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The significant and complex effect of plastic deformation on corrosion behavior involves changes in not only dislocation density but also
other metallurgical factors such as grain size, texture, chemical inhomogeneity, phase transformation and residual stress. With the advent of
severe plastic deformation (SPD), the effect of plastic deformation on corrosion in the ultrahigh strain range is becoming an important issue.
However, our understanding of corrosion properties of SPD materials lags far behind than that of their other properties, e.g. their mechanical
properties. In this review, the role of dislocations and grain boundaries generated by SPD was highlighted in pure metals and single-phase
materials, where plastic deformation and grain refinement proceed mainly by dislocation activity. Accordingly, the complicated effect of
chemical inhomogeneity arising from impurity segregation and precipitation was excluded from discussion, while other implicit effects were
included. It is essential to elucidate the effect of so-called ultrafine-grained (UFG) structures which develop progressively to a saturation over a
very wide strain range. Unfortunately, the literature mainly compares the corrosion behavior of UFG and coarse-grained (CG) materials, and the
degree of perfection of UFG formation and the resultant effects on corrosion vary between studies. The limited number of studies that examines
corrosion behavior systematically over a wide strain range suggests that, in most cases, the effect of plastic deformation on corrosion extends into
the SPD region gradually, with no anomalous change. That is, SPD improves the corrosion resistance to further degree in a passive environment,
whereas it increases the dissolution rate in a non-passive environment. However, several works reported an abrupt change in corrosion
resistance, which could be attributed to UFG formation. A marked improvement is observed in Fe—Cr alloys, where passivation becomes more
protective owing to UFG formation induced by SPD. In severely deformed materials, structural alterations in dislocations and grain boundaries
have a very high impact on the corrosion kinetics because of their closely spaced configuration. [doi:10.2320/matertrans.MF201935]
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1. Introduction

The fabrication of metallic materials for load-bearing
structural components often involves plastic deformation
process, such as rolling, forging, and pressing. Therefore, the
effect of plastic deformation on the corrosion properties as
well as mechanical properties of these metallic materials
has become an issue of great practical concern.'”” Plastic
deformation generates various crystal defects such as
dislocations, grain boundaries, vacancies, and twins.
Thermodynamically, the internal energy stored as these
crystal defects enhances the driving force of an electrochem-
ical reaction by lowering the electrode potential of the anodic
reaction. However, the impact of that stored energy on
corrosion is not as strong as the impact of alteration in
chemical inhomogeneity arising from impurity and alloying
elements as a result of plastic deformation.”

With the advent of severe plastic deformation (SPD)
represented by equal-channel angular pressing (ECAP),Y
high-pressure torsion (HPT),” accumulative roll bonding
(ARB)'? as a new process for fabricating bulk nanocrystal-
line (NC) or ultrafine grained (UFG) materials, the effect of
plastic deformation on corrosion has once again become a
very important topic. The magnitude of plastic strain in SPD
is much higher than that in conventional processes, with
equivalent plastic strain values ranging from about 4 to over
20-30."""'3 That corresponds to a maximum dislocation
density of nearly 10'>m=2 in pure copper'*'® and the final
grain size is reduced to 0.4pum by ECAP at room
temperature,'”'® and 80nm by HPT at 100K.'” Such high
density defects may impact corrosion behavior even in pure
metals or single-phase materials. Indeed, increasing number
of works show large changes in corrosion behavior due to

SPD (e.g., see Refs. 20, 21). Fortunately, for most materials,
corrosion resistance is improved by SPD in passivation-
forming environments although there are some contradictory
reports for the same materials and the same environment.??)
The reason of the seeming contradiction or discrepancy is
unknown, but small difference in phase composition,
impurity content or residual stress have been suspected.?”)

Despite the complicated effects of SPD on corrosion, many
attempts have been made to find a general rule of corrosion
behavior, and in most cases, grain size is regarded as a key
parameter governing corrosion resistance.>' %) Ralston et al.
reported that in terms of corrosion resistance, UFG/NC
materials are superior (inferior) to coarse-grained (CG)
materials in passive (non-passive) environments.?" This is
mainly because grain boundaries have high energy and are
reactive to solutions, therefore they enhance the kinetics of
both passivation and anodic dissolution. Ralston et al. also
proposed a Hall-Petch type relationship between corrosion
current and grain size that can be applied to pure aluminum
and magnesium within a reasonable margin of error.>>

In severely deformed materials, which typically show
strains higher than 4, a UFG structure having a high density
of deformation-induced grain boundaries with high misor-
ientation angle develops. These grain boundaries are
considered to be at a non-equilibrium state, with extra grain
boundary energy due to extrinsic grain boundary disloca-
tions.>*3D For detail on non-equilibrium grain boundaries,
please see the recent review by Nazarov.*? Non-equilibrium
grain boundaries, or alternatively grain boundaries of non-
equilibrium configuration,’ may impact the corrosion
behavior of severely deformed materials. Indeed, there are
cases in which corrosion behavior of SPD materials cannot be
predicted by extrapolating from the conventional processing
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regime where the microstructure typically consists of
dislocation substructures.?*>**3% Similarly, corrosion behav-
ior is altered by post-SPD flush annealing, which results in
little change in grain size and microstructure.’”*® These
anomalous changes in corrosion behavior with increasing
strain due to SPD and post-SPD annealing with insignificant
grain size change are attributable to the high density of non-
equilibrium grain boundaries and/or residual dislocations.
In the ultrahigh strain range, microstructural features like
dislocation density, misorientation and structures of grain
boundaries, develop progressively into an ultimate form of
UFG with variation in flow stress, stored energy, and grain
size.'® Thus, it is of interest to know how the gradual
transition from dislocation structures to UFG affect the
corrosion behavior. The seeming contradiction or discrepancy
in the literature as to the impact of SPD on corrosion
behavior may be attributed to the differences in the level of
perfection of the UFG structures. This was the main
motivation behind the present review. If true, not only the
amount of the energy stored as these lattice defects, but also
their configuration and distribution would affect the kinetics
of corrosion.> Dislocations and grain boundaries locally have
high stored energy, and they can form galvanic couples with
the surrounding perfect crystals.***> The nanoscale potential
distribution has recently been determined by a Kelvin probe
force microscopy,*®*” scanning Kelvin probe microscopy
(SKEM),*® nanoscale galvanic cells between grain bounda-
ries and dislocations with the surrounding matrix have been
revealed by in situ observation using electrochemical
scanning tunneling microscopy (ECSTM),**=! scanning
transmission electron microscopy (STEM),’? and open-loop
electric potential microscopy (OL-EPM).>** These exper-
imental results validate the hypothesis that nonuniformity of
electron activity is maintained to nanoscale structures with
sufficient potential difference to form galvanic cells. This
indicates that when the density of dislocations or grain
boundaries becomes extremely high, the effect of their
structures on corrosion can be appreciably high due to the
closely spaced configuration. This was the second motiva-
tion. In this review, the corrosion behavior of severely
deformed materials is surveyed to provide an overview of the
literature on the effect of the UFG structure on corrosion in
order to organize the relevant studies into a coherent whole
in the simple materials.

Plastic deformation also affects corrosion behavior through
other effects such as alteration of the solute element
distribution,>-® the partial or complete dissolution of
precipitates®’ and their physical fragmentation,”’ %) phase
transformation,”®’! texture change,’”’>7> and residual
stress enhancement.*!"737476.77) We limit ourselves to simple
materials, such as pure metals and single-phase alloys so
that we can neglect the very complex effect of chemical
inhomogeneity, and rather focus on the effect of the evolution
of deformation-induced microstructures in severely deformed
materials.

2. Microstructure of Deformed and Severely Deformed
Materials

The deformation structures develop, through several
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stages, from dislocation substructures at an early stage into
UFG microstructures with a high density of deformation-
induced grain boundaries at the ultrahigh strain. The crystal
structure and stacking fault energy (SFE) of materials play
critical roles in determining their deformation modes and
thus the SPD-induced grain refinement mechanism.”®’) The
mechanism of UFG formation has been described else-
where, 8808 and not described here. This paper focus on the
distribution of major defects, i.e., dislocations and deforma-
tion-induced grain boundaries developed in FCC metals with
medium to high SFE materials, and BCC and HCP materials
where plastic deformation and grain refinement proceed via
dislocation activity. In FCC metals with low SFE, and BCC
and HCP under a special deformation condition such as high
strain rate and/or low temperature (in the regime of very
high Zener-Hollomon parameter), the deformation and UFG
formation mechanisms change dramatically from mecha-
nisms involving dislocations activity to mechanism involving
deformation twinning.”® The corrosion behavior of these
latter materials is included here only briefly, although the
topic is of practical importance. Magnesium and its alloys
are special in that they are processed at moderately high
homologous temperature of 200 to 300°C, so that the grain
size is relatively large and frequently inhomogeneous
because of dynamic recrystallization.?*>?

Figure 1 illustrates the microstructural evolution of
deformed FCC materials with medium to high SFE. BCC
and HCP materials deformed under a low Z-H parameter
deforms by the similar mode, and can be included in this
mode of deformation. In early stage 1 (1 to 4 passes in copper
as shown in Fig. 2), rapid dislocation accumulation occurs
with the formation of cell walls, and there are many diffuse
small angle boundaries. In stage 2 (4—12 passes in Fig. 2), the
dislocations density starts to decrease by forming high-angle
grain boundaries and correspondingly the fraction of high
angle boundaries increases rapidly. In stage 3 (12— passes in

Initial structure

Fig. 1 Schematic diagram showing progressive development of disloca-
tions structures and grain refinement mechanism where dislocations slip
play a primary role.”®
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Fig. 2 Progressive changes of grain size, dislocation density, density of
high-angle grain boundaries and volume fraction all boundaries in pure
copper.®?)

Fig. 2), microstructures comprising equiaxed UFGs evolves
as the ultimate form. At this stage, the grain size is typically
smaller than 1 pm with predominantly HAGBs and very few
residual dislocations inside grains as revealed by trans-
mission electron microscopy (TEM). This can be regarded as
the ideal UFG structure, the typical microstructure of severely
deformed materials, as distinct from that of deformed
materials. Figure 2 shows the variation of relative change
of fraction or density of defects.®?) The transition from stage 2
to 3 is gradual, and the grain size and the minimum plastic
strain required to attain ideal UFG structure is not known but
depend on materials,” deformation route®3** and hydraulic
pressure.®® In general, materials with low melting temper-
atures and/or high SFE such as pure aluminum tend to attain
the ideal UFG structure under a lower plastic strain but reach
to saturation at a large grain size.5® After the stage 2, grain
size becomes essentially constant as shown in Fig. 2.
Therefore, it can be difficult to determine the degree of
maturity of UFG structure by bright-field TEM; that often
requires a detailed examination of residual dislocations by
high-resolution TEM and quantitative observation of the
misorientation of grain boundaries by electron-back scattered
diffraction (EBSD).%”)

An important feature of SPD materials is the dislocation-
induced grain boundaries, regarded as non-equilibrium grain
boundaries with extra grain dislocations (extrinsic disloca-
tions).>%3D Such non-equilibrium grain boundaries, also
referred to grain boundaries with non-equilibrium config-
uration,?® are a characteristic component of UFG materials
fabricated by SPD. The energy of non-equilibrium grain
boundaries of copper with a grain size of 0.2um was
estimated to be 1.2J/m?®) which is almost twice that of
recrystallized materials. Therefore, they could be more
susceptible to local attack in aggressive media than
equilibrium grain boundaries,?” and they have more or less
impact on the corrosion resistance of UFG materials. It
should be noted that such non-equilibrium grain boundaries
exert a high internal stress inside grains near the grain
boundaries.®” The internal strain of grains, calculated on
the basis of the spreading of thickness extinction contours,
was found to reach to 3 x 1072 near grain boundaries of pure
copper with a grain size of 0.2 um.’*% Similarly, X-ray
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diffraction studies revealed that the internal strain in UFG Cu
processed by ECAP is about 1073~10~*. This internal stress
or strain is elastic in nature, and while it may increase the
internal energy, it lowers the kinetics of the anodic reaction
if it is compressive.* The effect of that internal stress
on corrosion behavior has been discussed in the litera-
ture.3*3%21-9%% However, it seems that this internal stress is
often confused with the classic residual stress;?%?3-%9) the
former is considered to be local and associated with grain
boundary structures while the latter is more of a macro stress
arising from a non-uniform deformation or thermal history.
Thus, the effect of the local internal stress near the grain
boundaries are quite complex, which is often superimposed
with the residual stress, and it waits future investigations.

The most notable properties of non-equilibrium grain
boundaries are their fast diffusion kinetics.’®'%?) This kind of
rapid diffusion would be expected to impact the materials
properties, especially time-dependent properties like creep
and the corrosion behavior. Ultrafast diffusion of Cr in
nanocrystalline Fe processed by SMAT was reported,'°? and
this may be the cause of enhanced corrosion resistance of
Fe—Cr alloys.”” Non-equilibrium grain boundaries are not
stable, and they can be recovered to an equilibrium state by
post-SPD annealing at a mild temperature.3>!°1192) For pure
copper, an X-ray study revealed that the internal strain was
completely recovered at post-SPD annealing at 423 K for
30 minutes with little grain growth.'!°) For high purity copper
(99.9999%), it is shown that the internal strain will diminish
even at room temperature after six hours.!?®

During plastic deformation, the internal energy is stored in
the form of lattice defects such as dislocations, grain
boundaries, vacancies, twins, etc.,'®1%%199) and it is the basic
property affecting the stability of many materials’ physical
and chemical behavior including their corrosion behavior.
During SPD, the stored energy increases rapidly in the
early stages of strain, which is indicative of the dislocation
accumulation, then increases gradually, saturating at an
extremely high plastic strain.!®!%195) Figure 3 shows the
variation of total grain boundary energy and energy stored
as dislocations in pure copper pressed by ECAP.'® The
boundary energy of pure copper increased rapidly to about
0.3J/g after 2 passes, and then increased at a very slow rate
to a saturation value upon further ECAP passes.'® On the
other hand, total dislocation energy increased up to 5 passes,
reflecting increasing dislocation density shown in Fig. 2, and
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Fig. 3 Variation of stored energy of grain boundaries, E}, and dislocations
Eg4 as a function of ECAP passes.'®
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Fig. 4 Variation of total stored energy,'® resistance, passive film
resistance Rp,>® and weight loss in immersion test in Livingston’s
dislocation etchant''”) of pure copper with increasing strain.

decreased thereafter owing to the absorption at grain
boundaries. Since the total stored energy is almost constant
as shown later in Fig. 4, the decrease in the dislocation
energy is mostly compensated by energy stored as grain
boundary energy, while some of it is transformed to the
additional energy of non-equilibrium grain boundaries. It is
reported that a rather large fraction of the energy is stored as
vacancies,'’® whose concentration can exceed 2.0 x 1074,
which is comparable to the levels observed close to the
melting temperatures of these materials. Since the stored
energy as a thermodynamic variable, which cause a possible
shift of electrode potential in a more active direction, the first
step is to survey the literature on the possible effect of the
stored energy on corrosion behavior over a wide range of
plastic strain. Unfortunately, there are limited studies which
examines the corrosion behavior over a wide range of plastic
strain. Nevertheless, several studies present the corrosion
trends over a wide strain range from conventional up to SPD
values 34363938.95.107-114) §ome of these studies report an
anomalous change in corrosion behavior3#3¢-93:110.113) apq
suggest the possible role of UFG structures on corrosion
kinetics, as described later.3®)

3. Corrosion Studies of Severely Deformed Metals

3.1 Past corrosion studies of SPD materials

The overall trends in the corrosion of, mostly, aluminum
and magnesium with grain size reduction have been reviewed
by Ralston et al.,>" and the trends for a wider range of
materials with a greater emphasis on the different types of
SPD have been reviewed by the present author.?”) For pure
metals, Ralston et al. proposed the general rule that UFG
and NC materials exhibit a higher corrosion rate than CG
materials in non-passivating environments.?! In their review,
they employ a Hall-Petch type law to correlate within a
reasonable error, the corrosion resistance of materials
processed by various methods including SPD with the grain
size as a common metallurgical variable.?"

ECAP is the most common SPD method used in almost
half of the studies on corrosion of severely deformed
materials.?®) Other traditional SPDs methods such as
HPT,'' ARB,**107 hydrostatic extrusion (HE),67) and
modified cold rolling®” are also employed, albeit not as
frequently. Corrosion is a surface phenomenon, thus so-called
surface nanocrystallization (SNC) methods such as shot-
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blast/peening,'1¢-129 yltrasonic peening,’>7+77121) surface
mechanical attrition treatment (SMAT),?+27-36:122) and friction
stir processing (FSP)!?¥ are also reported, and, in some
cases, demonstrated as an effective approach in enhancing
corrosion resistance.

3.2 Pure aluminum

In most corrosion studies of pure aluminum, the material
was processed by ECAP’%%108124-128) The impact of
SPD on corrosion resistance is much higher for pure
aluminum than for other pure metals and it is mostly a
favorable impact?7-383%089LI24127.128)  \yith  some excep-
tions.>710%:108.125) The corrosion behavior is mainly char-
acterized through polarization tests in neutral NaCl solutions
aimed at determining the corrosion resistance on the basis of
the corrosion current and pitting potential. In most cases, the
corrosion current decreases®®”>>114) and the pitting potential
increases®®”) as compared with the values for CG materials.
The anodic current is mostly suppressed by SPD, while the
cathodic current is less affected near the open potential,
suggesting that the spontaneous passive film become more
protective upon UFG formation because of high-density grain
boundaries which facilitate passivation.

The imposed strain or the number of ECAP passes vary
between studies ranging from 4 to 8 passes.”’ " Since pure
aluminum has a high SFE and relatively low melting
temperature, it becomes a complete UFG structure at
relatively low plastic strain. However, there is still concern
that the level of UFG reached differs from study to study,
because corrosion properties do not saturate in the
investigated strain range.’®!97125) For example, corrosion
currents continue to decrease and do not saturate until 9 ARB
passes, which corresponds to an equivalent strain of 7.%%)
Similarly, the pitting potential of commercial pure aluminum
(A1050) continues to increase until the final 5 ECAP passes,
do not show saturation.’® On the other hand, Song et al.
pressed commercial pure aluminum for up to 16 passes, and
observed saturation with considerable improvement in pitting
corrosion potential and suppression of corrosion current.%%%%)
Therefore, the level of UFG formation attained by ECAP
varies between studies, and the effect of UFG materials may
be underestimated in these studies. Unfavorable effects by
SPD are mainly attributed to small cathode precipitates which
fragmented into even smaller pieces during SPD.37:107:108.125)
The degradation of corrosion resistance reported for nano-
structured aluminum processed by surface mechanical
attrition treatment (SMAT) has been attributed to high
surface roughness.?”

3.3 Pure magnesium

Although pure magnesium and its alloys are the second-
best materials studied in this field, they are special in that
they are processed by SPD at moderately higher homologous
temperatures of 200 to 300°C because magnesium is difficult
to deform due to its HCP structure.?*?%3) Therefore, grain
fragmentation involves continuous dynamic recrystallization,
and reach to a saturation of microstructure by lower plastic
strain. The final grain size and residual dislocation density are
strongly affected by the initial grain size and deformation
conditions such as the strain rate and temperature.'?”
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Because of dynamic recrystallization, the microstructures
tend to become inhomogeneous, or a bimodal mixture with
coarse grains and UFG structures,'?® which may be one
reason for the inconsistent results reported in the literature.
Similarly, due to the enhanced recovery process, dislocations
densities are relatively low and grain boundaries are in the
equilibrium state. Thus, corrosion behavior is dominated
by the inhomogeneous microstructure rather than the level
of UFG and non-equilibrium grain boundaries. Corrosion
properties of pure magnesium were examined using NaCl
solutions'*? or artificial human body fluid,'*” and like pure
aluminum, pure magnesium is mostly improved by
SPD,2410%:129-13D) 1yt with some exceptions.’® It is evident
that the very high fraction of grain boundaries is likely to
reduce corrosion rates by accelerating the passivation
kinetics, making the unstable passivation more protective.
Similar to that of aluminum, the corrosion behavior of
magnesium is sensitive to cathode precipitations, which
greatly complicate the effect of SPD on corrosion in
magnesium alloys, especially in low-impurity materials. In
contrast with pure aluminum, effect of microstructural
evolution on corrosion current is reflected in the decrease
(or increase) of cathode reaction.?®3%132133) The reason of
the suppression or promotion of cathode current due to UFG
formation is unknown, but may be attributed to an enhanced
kinetics of cathode reaction or electroconductivity of the
passivation films.

3.4 Pure titanium

Thermodynamically, pure titanium is passive in solutions
over the entire pH range and has very high corrosion
resistance. UFG materials have been pressed by
ECAP?75134+138) byt other SPD methods such as HPT,!!
hydrostatic extrusion,’®!3® FSP,'?*) and high-ratio differential
speed rolling (HRDSR)*”#" have also been employed. Like
pure magnesium, pure titanium is difficult to deform at room
temperature due to its HCP structure. Therefore, it is typically
processed by SPD at relatively high temperatures such as
200°C"37 or 350 to 600°C.237576.134-136.138) except for HPT,
which is usually done at room temperature.''> Despite the
higher SPD temperatures, the final grain size is small,
typically on the order of 0.2 um, and residual dislocations
can be observed in most cases, suggesting immature UFG
formation.'*) Corrosion of pure titanium has been studied for
potential use in biomaterials, and like magnesium, they are
in many cases evaluated in dilute 0.9% NaCl solution”®!3% or
artificial body fluid.?>!3%137:13%) with some exception using
acidic solutions.’”*" In most cases, as in other materials,
corrosion resistance is evaluated by polarization tests and
improved by SPD, although the degree of impact is smallest
among the materials studied. Similar to pure aluminum,
suppression of corrosion current is mainly dominated by
anodic current near the open potential, and the passive
current density is decreased.?>»!37:13% Like other materials,
this improvement of resistance to dissolution can be
explained by the presence of a dense protective passive film
due to accelerated passivation reaction in UFG materials.
Inconsistent results have been reported for HPT, in which
pure titanium was pressed to reduce the grain size to a
surprising 100 nm and corrosion resistance was degraded.!'>
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The reason for this degradation is unknown, but high internal
stress or phase transformation (¢ to w) are possible causes.
Unfortunately, there has been few work examining the
corrosion behavior with a systematic increase of plastic
strain,’3® and the majority of prior works have compared
two microstructures of CG and UFG.2337.7576.134,135,137.139)
Sotniczuk et al.'* reported that post-ECAP annealing
improves corrosion resistance with little grain growth, and
attributed this improvement to a reduction of residual
dislocations. This interpretation suggests that the effect of
SPD on corrosion becomes stronger with more pressing,
achieving a more complete level of UFG formation with few
dislocations inside the grains. Similarly, Kim et al*" and Gu
et al.” also reported a positive effect of post-SPD annealing
with little grain size change.

3.5 Pure copper

Pure copper has been employed in numerous studies
for microstructural analysis after SPD using using
TEM,210L140.141) xRy 106.142) ERSD 17:143) 1t is a relatively
noble material, and the effect of impurity segregation or
cathode precipitation on corrosion is weak, so it is an ideal
material to examine the effect of deformation microstructures
on corrosion behavior. Thermodynamically, pure copper
undergoes passivation in near-neutral and weak alkali
regions, but the passivation layer is incomplete and less
protective, and its growth is time-dependent. Therefore, pure
copper at open potential in neutral solutions is naked upon
immersion, but with time, it gets coated with passivation if
the surface becomes reactive owing to the high density of
dislocations and grain boundaries induced by SPD. Although
the effect of severe deformation on the corrosion of pure
copper is relatively weak compared with other materials,
anomalous changes in corrosion behavior that may be
attributed to UFG formation was observed. Figure 4 shows
the variations in the polarization resistance, corrosion rate,
and total stored energy upon plastic deformation of pure
copper as a function of equivalent strain by SPD; the three
data sets are from different sources.**!*!19 The polarization
resistance, R,, of pure copper deformed by ARB was
obtained by electrochemical impedance spectroscopy (EIS)
in a 3.5% NaCl solution®® and the corrosion rate of pure
copper deformed by SSE was obtained by immersion tests in
Livingston etchant.!!'” The total internal energy, stored in
lattice defects mainly as dislocations, grain boundaries and
excessive vacancies by ECAP, is also plotted.'® It is
important to note that R, increases rapidly after 4 ARB
passes despite the almost constant total stored energy. The
increase in R, is attributed to the thicker and more protective
passivation layer obtained with increasing number of ARB
passes.>¥ Similarly, the corrosion rate increases with
increasing stored energy in Livingston’s dislocation etchant,
but it starts to decrease after 8 SSE passes, presumably upon
the possible formation of a UFG structure.''?) In both cases,
the change in corrosion behavior does not conform to
the change in stored energy, suggesting that the transition to
UFG may affect corrosion kinetics. Inversely, the corrosion
rate of UFG copper increased by post-SPD annealing which
results in little grain growth, possibly due to the recovery
of UFG structures of as-ECAPed copper.**!4% (In Ref. 43,



1248

&
§ 104 |-
=
< ™
= :
2 10° - '
| !
—— 7 1
g 10 :
o i
5 w0t
o
10
----- Fe-8%Cr
0.|E_
1 = = Fe-10%Cr
101tk Fe-12%Cr
1012 1 1 1 1 1 1 1
08 06 04 .02 0 02 04 06 08
Potential (Vyyaect)
(a)

Fig. 5 Dynamic polarization curves of (a) CG, and (b)

the increase in corrosion rate was ascribed to an increasing
fraction of HAGB although the grain size increased from
0.52 um to 3.96 um. In our opinion, the increase in corrosion
rate was due to reduced protectiveness of the passivation by
the lower dislocations and grain boundaries density, and
possible recovery of non-equilibrium grain boundaries.)

3.6 Fe—Cr alloys

To the best of our knowledge, the corrosion resistance
of Fe-Cr steels is enhanced by UFG formation without
exception, and the degree of impact on corrosion resistance is
highest among the materials investigated. We found that UFG
Fe-20%Cr alloy fabricated by ECAP exhibited higher pitting
potential than CG counterparts.”® This high pitting potential
was partially reduced by post-ECAP annealing at 200°C for
3 minutes, which induced little grain growth.?® Therefore,
we concluded that the high pitting potential was attributed to
non-equilibrium grain boundaries, which facilitate protective
passivity, and the partial degradation of corrosion resistance
by post-SPD annealing was due to the recovery of non-
equilibrium grain boundary structures. Highly protective
passive films are ascribed to Cr enrichment in the passive
film, as evidenced by glow discharge optical emission
spectrometry (GD-OES). This Cr enrichment in passive films
was reported in UFG and nanostructured Fe-Cr alloys
fabricated by mechanical alloying,'* and magnetron
spattering,'4® and this was attributed to preferential
dissolution of Fe!*147) or fast diffusion of Cr at high-density
grain boundaries.'*® By tracer experiment, it was shown that
Cr diffusion at grain boundaries in NC Fe processed by
SMAT is 4 to 5 times faster than that in CG Fe, and this
ultrafast diffusion of Cr in NC Fe is attributed to non-
equilibrium grain boundaries.!®” In our subsequent study
using UFG Fe-8, 10, 12%Cr alloys, Fe—12%Cer alloys having
both CG and UFG structures exhibited passivity in 3.5%
NaCl solutions, and the pitting potential was higher in UFG
12%Cr alloys than in the CG counterpart.>> However, more
surprisingly, the UFG Fe-8%Cr and 10%Cr alloys exhibited
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passivity while the CG alloys did not, in the same solution,
as shown in Fig. 5.3 This was a surprising result because
the critical Cr content for self-passivation is established as
11%Cr. As shown in Fig. 6, this passivation appears at an
early stage of deformation, but extensive improvement (a
higher breaking potential) is seen after 8 passes of ECAP.3®
This strongly suggests that non-equilibrium grain boundaries
may play a critical role in reducing the critical Cr contents
for passivity and rendering 8% and 10% Cr alloys stainless
steels. In addition, this passivation of 8 and 10%Cr steels
disappears after post-ECAP annealing at temperatures of 698
to 773 K with little microstructural change (Fig. 7).3¢

3.7 Effect of area fraction of anode and cathode sites in
non-passive environemnts

Although the corrosion resistance of the above simple
materials follows Ralston’s rule in standard testing solutions,
several exceptions have been reported, and they are mostly
tested in weak or dilute non-passivating environments. One
of the authors reported that the corrosion current of UFG
copper by ECAP in Livingston etchant (pH =1, non-
passivation) is lower than that of CG materials in spite of
high density defects.'*® The corrosion current was decreased
by the suppression of the cathode curve while the anode
curve remained unchanged.'*® This change may be attributed
to kinetics in local cells between grain boundaries and grain
interior. In the ultrafine-grained regime, if grain interior
regions as cathode sites do not counterbalance the anode sites
that become abundant with grain size reduction, the cathode
current (cathode slope) is suppressed. Similarly, UFG IF
steels processed by ECAP exhibit a lower corrosion rate than
CG in weaker solution (0.01 M NaCl), and this goes against
Ralston’s rule too, whereas the UFG materials exhibited
higher corrosion rates in a non-passive stronger solution (1 M
NaCl)."*) An another example which supports this idea was
reported for UFG IF steels processed by wire brush for which
the corrosion currents of nanograined IF was higher than that
of CG materials in a range of solutions consisting of NaCl
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Fig. 6 Dynamic polarization curves of (a) Fe-8%Cr, (b) Fe-10%Cr and (c) Fe~12%Cr steels after each ECAP passes.>®

and H,S80,.°Y When the solution is weak with a lower
oxidizing power, the corrosion behavior becomes more
sensitive to microstructure (grain size and dislocation
density) because the solution attacks the materials by more
local manner, selecting high energy defects such as grain
boundaries and dislocations.'>! In other words, galvanic cells
that are linked to grain boundaries or dislocations become
closely spaced at very high strain range and may affect the
corrosion kinetics. With such closely spaced galvanic cells,
the area fraction of anode sites to cathode sites may also
affect corrosion kinetics. According to Uligh,'>? the
maximum corrosion current occurs when the area of anode
site is given by 4. = B./(B. + B.), where B, and B. are the
Tafel slopes of the anode and cathode reactions, respectively.
The grain size reduction will increase the dissolution rate by

increasing grain boundaries as anode sites, and this accord
with Ralston’s rule. However, this increase in corrosion rate
is expected to reverse when the grain size becomes extremely
small and area of cathode sites is smaller than A..

4. General Trends and Corrosion Mechanism of
Severely Deformed Metals

4.1 Classification of general trends of corrosion resist-
ance
General trends of corrosion with increasing strain reported
in the literature are classified into several types, as shown
in Fig. 8. In the figure, corrosion resistance is a symbolic
term and specifically indicates pitting potential, polarization
resistance, or the inverse of corrosion current from difference
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sources.3+36:3938.95,107-119) Type A is the most common trend
found in a wide range of materials in passive environments,
where corrosion resistance increases with decreasing rate
towards saturation. The change seems to be in accord with
the stored energy. In type B, the corrosion resistance
increases with an abrupt increase at the middle stage, and
this may be ascribed to certain microstructural changes or
UFG formation. This type of trend is seen in pure copper
processed by ARB in NaCl solution®® and ECAPed Fe—Cr
alloys in NaCl solutions.>>> In type C, the corrosion rate
increases with increasing defects density by SPD. In type C/,
corrosion resistance decreased in the early stage, but
increased with the possible formation of a UFG structure.
This type of trend was recognized in pure copper pressed by
SSE in Livingston’s dislocation etchant.!'?

(pitting)

4.2 Local potential change at grain boundaries and
dislocations
Thermodynamically, the driving force of corrosion is the
energy stored by lattice defects, which increases progres-
sively with increasing strain. The relationship between the
free energy stored in defects AG (J/mol), and resultant

change in electrochemical potential AE is given by as
151)

follows,

where 7 is the change in oxidation number of the metal when
it corrodes and F is Faraday’ constant. For example, severe
cold working of pure copper to induce defects amounting
to 160J/kg, which is equivalent to a dislocation density
of 10m=2, will afford only about 0.1mV of potential

o8

s o8 o4 43 0 03
Patential (¥l

(c)

AG = —nFAE
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Corrosion resistance
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Fig. 8 Classified trends of corrosion resistance with increasing plastic

strain.  Corrosion  resistance  represents  polarization  resist-
ance, 9% 107108 111-113) pitting potential, % the inverse of corrosion
current?:10%:110) o weight loss.!10:11%) References are type A8:109.111-114)

type B,34369%) type 39107 type C10113) 404 type D, 108.113)

difference. Similarly, the potential drop by the transition to
UFG of high-density HAGBs from a perfect single crystal is
small, and is given by AE =3y/D, where y is the grain
boundary energy of a HAGB (for Cu y = 0.6Jm~2), and D
is the grain size. For the case D = 100nm, AE =3 x 0.6/
(100 x 107%) = 1.8 x 107 Jm~3, which is equivalent to only
0.11 mV. Therefore, the potential change in average-based
stored energy is very small by grain reduction and dislocation
accumulations even if their density is extremely high. On
the other hand, experimental differences in the corrosion
potential of CG and UFG pure copper were reported as
30mV in 3.5% NaCl,'>® and surprisingly reached 100 mV in
Livingston’s etchant.'*® Because the corrosion potential is
determined not only by the electrode potentials, but also by
the reaction kinetics which are accelerated by the high local
potential of grain boundaries and dislocations, the local
stored energy of these single defects must be considered. For
example, the grain boundary energy of typical HAGBs in
copper is about 600 mJ/m?. By supposing a grain boundary
width of w = 1 nm, the extra energy per atom in the grain
boundary, AG = Eg/N=0.6x(3.6 x 107'9%/(4 x 107%) =
7 x 10721 ], where N is the number of atoms belonging to
the grain boundary per unit area, and the lattice constant a
of copper is 3.6 x 107'm. Therefore, the potential drop at
a grain boundary is given by AE = AG/—ze = —22mV.
This is still lower than the requirement for a galvanic cell, as
a minimum potential difference of 30 to 40 mV is generally
needed for galvanic corrosion to occur.'>) However, in the
presence of a good electrolyte, as little as 15mV difference
in corrosion potential of two sites can form a local cell, and if
the difference is 30 mV or greater the anodic materials will
definitely corrode sacrificially to protect the neighboring less-
active cathodic sites.'>" According to Nazarov,®® the grain
boundary energy in the non-equilibrium state reaches almost
double (1.2J/m?) the grain boundary at equilibrium, and in
this case, the potential difference amounts to 44 mV which
can form a more rigid local cell between grain boundaries
and the grain interior. Therefore, it may be possible that
transient nanoscale galvanic cells may form between grain
boundaries and surrounding crystals, and these cells become
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stronger in non-equilibrium grain boundaries. The possible
effect of high-energy non-equilibrium grain boundaries
coupled with residual dislocations on corrosion resistance
of materials deformed by SPD has been presented for pure
copper, 144148 titanium*! 75139 and stainless steels?33-3¢)
by observing change in corrosion behavior by post-SPD
annealing. Similarly, the potential difference between a single
edge dislocation core and the surrounding potential can be
estimated from the dislocation core energy Wy= ub’/
47(1 — v) per length of b, where w is the shear modulus, b
is the Burgers vector, and v is Poisson ratio.*> If one can
assume the core radius to be 2b, then Wy=7.0 x 1072°]J,
which corresponds to the local potential drop reaching
63 mV. Thus, galvanic cells between single dislocations and
the surrounding matrix are also possible. Indeed, local
potential drops at individual defects were reported in
experimental works using Kelvin probes, which exhibited
local drops in the electron work function (EWF) reaching 60
to 80mV in Cu and AL'* and 0.1V in nanograined 304
steels.*” EWF is directly correlated with the corrosion
potential,'> and the significance of this work is to
demonstrate that different levels of electron activity are
maintained at the grain boundaries and grain interior and are
not averaged even in nanocrystalline materials. In another
approach using high-angle-annular-dark-field (HAADF)-
TEM, Zhou et al. estimated the local potential drop at a
single dislocation core to be almost 100mV.*» In in situ
observations by EC-STM, corroded topographic features
resulting from nanoscale local dissolution or local passivation
at a single grain boundary were observed.**=>! It was shown
that random grain boundaries develop thicker passivation
than coherent grain boundaries in microcrystalline copper.'>®
In a more direct approach, nanoscale galvanic cells were
observed in in situ mode using OL-EPM.>¥

4.3 Effect of dense defects configuration on dissolution

Based on the above consideration, local potential drops and
the resulting surface states after corrosion in non-passivating
and passivating environments are shown schematically in
Fig. 9, with corresponding dislocations and grain boundaries
in each SPD stage shown in Fig. 1. The initial structure
consists of recrystallized grains with no dislocations inside
them. Thus, the potential is uniform with local drops at grain
boundaries. In the stage 2, there are many small potential
drops at dislocation cores and grain boundaries, and average
potential decreases according to the total stored energy. In
stage 3 where an ideal UFG structure is formed, potential
drops are seen only at grain boundaries, but they become
deeper because of higher grain boundary energy. The overall
potential inside the grains rises back to the initial level
because dislocations are integrated into the grain boundaries.
When the UFG structure is recovered by post-SPD annealing
with little grain growth (far right), potential drops become
shallower by transition back to equilibrium grain boundaries.
Accordingly, corroded surfaces are altered according to the
above potential distribution and oxidizing power of the
solution (level of equilibrium potential of cathode reaction,
E., such as 2H' + 2e~ — H,). Ideally, if E. is higher than
both E, 4, the potential of the grains, and E, 4, the potential
inside the grains as in the aggressive case, general corrosion
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Stage 3 Recovered

==' LAGB =——HAGB
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Ee (nuld)

Non-passive (aggressive case)

Passivation (mild case)

GB | |

Fig. 9 Schematic diagram showing potential distribution of anodic (metal oxidation) reaction corresponding microstructures (above),
corroded surface in non-passivating in relatively aggressive solution (high E;), and passivation in mild solutions (low E) at various
stages of SPD shown Fig. 1. E. is equilibrium potential of cathodic (reduction) reaction.

may occur. In this case, corrosion kinetics either for
dissolution or passivation is determined by overall stored
energy level. When E. is between E,, and E, g, as in the
mild case in Fig. 9, then corrosion becomes selective and
limited to defects with a potential lower than E..'" The
corrosion rate becomes sensitive to microstructural evolution,
and becomes higher or slower with UFG formation depend-
ing on E. level. This consideration is purely based on
thermodynamics, the purpose is to interpret the overall trend
as a response to structural changes by SPD and post-SPD
annealing. For a more thorough discussion of the local
corrosion rate, a kinetic mechanism taking the local structure
into consideration must be considered.

4.4 Pseudo-uniform corrosion of UFG materials

In a UFG structure, the formation of closely spaced cells of
anodic-cathodic reactions with a very high fraction of grain
boundaries in the microstructure is likely to make the
corroded surface uniform as in general corrosion. In a strict
sense, general or uniform corrosion proceeds by forming
corrosion cells between anode and cathode sites that are
not spatially separated and not fixed at the surface. As a
result, the corroded surface is uniform with no intergranular
grooves and pitting. In the other extreme, local corrosion
such as intergranular corrosion proceeds by forming fixed
galvanic cells with separate anode and cathode sites at grain
boundaries and grain interior. The degree of localization of
anodic dissolution is determined by the electrode potential
of dislocations and grain boundaries, and the oxidizing power
of the solution.!>) In the present case, anode and cathode
sites are linked to lattice defects, but may be transient because
if anodic dissolution was confined to a dislocation, it would
form a hole along the dislocation line, and it is not probable.
The present type of corrosion should be distinguished from
the classic general corrosion, and can be considered as
pseudo-uniform or pseudo-general corrosion.

In the UFG regime, the formation of closely spaced cells
of anodic-cathodic reactions with a very high fraction of
grain boundaries in the microstructure is likely to reduce
corrosion in two ways: (1) accelerating the passivation
kinetics in highly oxidizing environments, and (2) reducing
the intensity of local cell between grain boundaries and grain
interior in weak or dilute solution by suppressing cathodic
reaction due to smaller area of grains.

5. Conclusions

In corrosion study of severely deformed materials, in
which the microstructures become fragmented into ultrafine-
grained structures with more or less residual dislocations,
grain size has been regarded as the most dominant
metallurgical varialbe, and a general universal law involving
grain size was pursued. Fortunately, it seems that this notion
may be applicable to pure aluminum and pure magnesium,
and to other materials of high SFE and low melting
temperature in which dynamic recovery or recrystallization
occurs relatively easily during SPD and form grain
boundaries with few residual dislocations. However, as
shown by the systematic investigation of the effect of
increasing plastic strain and post-SPD annealing on the
corrosion behavior of copper, titanium and steels in which
dynamic recovery is rather difficult during SPD, the side
effect of UFG structures on corrosion is found to be
significant due to closely spaced lattice defects. Corrosion
behavior was difficult for us to understand in terms of grain
size only. In this review, this side effect of SPD by non-
equilibrium grain boundaries and dislocations is highlighted
in stainless steels, which exhibited a very high resistance to
corrosion by forming a protective passive film due to very
reactive grain boundaries. More generally, the effect of
structures and the configuration of grain boundaries and
dislocations becomes stronger in UFG structures due to
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closely spaced local cells formed by these lattice defects. The
local potential distribution due to a single lattice defects can
explain the overall tendency to dissolution or passivation in
accordance with microstructural development. However, for
a more thorough discussion on the effect of configuration of
lattice defects on corrosion kinetics that govern the macro-
scopic corrosion rate, in situ observation of the transient
corrosion current at a single-defect scale is needed.
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