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Effect of strain energy and grain size on corrosion resistance of ultrafine grained (UFG) Fe-20%Cr steels with extremely low C and
N fabricated by equal channel angular pressing (ECAP)was investigated. UFG structures of initial grain size of 144 nm exhibited the
typical three-stage softening comprising recovery, recrystallization, and grain growth. Potentiodynamic polarizationmeasurements
were carried out with a conventional three-electrode cell to evaluate pitting potential. Pitting potential in 1000mol⋅m−3 NaCl
solution was nobler in UFG state, but pitting potential started to decrease monotonously at lower temperature compared to
hardness. The degradation of corrosion resistance in the early stage of annealing is attributed to stability change of passivation
by recovery of dislocation structures inside grains and in nonequilibrium grain boundaries. We therefore conclude that nobler
potentials of UFG states were realized by not only grain size reduction but also defective deformation-induced UFG.

1. Introduction

Severe plastic deformation (SPD) is now recognized as a
process to fabricate nanocrystalline or ultrafine grain (UFG)
metallic materials in a bulk form [1]. Deformation-induced
nanocrystalline or UFG materials by SPD exhibit high
strength with smaller sacrifice of ductility [1, 2]. Since SPD
does not require an alloying element for strengthening, it is
also expected to become an important processing for struc-
tural application. Microstructural development and resultant
deformation-induced grain subdivision during SPD have
been of interest from scientific and practical standpoints and
have extensively been studied with mechanical and physical
properties in the last 20 years [1, 3–5]. Corrosion properties
are also important for structural application. The beneficial
effect of grain size reduction to the nanoscale was first
demonstrated for intergranular corrosion in electrodeposited
nanocrystalline nickel thanks to the pioneering work of
Rofagha et al. [6], Kim et al. [7, 8], followed by Mahesh

and Raman [9]. They observed a rather smooth surface
with a smaller penetration rate at grain boundaries and thus
considerable improvement in intergranular corrosion. For
SPD materials, corrosion behavior such as general [10–20],
intergranular [21–23] and pitting corrosion [21, 24–32] of
UFG aluminum and aluminum alloy [17, 21, 22, 24, 25, 29–
32], copper and copper alloy [11, 15, 19, 28] as well as stainless
steels [10, 12, 18, 23, 27] and magnesium [13, 14, 16, 20] pro-
cessed by SPD, and corrosive environment dependence [33–
35] have been reported. For example, corrosion resistance of
aluminum alloys has mostly been reported to improve by
UFG formation by SPD [17, 21, 25, 29, 30] and is attributed
to (1) fragmentation of a precipitation or second phase
which tends to be pitting sites [17, 21, 25, 29, 30], and (2)
dissolution of precipitation forming supersaturation. When
the precipitation becomes smaller than critical size, it does
not work as cathode site for pitting formation [30]. For Fe-
Cr steels in which passivation occurs by Cr elements, pitting
corrosion resistance is enhanced by UFG formation by SPD
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because Cr diffusion to the surface is enhanced by the high
density of dislocations and grain boundaries and promotes
passivation [12, 27, 36, 37].

UFG metals by SPD exhibit unique mechanical and
physical properties. Deformation-induced nanocrystalline or
UFG structure with stored dislocations and nonequilibrium
grain boundaries are considered to cause these unique
properties. For example, Huang et al. [39] reported that
UFG aluminum fabricated by accumulative roll bonding
(ARB) becomes harder by post-ARB annealing and softer
by subsequent deformation. The present authors reported
[11] that corrosion resistance of UFG copper was inferior
to coarse grain counterparts but was improved by short-
time postequal channel angular pressing (ECAP) annealing
without accompanying grain size change. This improvement
is attributed to the grain boundary structural change from
nonequilibrium to equilibrium state. Since nonequilibrium
grain boundaries comprise the extrinsic grain boundary dis-
locations [1], mechanical, physical, and chemical properties
should be affected [1]. However, corrosion properties have
not been well studied from this viewpoint as compared with
mechanical properties. In the present study, the effects of
post-ECAP annealing on pitting corrosion of UFG Fe-20%Cr
steels with extremely low C and N are investigated focusing
on the structural transition which may occur during the
annealing process.

2. Experimental Procedure

2.1. Material. The material used in this experiment has
a chemical composition of UFG Fe-20%Cr steels with
extremely low C and N with Cr; 20.03, C; 0.0004, N; 0.0013,
and Fe balance (in mass percent). Measurement of chemical
composition of the material was carried out by Nitetsu
Sumikin Technology Co., Ltd. A chemical analysis of C, Cr,
and N contents was performed by infrared absorption spec-
troscopy, inductively coupled plasma emission spectrometry,
and inert gas fusion method, respectively.

2.2. Sample Processing. This material was machined with
dimensions of 8 × 8 × 100mm for ECAP pressing. ECAP
procedures are carried out up to 8 passes at 423K via the so-
called route Bc using a split die with two channels intersecting
at an inner angle of 90∘. The samples are lubricated with high
temperature fluorine lubricating grease. After ECAP, billets
were annealed using infrared furnace (ULVAC MILA5000)
from 473 to 1373K in a vacuum for one hour. A corrosion
testing specimenwas prepared fromanECAPed sample using
a spark-erosion machine. The specimen was in the shape of
a square with an area of 8mm × 6mm and a thickness of
2mm. This specimen was soldered with a connection cable
on the back side of the surface of the corrosion and then
coated with epoxymolding to cover the connection.The edge
area was sealed with tape to prevent any corrosion due to
the edge effect of pitting corrosion. The mounted specimen
was ground with abrasive papers from number 240 until
number 2000 and then polishedwith buff paper with alumina

suspension (PRESI) 9 𝜇m, 3 𝜇m, and 1 𝜇m. For the last step of
the polishing process, anOP-S suspension (Struers) was used.

2.3. Microhardness. The microhardness experiments were
performed on a Vickers hardness testing machine under a
load, for 15 s dwell time after each annealing. Hardness testing
was carried out for ten times per each sample.

2.4. Microstructural Characterization. A scanning electron
microscope of field-emission type (FE-SEM, JSM 7001F),
equipped with electron back-scattered diffraction (EBSD,
Oxford Instrument Co.) image was used to observe orienta-
tion map of grains. EBSD orientation maps were processed
using INCA software.

A field-emission transmission electron microscope (FE-
TEM, JEM 2100F) was used to examine the microstructures.
Thin foils for TEM were polished using abrasive papers to
about 100𝜇m thick and then thinned by a twin-jet polishing
Tenupol 5 facility (Struers Co., Ltd.) using a solution of 40%
acetic acid, 30% phosphoric acid, 20% nitric acid, and 10%
distilled water.

2.5. X-Ray Diffraction. X-ray diffraction (XRD) on ECAPed
and postannealed sample was carried out by SmartLab,
Rigaku. XRD sample surfaces were buffed by an automatic
polisher. The SmartLab X-ray diffractometer used CuK𝛼,
40 kV, and 0.2 A from 30 until 120 deg with continuous
scanning type. Full width half maximum (FWHM) was
determined after fitting the scattered XRD data.

2.6. Electrochemical Testing. The specimen for pitting corro-
sion testing is shown in Figure 1. Pitting corrosion testing
was carried out in neutral solutions of 1000mol⋅m−3NaCl at
room temperature by dynamic anodic polarization, using a
potentiostat (HOKUTO H100) at a scan rate of 20mV/min,
a corrosion current, and an Ag/AgCl reference electrode
were recorded by a data logger. Ag/AgCl electrode reference
was put in 3000mol⋅m−3 KCl (potassium chloride solution
saturated) for three times. This pitting testing arrangement
is shown in Figure 2. Before pitting corrosion testing was car-
ried out, argon gas was used to remove dissolved oxygen.The
testing process was initialized after the open circuit potential
(OCP) of the specimen was stabilized. The polarization was
started from 50mV lower than the OCP after immersion in
the test solution for 5 minutes.

The potential at which the passivation starts to break
down at localized areas, leading to pitting, is defined as the
pitting potential. Pitting potential can be determined from
the anodic polarization curve as the potential at which the
current starts to sharply rise with increasing potential [38]
and pitting potential was defined accordingly as shown in
Figure 3. The pitting potential of as received specimen was
−0.033V versus Ag/AgCl.

3. Results

3.1. Microhardness. Vickers hardness of after the post-ECAP
annealing at temperature ranging from 473 to 1373K was
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Figure 1: (a) Pitting testing specimen and (b) schema of specimen (electric conduction).
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Figure 2: Schematic of pitting testing equipment arrangement.

shown in Figure 4. The hardness exhibited the typical three-
stages softening. Namely, the hardness remained relatively
constant after the annealing at temperature up to 698K and
then declined considerably until the temperature of 973K.
The hardness remained constant again at higher temperature.
In the general interpretation of this softening behavior, the
recovery process might proceed accompanying dislocation
rearrangement and annihilation in the first stage where
the hardness remains relatively constant, followed by the
recrystallization which accompanies the noticeable softening
in the second stage and grain growth of constant hardness
again as the third stage.

3.2. Microstructural Characterization. Orientation image
maps by EBSD after the post-ECAP annealing are shown
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Figure 3: Schematic anodic polarization curve showing the critical
pitting potential (for a passive metal) [38].
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Figure 4: Effect of the post-ECAP annealing temperature on
Vickers hardness.
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Figure 5: Color orientation image maps obtained by EBSD after the post-ECAP annealing.

in Figure 5. UFG structure of grain size less than 200 nm
can be recognized in as-ECAPed state, and the grain size
remained constant in the first stage at temperature up
to 698K. In the second stage from 698 to 973K, where
significant softening occurred, uniform grain growth was
observed. This uniform grain growth during post-ECAP
annealing is contrasted with those observed in face-centered
cubic (FCC) metals such as copper [40–43], nickel [33, 43],
and austenitic stainless steels [44] where a small fraction of
grains grow preferentially, replacing the other smaller grains.
This inhomogeneousmicrostructural coarsening observed in
FCC metals is similar to abnormal grain growth and can be
viewed also as nucleation and the grain growth process in
the discontinuous recrystallization [40, 45]. In body-centered
cubic (BCC) metals, on the other hand, strain energy stored
as dislocations can be easily released in the recovery process
prior to recrystallization. Therefore, strain energy stored in
UFG structures in as-ECAP state was possibly released prior
to the next stage, resulting in the formation of UFG with
less stored strain energy. Uniform grain size distribution with
a high fraction of high angle grain boundaries may lead to
uniform grain growth whose driving force is solely grain
boundary energy [46], rather than the nucleation-growth

mode of restoration which requires strain energy as a driving
force.

The microhardness indenter appearance and Hall-Petch
(HP) relation for annealed UFG specimens can be seen in
Figure 6.The linear fit was applied only to data corresponding
to annealing temperatures from 298 to 823K. In high tem-
perature range, only the grain size affects material hardness
as the dislocation density is high. At low temperatures, both
grain size and dislocation density contribute to strengthening
and the linear fit of microhardness data.

Figure 7 shows TEM micrographs of as-ECAPed and
after post-ECAP annealing at 698K. If one compares two
micrographs, the grain sizes are essentially the same and little
difference is recognized. However, more detailed observation
revealed some grains with darker contrast in the as-ECAPed
state, which indicate that dislocation occurred within grains.
This suggests that some fraction of dislocations stored by SPD
was released by the post-ECAP annealing. Figure 8 shows
X-ray {110} diffraction after ECAP and the annealing. In
as-ECAP state, significant line broadening can be observed,
which is a result of nonequilibrium grain boundaries with
a high density of extrinsic defects in their structure and
resultant long-range elastic stresses [47, 48]. After the anneal-
ing this line broadening becomes sharper with increasing
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Figure 6: (a) Indenter appearance of Vickers hardness and (b)
relationship between hardness and grain size.

temperature. Thus, the parameter 𝑋 is defined as a measure
of the structural change during the annealing as follows:

𝑋 =
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where 𝑊
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is the width of the peak at half height at tem-
peratures 𝑇

𝑖

and 𝑊
𝑟

and 𝑊
𝑑

are those in recrystallized and
deformed state, respectively. Figure 9 shows the variation
of 𝑋 parameter as a function of annealing temperature.
Note that the parameter𝑋 started to decrease monotonously
at lower temperature compared to hardness as shown in
Figure 4. This early reduction of 𝑋 was reported in pure
iron [49] and can be interpreted as follows: (1) the partial
annihilation of stored dislocations by the recovery pro-
cess, which is fast in BCC as compared with FCC metals
because of easy cross-slip of screw dislocations; and (2)
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Figure 7: TEM micrographs (a) after eight passes ECAP and (b)
after post-ECAP annealing at 698K.
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change from nonequilibrium grain boundaries to equilib-
riumgrain boundaries and relaxation of internal elastic stress.
Since nonequilibrium grain boundaries have extrinsic grain
boundary dislocations, they cause a stress field in the grain
interior. The annihilation and rearrangement of extrinsic
dislocations result in the relaxation of internal elastic stress
[47, 48].

3.3. Electrochemical Properties. Resistance to pitting corro-
sion is investigated by dynamic anodic polarization tests as
shown in Figure 10. As typical anodic behavior, anodic cur-
rent stayed at relatively constant level and increased abruptly
at a nobler potential compared to a critical valuewhere pitting
started to form. Only as-ECAPed state exhibited anomalous
two-stage development prior to pitting.This high anodic cur-
rent at passive region in as-ECAPed state may be associated
with defective passive film formed on the surface with high
grain boundaries and dislocation density. Pitting potential,
𝐸

𝑝

versus Ag/AgCl, increased with annealing temperature
as shown in Figure 11(a). If 𝐸

𝑝

versus Ag/AgCl is plotted as
a function of the parameter 𝑋, then these two have linear
relation (Figure 11(b)). Pitting corrosion was confirmed from
laser microscope observations, which showed that larger and
more pitting corrosion occurred after annealing process as
shown in Figure 12.

4. Discussion

Pitting stainless steel is a type of corrosion in which the
chromium in the passive layer is dissolved removing iron.
Pitting is localized attack that can produce penetration of
a stainless steel with weight loss to the total structure. It is
related to a local discontinuity of the passive film. It can be
a mechanical imperfection, such as an inclusion or surface
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Figure 10: Dynamic anodic polarization curves in 1000mol⋅m−3
NaCl solution.

damage, or it can be a local chemical breakdown of the film
[50]. Once a pit is formed, it in effect becomes a crevice; the
local chemical environment is substantially more aggressive
than the bulk environment [50]. This explains why very high
flow rates over a stainless steel surface tend to reduce pitting
corrosion; the high flow rate prevents the concentration of
corrosive species in the pit [50].

The chemical composition of the alloy plays a major role
in affecting the pitting potential. In stainless steels, chromium
is the main alloying element required to improve the pitting
resistance. Increasing chromium content enhanced the sta-
bility of the passive film against pitting attack. The pitting
potential was correspondingly found to increase dramatically
as the chromium content increased above the critical 13%
needed to create stainless steel [51].

The effect of grain size on pitting potential can be seen in
Figure 13.This pitting corrosion testing exhibited low rates of
corrosion or some level of passivity corrosion rated decreased
with grain size reduction. This occurrence is coherent with
pure grain refinement being principally confined to control-
ling the rate of anodic reactions and having little role in
altering the rate at which cathodic reactions can be sustained
[52].

Resistance to corrosion of stainless steel was reportedly
enhanced by UFG formation by SPD [27, 36, 37].This is often
explained by the higher diffusion of Cr enhanced by high
density of grain boundaries [53–55]. The higher diffusion
of Cr is explained by the fact that the passive film forms
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Figure 12: Laser microscope showing pitting corrosion of (a) as-ECAPed, (b) annealed at 573K, (c) 773K.

by selective dissolution of Fe atoms into the solution and
resultant enrichment of Cr at the surface [56, 57]. When pit-
ting started to form, the Cr concentration decreased locally,
but this area would be supplied by enhanced Cr diffusion
in UFG structures. If one can apply this idea to the present
results, the linear relation of 𝑋 and 𝐸

𝑝

versus Ag/AgCl can
be interpreted by the faster diffusion of Cr along the stored
dislocations inside the grains or/and nonequilibrium grain
boundaries [58, 59]. Indeed, it has been shown that the grain
boundary diffusivities in nanostructuredmetals processed by
means of severe plastic deformation in the temperature range
of 398–448K are 4-5 orders of magnitude higher relative to
the same materials in a coarse-grained state [58]. Namely,
early reduction of 𝐸

𝑝

versus Ag/AgCl by the annealing can be
caused by diminishing dislocations or transformation from
nonequilibrium to equilibrium grain boundaries. Gutman
suggested that dislocation arrangements during the strain
hardening stages could better explain this trend according to
electrochemical approaches [60].

5. Summary

Effect of post-ECAP annealing on the pitting corrosion of
UFG Fe-20%Cr steels with extremely low C and N fabri-
cated by ECAP was studied. It was found that softening
occurred by the typical three-stage change comprising of
recovery with constant hardness and subsequent recrystal-
lization accompanying significant softening and the final
grain growth with constant hardness. Pitting potential was
nobler in UFG state and more sensitive to annealing tem-
perature than hardness. Namely, pitting potential started
to decrease monotonously at a lower temperature than
the hardness which reflected grain size change. The early
reduction of the pitting potential in the recovery process
is attributed to the less stabilized passivation caused by the
rearrangement and annihilation of dislocations inside grains
and in nonequilibrium grain boundaries. We conclude that
nobler potentials of UFG states are realized by not only grain
size reduction but also defective deformation-induced UFG.
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