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In Chapter 1, equal-channel angular pressing (ECAP) is one of the severe plastic
deformation (SPD) to produce ultra-fine grain (UFG) material, and its principle and
microstructural developments have intensively been studied for the last two decades. In the overall
SPD processing, ECAP is unique in that the deformation proceeds by incremental shear restricted
to the narrow zone parallel to the intersecting plane of the two channels. The amount of plastic
strain imposed in one pass is important as well as the total amount of plastic strain by several
passes to obtain UFG materials. On account of the aforementioned unique deformation mode in
ECAP, microstructural evolution is influenced by deformation routes or strain path, such as the
so-called routes A, Bc and C, and has been studied with a special interest from the academic and
industrial perspective. However, the majority of papers on SPD materials have been devoted to the
face centered cubic (FCC) materials such as Al, Cu and Ni, little have been reported on body
centered cubic (BCC) metals except for low carbon steels. Despite the recent studies on UFG low
carbon steels (low carbon, nitrogen (C,N) Fe-20%alloy), the underlying mechanism of
deformation and UFG formation is not fully understood, largely due to complexities associated
with chemical compositions, especially with solute carbon and cementite. In addition to strength
and deformation behavior, corrosion properties are very important for structural application. Most
studies have been devoted to aluminum alloys, titanium, copper etc. Although Fe-Cr alloys are one
of important structural steels, little study on corrosion properties of UFG Fe-Cr alloys has been
reported so far because of technical difficulty for applying Fe-Cr steels to ECAP. The effect of
ECAP on corrosion propertiecs may differ from aluminum, copper, titanium alloys because
passivating element, namely, Cr is alloying elements in Fe-Cr alloys whereas host elements in
other metals. In this respect, Fe-Cr alloys of pure BCC materials should be used in order to obtain
the result intrinsic to BCC structure.

In Chapter 2, microstructural development of ultralow C, N Fe-Cr alloy and pure copper
processed by ECAP has been examined focusing on the initial stage of the formation of UFG
material. Fe-Cr alloys were pressed at 423 K while pure copper at room temperature for 1 to 3
passes via the route Bc to compare at the equivalent homologous temperature. In FCC, the
dislocations tend to form pile-up rather than cross slip, then they are accumulated as plastic strain
rather than absorbed in the grain boundaries and they are hard to be restructured as grain boundary
dislocation. This may explain the reason why the fraction high angle grain boundary (HAGB) is
lower after three passes in pure copper in spite of comparable low-angle sub grain/cell size with
Fe-Cr alloy. In this case, dislocation density should be higher in pure copper than Fe-Cr alloy at
the same strain level. Dislocation density of Cu shows lower than Fe-Cr alloys and it seems

1



inconsistent with the explanation mentioned above. Possible explanation of lower dislocation of
pure copper is dynamic recrystallization, which may occur during ECAP. Inhomogeneous
microstructures with large and small grains may be originated from the dynamic recrystallization.

In Chapter 3, the effect of the deformation route on the microstructure, and the
mechanical and electrochemical properties of this alloy by ECAP have been investigated focusing
on the anisotropy of the microstructure. This alloy was pressed at 423 K from one to eight passes
via routes A, Bc and C, and the microstructure was observed in three orthogonal planes in terms of
pressing direction. As has been acknowledged, overall grain fragmentation proceeded most
effectively in route Be. However, the degree of anisotropy of microstructural development was
different among the three deformation routes. The fractions of the HAGB and mean grain
boundary misorientation were high and nearly isotropic in route Bc, whereas they were
considerably low in one direction and highly anisotropic in routes A and C. The anisotropy of
microstructure in route A and C were higher than those of FCC metals. The anisotropy of
microstructural evolution can be explained rationally in terms of crystal slips that are intrinsic to
BCC materials. The Peierls barrier of screw dislocations is higher than that of edge dislocation in
BCC crystals; thus, slip by screw character is more predominant than by edge dislocation. When
plastic straining increases by the formation and extension of dislocation loops, edge dislocation
characters with high mobility slip faster than screw dislocation, resulting in extended lines of
screw dislocations. Therefore, the nature of the slip of predominant cross-slip, which is intrinsic to
screw dislocation, has an influence on the dislocation microstructures and macroscopic behavior
of plastic deformation. The micro hardness exhibited an increase by ECAP as was reported before
in many metals and alloys. However, the degree of hardening of the ECAPed sample was different
among three orthogonal planes in different routes. This anisotropic strain hardening seems to be a
characteristic of BCC metals. The isotropic hardening in the material processed by route Bc was
reflected the isotropic configuration of HAGB. Namely, this isotropic hardening tendency was
observed due to high dislocation density in route Be. This hardening was suggested that the
45°rotation of billets in route Be, which resulted in cross hardening. Since screw dislocations are
predominant in BCC metals, positive and negative screw dislocation pairs tend to meet by
cross-slip and disappear in both the forward-forward and forward-reverse shear in successive
passes.

In Chapter 4, the post-ECAP annealing process was carried out from 473 until 1373 K
for one hour after eight passes route Bc ECAP. The microstructure were then analyzed by electron
back-scattering (EBSD), a transmission electron microscope (TEM), and X-ray diffractometer
(XRD). Hardness tests after post-ECAP annealing showed typical three stages softening
comprising the first stage of relatively constant hardness, followed by the second stage of
significant softening and final stage of constant hardness. In the second stage, grains grew
uniformly, which differ from typical nucleation-and-growth mode of discontinuous
recrystallization. It was found by X-ray line broadening analysis that strain was released in early
stage prior to the significant softening stage. It was suggested that the homogeneous grain growth
was led by the uniform grain distribution with a HAGB fraction. Grain growth on the annealing
process may be divided into two types, normal grain growth and abnormal grain growth or
secondary recrystallization. Normal grain growth, in which the microstructure coarsens uniformly,
is classified as a continuous process and result in a relatively narrow range of grain sizes and
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shapes. On other hand, in abnormal grain growth, which is a discontinuous process, a few grains
in the microstructure grow and consume the matrix of other smaller grains and a bimodal grain
size distribution develops. During the annealing, material softening occurred gradually and
uniformly in a fixed time. This behavior was different from the softening behavior of aluminum
alloys which inhibits discontinuous recrystallization by extended recovery stage. Strain energy
stored as dislocations can be released in recovery process easily prior to recrystallization.
Therefore, strain energy stored in UFG structures in as-ECAP state may be released prior to the
next stage, resulting in the formation of UFG structure with less stored strain energy.
Homogeneous grain size distribution with high fraction of HAGB (81%) may lead to
homogeneous and normal grain growth whose driving force is solely grain boundary energy,
rather than recrystallization which requires strain energy as driving force.

In Chapter 5, the ECAP processed and post-ECAP annealed sample was also
characterized by tensile testing. After one, two, four and eight passes, the tensile strength increases
while the elongation drastically. After the annealing, the tensile strength of the samples of one, two,
four and eight passes decreases, while the elongation increases due to the recovery and grain
growth. It was found that annealed samples show higher strength than 8 passes as-ECAPed
samples when the strength was plotted as function of grain size. In other words, as-ECAPed UFG
samples and annealed samples are in different slope in Hall-Petch relationship. Hardening by
post-ECAP annealing was suggested that non-equilibrium grain boundary is a source of
dislocations which lower the yield stress.

In Chapter 6, the microstructural evolution at low cycle fatigue (LCF) behavior of UFG
Fe-Cr alloys was investigated. It was found that the fatigue life of the ECAP processed via route
Bc specimens is much shorter than that of routes A. This result is not unexpected in view of their
lower ductility. LCF behavior of iron chromium steel after ECAP for up to four passes shows that
the deformation microstructure remained fine and stable after cyclic deformation. However, the
LCF life decreased along with the limited ductility, as is commonly observed for materials
manufactured by ECAP.

In Chapter 7, effect of annealing on pitting corrosion of UFG structure material has been
investigated in term effect of strain energy and grain size reduction. UFG structures of initial grain
size of 140 nm exhibited the typical three stage softening comprising recovery, recrystallization
and grain growth. Pitting potential in 1000 mol'm™ NaCl solution was higher in UFG state, but it
started to decrease monotonously at lower temperature than hardness. The degradation of
corrosion resistance in the early stage of annealing is attributed to stability change of passivation
by recovery of dislocations structures inside grains and in non-equilibrium grain boundaries. The
resistance to corrosion of stainless steel was enhanced by UFG formation by SPD. This is often
explained by the higher diffusion of Cr enhanced by high density of grain boundaries. The higher
diffusion of Cr is considered that the passive film form by selective dissolution of Fe atoms into
the solution and resultant enrichment of Cr at the surface. The linear relation between residual
strain and (pitting potential) Ep can be interpreted by the faster diffusion Cr along the stored
dislocations inside the grains or/and non-equilibrium grain boundaries. Indeed, the result has been
shown that the grain boundary diffusivities in nanostructured metals processed by means of SPD
in the temperature range of 398-448 K are 4-5 orders of magnitude higher relative to the same
materials in a coarse-grained state. Namely, early reduction of Ep by the annealing can be caused
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by diminish of dislocations or transformation from non-equilibrium to equilibrium grain
boundaries. It was suggested that dislocation arrangements during the strain hardening stages
could better explain this trend according to electrochemical approaches.

In Chapter 8, the corrosion fatigue life of the ECAP processed and post-ECAP annealed
sample was examined focusing on the effect of grain boundary state (equilibrium and
nonequibrium) on corrosion fatigue. Annealed samples have a little lower tensile strength with a
lower ductility as compare with as-ECAPed samples. It was found that corrosion fatigue life was
longer in annealed samples. The crack initiation started from corrosion pits and propagated in both
the samples. It was suggested that the resistance to crack propagation at annealed samples override
the lower pitting resistance so that the fatigue life was longer in annealed samples.



