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Abstract

The present work investigated the compressive and tensile properties of AISI 304L austenitic stainless steel subjected to equal channel angular
pressing (ECAP) at high temperature (700 °C). Tensile and compressive strength, elongation, Vickers hardness and fracture mode of annealed and
ECAPed material were systematically compared. It is found that with increasing the number of ECAP passes the tensile strength and hardness
increase, however, the elongation and strain hardening rate decrease. The compressive yield strength and strain hardening rate displayed obvious
anisotropy when the ECAPed austenitic stainless steel was compressed along different orientations. The tensile fracture mode was changed from
the ductile to brittle feature with increasing the number of ECAP passes. Accordingly, the ECAPed steel exhibited apparent asymmetry in tensile
and compressive properties. Besides, the relationship between strength and Vickers hardness was established. Based on the results above, the

corresponding deformation and fracture mechanisms were discussed.
© 2007 Published by Elsevier B.V.
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1. Introduction

Equal channel angular pressing (ECAP) is presently one of
the most promising techniques which can produce ultra-fine
grained (UFG) materials (grain size in the range of 10-1000 nm)
through the process of simple shear by pressing a sample through
adie with two intersecting channels, equal in cross-section [ 1-4].
The sample is simply pressed through the channel and a shear
strain is introduced to the sample when it passes through the
bending point of the channel [5]. Repetitive pressing is fea-
sible as the sample cross-section remains unchanged. A high
total strain is then achieved during a process of multiple-pass
pressing [6]. Between each successive pressing, it is possible
to select one of the four distinct routes, designated as routes A,
Ba, B¢ and C, respectively, in which the sample is rotated 0°,
90° and 180° along its longitudinal axis, respectively. However,
the routes designated as routes Bp and Bc refer to a rotation of
90° in the opposite sense and in the same sense between consec-
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utive passes, respectively [7]. The four processing routes were
examined earlier with reference to the macroscopic distortions
occurring on the X, Y and Z planes of the work-piece [8]. There-
fore, the strength of ECAP resides in its versatility and ability to
reproduce different microstructures and textures via numerous
conventional processing methods such as rolling and drawing,
just by changing the strain path [9]. Furthermore, it is found
that the ECAP process yields a lamellar microstructure when
the orientation of the billet is not changed after each pass and
the development of combined ECAP routes involving orthog-
onal deformation paths contributes to achievement of smaller
grains and a more equiaxed microstructure [10,11]. The advan-
tage of this processing technique has been manifested by the
improved properties of materials, including mechanical proper-
ties and physical properties [12]. Some promising improvement
of strength in different materials, for example, copper, Al-alloys,
pure Ti, Cu-based alloys, low-carbon steel, processed by ECAP
has been achieved recently [13—17].

The austenitic stainless steel is one of the important structural
materials and has many applications in industry mainly because
of its excellent corrosion resistance [18-22]. However, its low
yield strength is often a major drawback. Since severe plastic
deformation (SPD) techniques such as ECAP or high-pressure
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torsion (HPT) can effectively improve the yield strength of mate-
rials, it is reasonable to consider applying such a technique to
austenitic stainless steel. Belyakov et al. [23] investigated ini-
tial grain size effect on the evolution of sub-microcrystalline
structure during multiple compression of a 304 stainless steel at
600 °C. They found that the ultra-fine grains were developed as
a result of a continuous increase in the misorientations between
the subgrains evolved during deformation. In the samples with
grain size smaller than 3.5 pm, the fraction of strain-induced
high-angle boundaries rapidly increases to more than 60% with
a strain of about 1.5. However, their fraction does not exceed
20% at a strain of 1.5 in the sample with grain size of 15 pm.
Besides, they investigated the static restoration mechanisms
operating during annealing in a 304 stainless steel at a strain-
induced submicron grain microstructure [24]. Yapici et al. [25]
studied the microstructure refinement and deformation twinning
in 316L stainless steel subjected to ECAP. Recently, Huang et
al. [26] successfully obtained bulk nanocrystalline grain struc-
tures in ultra-low carbon stainless steel by means of ECAP at
room temperature. TEM investigations indicated 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 dense deforma-
tion twins. This result suggests that low stacking fault energy is
exceptionally profitable for producing nanocrystalline materials
by ECAP. Although there are some reports on the microstruc-
ture evolution of the ECAPed stainless steel, the corresponding
mechanical properties of the ECAPed stainless steel with a rel-
atively fine microstructure were not adequately explored.

On the other hand, as a work-piece is pressed through an
ECAP die, it is generally accepted that the large shear defor-
mation always occurs along the intersection plane between the
entrance and exit channels. So, the intersection plane is just
the shear deformation plane [27,28]. Based on the considera-
tion above, some experiments were designed to investigate the
influence of the shear plane on the mechanical properties of the
materials subjected to the ECAP. Fang et al. [29] found that
there are some streamline plane along the shear direction in
the lateral surface (Y plane) of Al-0.63% Cu alloy after one
or two passes. The streamline plane makes an angle of about
27° with respect to the longitudinal axis and the tensile fracture
plane of the ECAPed specimen is approximately parallel to the
streamline. Besides, the anisotropic compressive strength was
clearly observed in the ECAPed pure iron by Han et al. [30],
who attributed this anisotropy to the relatively weak resistance
to shear deformation along such shear plane. This indicates that
the ECAP shear plane along the flow line direction plays an
important role in the deformation and fracture of those ECAPed
materials.

In the present work, the compressive and tensile properties of
AISI304L stainless steel subjected to ECAP were systematically
investigated in order to establish the relations among the number
of ECAP passes, microstructure, mechanical properties and the
deformation and fracture modes. Furthermore, the anisotropic
compressive mechanical properties of the AISI 304L stainless
steel were discussed for a better understanding of the ECAP
mechanism.

2. Material and experimental procedure

The chemical composition of the investigated material (AISI
304L stainless steel) is given in Table 1.The sample subjected
to ECAP was prepared from a rod of @ 8 mm diameter which
was annealed at 1150 °C for 2 h. Processing by ECAP was per-
formed under a plunge speed of 9—10 mm/s at 700 °C using a
die with an angle ¢ of 90° between the two channels, which
yielded an effective strain of ~1 for each pass. The stainless
steel was ECAP-processed for one or four passes with route B¢
(90° sample clockwise rotation around the sample axis between
the pass).

Firstly, the microstructures of the samples were observed
by optical microscope (OM) and transmission electron micro-
scope (TEM), respectively, on the transversal plane (X plane) and
lateral plane (Y plane). For TEM observation, slices with a thick-
ness of 0.5 mm were cut from transversal plane of the as-received
and ECAPed rods, then manually thinned to 45 wm and cut into
disc with a diameter of 3 mm. Thin foils were made from these
discs with a twin-jet polisher and a current of 90 mA used for
an electrolyte of 10% perchloric acid at room temperature. The
thinned discs were examined using a JEM 2000FXII TEM oper-
ating at 200 kV. The grain size was calculated and estimated by
a combination of the linear intercept method and TEM observa-
tions. Secondly, the samples used for compressive experiments
were machined from the as-received and ECAPed bars with three
orientations (see Fig. 1). The angles between the compression
axis and the extrusion direction are 0° (sample A), 45° (sample
B) and 90° (sample C), respectively. All the compressive sam-

Table 1
Chemical composition of the initial material AIST 304L

Element C Mn Si Cr Ni P S

Concentration (%) 0.025 <0.5 0.36 1875 1096 0.068 0.005

Shear bands
after ECAP

R

27° a5~

Extrusion direction

—

Fig. 1. Compressive sample orientations with respect to the ECAP billet geom-
etry. The inclined lines indicate the shear flow plane from the one pass or four
passes. The angles between extrusion direction and compression axis are equal
to 0°, 45° and 90°, respectively.
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Fig. 2. Microstructures of AISI 304L stainless steel observed on X plane: (a) as-received; ECAPed for (b) one pass and (c) four passes observed by optical microscope;

(d) four passes observed by TEM.

ples were rectangular block with a size of 3 mm x 3 mm x 6 mm.
Compressive tests were carried out at room temperature using an
MTS 810 material testing system with a strain rate of 10™*s~1,
Thirdly, the tensile specimens were cut from the as-received
and ECAPed bars with the tensile axis parallel to the extrusion
direction and had a dog-bone shape with a gauge section of
1.5mm x 3 mm x 15 mm. Tensile tests were performed at room
temperature using MTS 858 Mini Bionix testing system with
a strain rate of 1073 s~!. Then, the Vickers hardness was mea-
sured using a MVK-H3 Vickers microhardness tester. To make
an exact measurement, the tests were performed with differ-
ent loads of 100 g (as-received and one pass) and 200 g (four
passes) for 10 s. Each specimen was measured for 15 times and
the average value is as the measured hardness. A Cambridge
S360 scanning electron microscope (SEM) or a LEO SUPERA
35 field emission SEM was employed to observe the deformation
and fracture morphologies of the specimens after compressive
and tensile tests.

3. Results and discussion
3.1. Microstructures before and after ECAP

The initial microstructure of the as-received stainless steel is
shown in Fig. 2a. It can be seen that the grains are approximately
equiaxed and homogeneously distributed. The mean grain size,
measured by the line intercept method, is about 52 pm. Besides,
there are some annealing twins with different orientations within
the grains. Fig. 2b and ¢ show the microstructures of the ECAPed
samples for one pass and four passes observed on the cross-

section of the sample (i.e. X plane). After one pass, the grains
were elongated along the vertical direction of cross-section and
many slip bands appeared in most grains (Fig. 2b). After four
passes, the grains were further refined, as shown in Fig. 2c.
The TEM microstructure of the sample ECAP-processed for
four passes shows that the large grains have been broken into
small and homogeneous ones with size of about 200-500 nm
(see Fig. 2d).

From the results above, it can be seen that ECAP can effec-
tively refine the microstructure of the AISI 304L stainless steel.
On one hand, the grains are homogeneously distributed and
refined into submicron size after ECAP processing. On the other
hand, the grains were elongated on the Y plane after ECAP treat-
ment for one pass, as shown in Fig. 3. The flow shear bands are
parallel each other and make an angle of about 27° with respect
to the extrusion direction, which is consistent with the previous
results obtained in Al-Cu alloy and pure iron [29,30].

3.2. Compressive properties

3.2.1. Effect of ECAP on the strength and strain hardening
rate

The compressive true stress—strain curves of the as-received
and ECAPed samples (A, B and C) with different orientations
are shown in Fig. 4. The detailed data about yield strength and
strain hardening rate are listed in Table 2. For the as-received
samples A, B and C, their strengths and strain hardening rates
are almost identical (see Fig. 4a). This indicates that the yield
strength and strain hardening rate of the as-received samples
are independent of the orientations with respect to the load-



210 S. Qu et al. / Materials Science and Engineering A 475 (2008) 207-216

Extrusion direction

>

Fig. 3. Optical micrograph of shear bands observed on the Y plane of the
ECAPed sample for one pass. The shear bands approximately make an angle of
27° with respect to the extrusion direction.

ing direction, showing an isotropic feature. After pressing for
one pass, it is obvious that the yield strength of the sam-
ples has been significantly improved from ~200 to ~800 MPa,
but displays a great anisotropy (see Fig. 4b). The strengths
of the three samples that were ECAP-processed for one pass
increase in the order B, C and A. However, after pressed for
four passes, the samples A and C have almost the same strength
and strain hardening rate even though they have different ori-
entations with respect to the loading direction, as shown in
Fig. 4c.

Fig. 5a and b shows the dependence of yield strength and
strain hardening rate on the angle between the extrusion direction
and loading axis. It can be seen that the yield strength of the as-
received sample is independent of the orientations. However, an
obvious anisotropy in the yield strength appears after one pass
and this tendency becomes weak after four passes. This indicates
that the ECAP can cause an obvious anisotropy in yield strength
of the stainless steel. According to Fig. 4a—c, the linear strain
hardening rate can be calculated by the following equation,

do Ao
de = A’
The values Ae and Ao were measured from the straight segment
of the stress—strain curves and the detailed data are listed in

Table 2. It can be seen that the linear strain hardening rate is
nearly independent of the sample orientations after one pass. It
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Fig.4. Compressive stress—strain curves of the AISI 304L stainless steel samples
with different orientations: (a) as-received, ECAPed for (b) one pass and (c) four
passes.

is surprising that the strain hardening rate of the sample B is
greatly higher than the samples A and C. It is suggested that the
anisotropy in strain hardening rate become apparent at the forth
pass.

The yield stress and strain hardening rate of the as-received and the ECAPed samples with different angles respect to the extrusion direction

Processing condition

As-received ECAP for one pass ECAP for four passes

Angle 0° Angle 45° Angle 90° Angle 0° Angle 45° Angle 90° Angle 0° Angle 45° Angle 90°
Yield stress (MPa) 150 199 176 652 877 850 768 881 832
do/de (GPa) 3.50 3.70 3.50 5.20 5.29 5.12 3.90 5.80 4.30
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Fig. 5. Dependence of (a) yield stress and (b) strain hardening rate on the num-
ber of ECAP passes and the angle between the extrusion direction and the
compression axis.

3.2.2. Compressive deformation morphologies

Fig. 6a shows the SEM micrographs of the as-received AISI
304L stainless steel after compressive tests. It can be seen that
there are many slip bands within the different grains. The slip

bands are parallel to each other inside the grains and some
double-slip bands were activated locally. Fig. 6b—d shows the
SEM micrographs of the ECAPed AISI 304L stainless steel
after compressive experiment. After four passes, there exists
the streamline feature in the lateral surface of the compres-
sive samples. The streamline planes make different angles of
about 25°, 18° and 67° with respect to the compressive direc-
tion, respectively, for the samples A, B and C. The orientations
of the streamline planes are almost consistent with the direction
of the shear planes of the ECAPed samples [29,30]. This indi-
cates that the shear planes formed by ECAP are approximately
parallel to the shear bands during compression deformation.

3.2.3. Effect of orientations on the compressive strength

To explain the anisotropy of yield and flow stresses, one can
consider the formation of the shear planes subjected to ECAP
processing. Fig. 3 shows the optical microstructure of the lateral
plane (Y plane) after one-pass ECAP. During pressing, the grains
were elongated along the direction at an angle of about 27° with
respect to the extrusion direction [29,30]. Meanwhile, the elon-
gated grain boundaries formed many parallel shear lines on the
lateral surface, which are considered as relatively weak planes
to resist shear deformation [30]. So, those shear planes should
be easily activated when the specimen is subjected to a compres-
sive load. According to the sample orientations in Fig. 1a—c, the
shear planes will make approximate angles of 27°, 18° and 63°
with respect to the compressive direction, respectively, for the
samples A (0°), B (45°) and C (90°) (see Fig. 7a—c). Therefore,
the shear stress tg on the shear plane can be expressed as

Ty = 0 sinf cosb, 2

where o is the compressive stress and 0 is the angle between the
shear plane and the loading direction, as illustrated in Fig. 8. For
samples A, B and C, the angles 6 are approximately equal to 27°,
18° and 63°, respectively. According to Eq. (2), the compressive

Loading direction

Fig. 6. SEM micrograph of samples after compression: (a) as-received and ECAPed for four passes, (b) sample A, (c) sample B and (d) sample C.
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Fig. 7. Illustration of the shear band distribution in the samples A, B and C
with an interaction angle of 27°, 18°, 63°, respectively. Here, 6 is the angle
between the shear bands and the loading direction and ¢ is the angle between
the compression axis and the extrusion direction. (a) Sample A (¢ =0°), sample
B (¢ =45°) and sample C (¢ =90°).

strength can be expressed as

Ts

% = Sinfcosd’ )

Han et al. [30] have proved that the shear plane is a weak
plane resisting shear deformation in the ECAPed pure iron. If
considering the critical shear strength 7 is nearly the same,
the compressive strength o should be a function of the angle
0 between the shear plane and the loading direction. Substi-
tuting 64 =27°, g =18° and Oc =63° into Eq. (3), the three
compressive strengths should be equal to

A —— (4a)
© 7 §in27°cos27° O °
B Ts
= —————— =341, 4b
% sin18° cos18° b (4b)
Gc
T G,

Shear
plane

ttt

Fig. 8. Illustration of the normal and shear stresses on the shear plane of the
AISI 304L stainless steel sample ECAPed for one pass under compressive test.

c Ts

= =241, 4
% |sin63° c0s63°| s (4c)
Therefore, one can get
6? > O'? = O'CC . (®)]

This is approximately consistent with the compressive
stress—strain curves in Fig. 4a—c. However, considering the
pressure effect of shear deformation [31,32], the compressive
strength of the sample C should be higher than that of the sample
A because Oc =63° is larger than 65 =27°.

After four ECAP-passes, the compressive strength of the sam-
ple C is quite close to that of the sample A, indicating that
the strength parallel to the extrusion direction is approximately
equal to that vertical to the extrusion direction. However, the
sample B displays a much higher compressive strength than
of the samples A and C. Thus, it can be concluded that the
anisotropy in compressive strength still exists in the sample
ECAPed for four passes (see Fig. 4c).

3.3. Tensile properties

3.3.1. Effect of ECAP on tensile properties

The tensile true stress—strain curves of the AISI 304L stain-
less steel are shown in Fig. 9. It can be seen that the annealed
stainless steel yielded at a very low stress of about 168 MPa,
but displayed a strong strain hardening behavior and failed at
a fracture stress of 556 MPa. After one ECAP-pass, its yield
strength was greatly improved to about 710 MPa, however, its
strain hardening rate became relatively low. When the mate-
rial was pressed for four passes, its yield strength was further
increased to about 1121 MPa and displayed little strain hard-
ening behavior. The great improvement in yield strength can be
attributed to the grain refinement (see Fig. 2b—d) and the increase
in the dislocation density [33—36]. The variations of yield and
fracture strengths are clearly shown in Fig. 10a. With the increase
in the strength of the ECAPed samples, its elongation obviously
decreases from 61 to 12%, as shown in Fig. 10b. This tendency
related to strength and elongation is consistent with many other
ECAPed metals or alloys [37—41].

1200 - Cc
1000 | B
E b A
s 800 -
@
g 600
] R
¢ 400} A: As-received
= B: One pass
200 C: Four passes
o Il 1 L L

0.0 0.1 0.2 0.3 0.4 0.5
True strain

Fig.9. Tensile true stress—strain curves of the AISI 304L stainless steel subjected
to ECAP for 0, 1 and 4 passes, respectively.
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Fig. 10. Dependence of (a) yield strength, ultimate tensile strength and (b)
elongation on the number of ECAP passes of the AISI 304L stainless steel.

3.3.2. Tension—compression asymmetry

Except for the variation of strength and elongation, there
exists a significant tension—compression asymmetry in the
ECAPed samples parallel to the extrusion direction, and some
data are listed in Table 3. The asymmetry of the yield strength
is distinct after four passes (see Fig. 11a). On the other hand,
for the strain hardening rate, there is a decreasing tendency
after one pass (see Fig. 11b). The similar tension—compression
asymmetry was also observed in the Fe—10Cu [42], submicron-
grained Al [43], 316L stainless steel [25] and Al-Fe—Cr-Ti
alloy [44]. Yapici et al. [25] suggested that texture and direc-
tional internal stress are two possible reasons for this behavior
and proved that directional internal stress is the main reason for
the tension—compression asymmetry in the submicron-grained
316L stainless steel.

Table 3
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Fig. 11. Comparison of (a) yield stress and (b) strain hardening rate of the AISI
304L stainless steel under compression and tension loads.

However, Luo et al. [44] eliminated the extrinsic factors
such as processing defects and residual stresses and proved that
the tension—compression asymmetry is an intrinsic property of
the nanocrystalline Al-Fe—Cr—Ti alloy. They indicated that this
asymmetry resulted from the interplay of limited dislocation
accumulation in nanograins, the associated rapid stress built up
within the grains, at the grain boundaries, and at the interfaces
between fcc-Al grains and intermetallic particles. Moreover,
Cheng et al. [45] proposed a deformation mechanism for FCC
metals with grain size ranging from nanometer to micrometer
scale based upon classical dislocation theory. They suggested
that the strength-limiting mechanism in metals with submicron-
grained (SMG) structure was dislocation bow-out from grain
boundary sources, and that the yield strength asymmetry arose
from the pressure dependence of the dislocation self-energy dur-
ing bow-out. Under a uniaxial stress o, the value of the applied

Summary of the microstructure observation and results of the mechanical experiments conducted at room temperature

Processing condition Tension Compression (specimen A) Hardness (GPa)
oy (MPa) UTS (MPa) & (%) do/de (GPa) oy (MPa) do/de (GPa)

As-received 168 556 61 1.473 150 3.5 1.33

ECAP, one pass 710 790 34 1.020 652 52 2.21

ECAP, four passes 1121 1136 12 0.175 768 3.9 3.02

Note: (oy) yield strength; (UTS) ultimate tensile strength; (¢) tensile fracture strain; (do/de) strain hardening rate.
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Fig. 12. Different necking degree of the tensile fractography: (a) as-received, ECAPed for (b) one pass and (c) four passes and slip bands; shear bands on the lateral
surfaces, (d) as-received, ECAPed for (e) one pass and (f) four passes; different dimple features on the tensile fractography, (g) as-received, ECAPed for (h) one pass

and (i) four passes.

hydrostatic pressure is +0/3 in compression and —o/3 in tension.
It turns out that this has a large effect on the stress necessary to
activate the grain boundary dislocation source when the source
length is small.

3.3.3. Tensile deformation and fracture morphologies

Fig. 12 shows the SEM micrographs for the deformation
and fracture morphologies of the as-received and ECAPed AISI
304L stainless steel after tensile tests. The as-received speci-
men shows an obvious necking feature before failure and the
shear lip was formed around the fracture surface, as shown in
Fig. 12a. The one-pass ECAPed specimen also displays neck-
ing (see Fig. 12b). After pressed for four passes, the specimen
shows little necking and the fracture surface is almost flat (see
Fig. 12¢).

For the as-received specimen, the grains were elongated along
the tensile axis (see Fig. 12d), indicating a high tensile plasticity.
Within the elongated grains, there are some slip bands perpen-
dicular to the fracture plane, which results from the necking
deformation (see Fig. 12d). After ECAP for one pass, on the
lateral surface, the longitudinal shear bands which caused by
the necking deformation become weak because of the decrease
in necking degree. However, the shear bands on the lateral sur-
face become exiguous when the specimen was subjected to four
passes of ECAP. This indicates that the specimen displays a
weak necking on the lateral surface (see Fig. 12e and f). At high
magnification, it is clearly seen that the fracture surface of the as-
received specimen contains many deep dimples homogeneously
distributed like honeycombs (see Fig. 12g). After ECAP for one
pass, the dimples become smaller and shallower (see Fig. 12b).
Finally, the small dimples only appear in local areas and there

are many smooth areas distributed on the fracture surface of the
specimen ECAPed for four passes (see Fig. 12h and i).

From the results above, it can be concluded that the as-
received stainless steel has a good ductility and displays typical
features of ductile fracture. But with increasing the number of
the ECAP passes, the fracture mode is changed from ductile
to brittle which provides an evidence for the decrease in the
ductility of the ECAPed AISI 304L stainless steel.

3.4. Relation between hardness and strength

From Fig. 13, it can be seen that the hardness tends to be
enhanced with increasing the numbers of ECAP passes, and the

4

Vickers hardness (GPa)
N

0 1 " 1 L 1 " 1 "
0 1 2 3 4

Number of ECAP passes

Fig. 13. Dependence of Vickers hardness on the number of ECAP passes of the
AISI 304L stainless steel.
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Fig. 14. Relationship between Hy and oy(o¥) for as-received and ECAPed AISI
304L stainless steel samples.

data are listed in Table 3. Meanwhile, it is well known that there
is an empirical relationship, i.e. Hy/3 &~ ot [46], between the
strength o and Vickers hardness Hy. Fig. 14 shows the depen-
dence of Hy /oy and Hy /ot on the number of ECAP passes for
the stainless steel. It can be seen that for the as-received spec-
imen, the ratios of Hy /oy and Hy /ot are equal to 7.9 and 1.7,
respectively, and thus obviously different from the constant 3.
However, the specimens that were ECAP-processed for one and
four passes have almost the same ratio of Hy/oy or Hy/ot,
which are quite close to the constant 3. This indicates that the
hardness of the ECAPed specimens for one and four passes
approximately follows the empirical relationship of Hy/3 = oy.

Since the hardness of the as-received specimen follows the
relationship oy <Hy/3 <oy (see Fig. 14), for simplicity, it is
assumed that the hardness Hy of such materials can be expressed
as a function of the yield strength oy and the fracture strength
ot 1.e.

H
% = xoy + (1 — X)op, (6)

where x represents the contribution of yield strength oy to the
hardness and (1 — x) represents the contribution of the fracture
strength ot to the hardness [47]. In the present study, the value of
x for the as-received specimen is 0.34, as calculated by Eq. (6)
and the data in Table 3. After ECAP of the stainless steel, due
to the severe strain hardening, both yield and fracture strengths
are enhanced, leading to a higher hardness too. Finally, the yield
strength tends to have the same value as the fracture strength;
accordingly, the ratio Hy /oy or Hy /oy of strength to hardness
is also inclined to a constant value of 3, as shown in Fig. 14.

4. Conclusions

From the experimental results above, it can be concluded
that the ECAP processing has an important influence on
the microstructure, mechanical properties and tensile fracture
modes of AISI 304L stainless steel. The following conclusions
can be drawn.

1. Grains of the AISI 304L stainless steel were refined to the
submicron size after ECAPed for four passes and were elon-
gated along the angle of 27° with respect to the extrusion
direction on the Y plane of the one-pass sample which formed
the shear plane in the compressive samples. Furthermore,
the shear bands formed in the compressive test prove that
the compressive deformation is mainly along the direction of
these shear planes.

2. ECAP can obviously cause the anisotropy in mechanical
properties especially under compressive test. The anisotropy
in yield strength is significantly increased after one ECAP
pass. However, it becomes weak after four passes. Its strain
hardening rate is also increased after one pass, compared to
four passes. The shear planes formed after ECAP process-
ing seem to be the relatively weak planes, leading to the
anisotropy in compressive yield strength.

3. ECAP can effectively increase the Vickers hardness, tensile
yield and fracture strengths, but decrease the elongation and
the strain hardening rate of the AISI 304L stainless steel. The
fracture mode was changed from the ductile to the brittle after
the ECAP treatment.

4. The Vickers hardness is increased with increasing the num-
ber of ECAP passes and the relation between hardness and
strength is changed by the ECAP treatment. The Vickers
hardness of the as-received specimen follows the relation of
oy <Hvy/3 < of; however, after ECAP treatment, the hardness
approximately follows the empirical relation of Hy/3 ~ o7.
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