n pure ultrafine-grained Cu [38], Al alloys [13,15] and low-
arbon steel [39], which obviously decreases the dislocation
ensity and internal stress, and then lowers the strength but
nlarges the ductility. On the other hand, the formation of
eformation twins is also different with increasing the pro-
essing temperature. As is well known, the twin boundary is
strong obstacle to dislocation slip, which provides an effec-

ive strengthening similar to grain boundaries [40]. The more
lenty of the twin boundaries are, the higher the strength is
41].

. Conclusions

304L austenitic SS was successfully processed by ECAP
n the temperature range of 500–900 ◦C. At temperature
elow 700 ◦C, the microstructures were characterized by
amellar structures and many bundles of deformation twins.
hese microstructures exhibited high tensile strength but low
longation-to-failure. With increasing the processing temper-
ture, dynamic and also static recovery took place and more
quiaxed subgrains with low dislocation density were obtained,

ogether with a selected formation of individual twin band
n some grains. The strain hardening ability of hot-processed
CAPed 304L SS is positive, but remarkably lower than that
f initial state. The best combination of both high strength and
strain curves, (b) the evolution of yield strength (σ0.2), ultimate tensile strength
ain-hardening rate determined from the relationship between ln σ and ln ε.

arge elongation-to-failure took place at the sample processed at
00 ◦C.
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