New Grain Formation during Warm Deformation of Ferritic

Stainless Steel
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Microstructural evolution accompanied by localization of plastic flow was studied in compression of
a ferritic stainless steel with high stacking fault energy (SFE) at 8§73 K (=0.5 Tm). The structure
evolution is characterized by the formation of dense dislocation walls at low strains and subsequently
of microbands and their clusters at moderate strains, followed by the evolution of fragmented struc-
ture inside the clusters of microbands at high strains. The misorientations of the fragmented bound-
aries and the fraction of high-angle grain boundaries increase substantially with increasing strain.
Finally, further straining leads to the formation of new fine grains with high-angle boundaries, which
become more equiaxed than the previous fragmented structure. The mechanisms operating during

such structure changes are discussed in detail.

I. INTRODUCTION

HOT deformation of various metallic materials with low
to moderate stacking fault energy (SFE) leads to the evo-
lution of new grain structure, that is, the occurrence of dis-
continuous dynamic recrystallization (DRX). Its fundamen-
tal features, such as plastic flow behaviors and the evolution
of DRX grains and their substructures, have been studied
in detail.[:>3 On the other hand, the evolution of new grains
with high-angle boundaries sometimes takes place in higher
SFE materials even during cold or warm deformation.®"1
In this case, the structural changes do not result from DRX
and are usually associated with the appearance of high-an-
gle dislocation boundaries, such as microbands or shear
bands, which are accompanied with a decrease in the strain
hardening.[8-14]

There is a limited amount of work on the microstructure
evolution of bece metals during deformation at ambient to
moderate temperatures.*" Dimek and Blicharski® studied
the structural changes of a ferritic steel with deformation at
ambient temperature and found that the substructures com-
posed of dislocation-rich layers, i.e., the dense dislocation
walls (DDWs), were formed in homogeneous cellular struc-
tures at an early stage of deformation, and microbands were
developed in the initial grain interiors with further straining.
Rybin et al.® originally termed such structures, including
microbands and DDWs, the fragmented structure.

The aim of the present work is to study the changes in
heterogeneous microstructures with deformation at moder-
ate temperatures and particularly the dynamic processes of
new fine grain evolution taking place in a ferritic steel with
high SFE. The characteristics of heterogeneous dislocation
substructures and the mechanisms operating during such
dynamic processes are discussed in detail.
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II. EXPERIMENTAL PROCEDURE

The material tested was a hot-rolled ferritic stainless
steel, having the following chemical compositions: C0.13,
Cr25, Ti0.9, and balance Fe (all in mass pct). Specimens
10 mm in diameter and 12 mm in height were machined
parallel to the rolling direction and then annealed at 1523
K for 1 hour, leading to the evolution of an average grain
size of 250 um. Compression tests with no lubricant were
conducted at 873 K (0.5 Tm) under strain rates of 10~* to
1072 s7! using Instron 1185 and Schenck RMS-100 uni-
versal testing machines. For the observation of deformed
structures, the specimens tested were quenched by water jet
immediately after warm deformation. Some specimens
were cut and polished parallel to the compression axis be-
fore testing and were then compressed for the observation
of deformation relief. The slip patterns were studied with a
JSM-840 scanning electron microscope. The metallographic
observations were carried out in a Neophot-2 optical mi-
croscope and an Epiquant automatic structure analyzer. The
dislocation substructures were examined in a JEM-2000EX
transmission electron microscope (TEM), and misorienta-
tions were determined by a Kikuchi-line technique. X-ray
analyses were also performed by Bragg—Brentano focusing.

III. RESULTS
A. Deformation Behavior

A series of true stress—true strain (o — &) curves for the
present ferritic steel is depicted in Figure 1. Their general
shapes are similar to those controlled only by dynamic re-
covery.’l It can be seen clearly that flow stresses in each
curve approach a saturation value at strains of around 0.25.
The saturation stresses at high strains show relatively low
strain rate dependence. This suggests that strain hardening
and dynamic softening establish an equilibrium, and the
deformation mechanisms operating do not change at high
strains. Heterogeneous deformation, however, frequently
took place at high strains in the present test conditions, as
described later, and so this steady-state flow represents only
an average macroscopic response to strain.

Figure 2 demonstrates the relationships between the
steady-state flow stress (o) and strain rate (& at 873 K.
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Fig. 1—A series of true stress—true strain curves for Fe-25 pet Cr at 873
K.

Here, o is an average flow stress at strains of 0.3 to 0.35.
It is noted in Figure 2 that there is no linear relationship
between o, and &in log-log scale. The stress exponent (n)
is very high and increases with decreasing o,,. This can
result from the second-phase particles distributed inside
grains as well as the temperature region of athermal flow.
The role of dispersed particles in deformation sometimes
can be discussed using so-called threshold stresses. Chau-
dhury and Mohamed!>! proposed a simple technique to
evaluate the threshold stress by using the following equa-
tion:

n, = n/(l — oy/o) [1]

where n, and n are an apparent and a true stress exponent
and o, and o are the threshold and applied stress, respec-
tively. Substituting the experimental data in Eq. [1], n is 4
and o, is 275 MPa. The relationship between log (o, —
oy) and log & can be represented by a linear line with a
slope of 4, as shown in Figure 2.

B. Deformation Relief

Slip patterns appearing during plastic deformation at 873
K and at 1073 57! were observed in the parallel plane to the
compression axis and are shown in Figure 3. In early stages
of plastic flow (¢ = 0.1), long parallel slip bands with a
spacing of 4 to 10 wm dominate and very fine wavy bands
appear between coarse slip bands (Figure 3(a)). In the vi-
cinity of grain boundaries, the density of slip bands is
higher than that in grain interiors. With further straining to
0.5, deformation microbands, as proved by Figures 4 and
6, are developed as crossing over the initial coarse slip
bands (Figure 3(b)). These structures may be equivalent to
the fragmented structure.® These microbands were more
frequently evolved with increasing strain. The deformation
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Fig. 2—Relationships between steady-state flow stress (o) and strain rate
(¢) in log-log scale for Fe-25 pct Cr at 873 K.

relief appearing at high strains was investigated using the
samples predeformed to 1.05, polished after unloading, and
then redeformed to 1.15. The deformation relief in Figure
3(c) is quite different from those in Figures 3(a) and (b). It
can be noted here that fine short slip lines appear and small
isolated grains of about a few microns in size are evolved
in these regions. This suggests that new grain formation
followed by boundary sliding can take place at high strains.

C. Deformation Microstructures

The deformation microstructures developed at 873 K and
1073 s71, corresponding to the deformation relief in Figure
3, are shown in Figure 4. The microbands mentioned pre-
viously are more frequently formed in the vicinity of initial
grain boundaries, as shown in Figure 4(a). Compression to
around a strain of 0.7 leads to the pancaking of the original
grains and the formation of microbands, their clusters
and/or their crossing within them. These clusters involve
some microbands of a few microns in width and are in-
homogeneously developed. It also can be seen in Figure
4(a) that original grain boundaries are serrated at the sites,
where the deformation bands reach them. Further defor-
mation leads to decreasing the spacing of microbands while
increasing their width. The volume fraction of such regions,
including microband clusters, becomes around 80 pct in the
central part of deformed samples, while it becomes over 40
pct as a whole at a strain of 1.05 (Figure 4(b)). Small grains
of about 1 um in size can be recognized to be developed
in these band interiors. As the deformation bands are more
frequently evolved near the original grain boundaries, the
latter cannot be exactly recognized in Figure 4(b).
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Fig. 10—Schematic drawing of fine grain formation during warm
deformation. («) Fragmented structure developed inside microband
clusters at medium strains. (») New fine grain formation accompanied by
local migration of fragmented boundaries and dynamic recovery at high
strains. Bold and thin lines indicate high- and low-angle boundaries,
respectively. Chain lines show earlier boundary positions.

location density followed generally by the formation of the
DDWSs. B821LIZIAI T this case, the average dislocation den-
sities can be related to the applied stress. They approach a
saturation value with warm deformation, and then the de-
formation processes should be changed because of defor-
mation instability, i.e., strain localization taking place on a
mesoscopic scale (i.e., size of microbands).*!4!”1 The mi-
crobands are generally evolved as intersecting DDW (Fig-
ure 6) and progressively evolved with strain, leading to the
formation of microband clusters in the pancaked grain in-
teriors at high strains. The dislocations evolved inside such
microband clusters should be rearranged by dynamic re-
covery, including dislocation climbing, finally followed by
the formation of the fragmented structure (Figures 5(b) and
7). Tt should be noted that the longitudinal boundaries of
fragmented structure are parallel to those of the previous
microbands. The formation of such fragmented structure

can bring about the decreases in strain hardening and finally
the appearance of apparent steady-state flow at high strains.

Let us consider here the effect of microband clusters on
the deformation behavior of Fe-25 pct Cr alloy by using
the modern concept of deformation-induced high-angle
boundaries (HABs).['18] The fact that the evolution of dis-
location assemblage leads to the formation of HABs has
been explained by the collective modes of dislocation mo-
tion.'” According to this model, microband formation can
result from the evolution of dipoles of partial disclinations
and their motion in grain interiors. The flow stresses at
moderate strains can be explained as a result of the inter-
action between moving dipoles of partial disclinations and
pre-existing DDWs. The critical stress for this interaction
is represented by Eq. [3].l7

o=Go/(4m (1 —v)) [3]

where  is the maximal misorientation in DDW and v is
the Poisson ratio. When @ = 0.04 in the present results, o
is 230 MPa. The difference between the threshold stresses
of 275 MPa (Figure 2) and 230 MPa can be explained by
particle hardening due to some carbide precipitates.

At moderate strains, say, € = 0.7, the dislocation den-
sities evolved between DDWs hardly increase irrespective
of the increase in internal stress (Figure 9). The microbands
and their clusters are progressively developed with an in-
crease in strain, finally followed by the formation of frag-
mented structures. The new boundaries in the latter,
composed of the disclination-type defects, can be nonequi-
librium and so cause long-range stress fields to in-
crease.'”°1 The latter result from nonequilibrium bounda-
ries can be estimated by using Nazarov’s model:['*]

o~ 0.14Gby (1 — v)Vhx) [4]

where by, is the Burgers vector of boundary dislocation
with the space of 4 and x is the distance from the boundary
plane. The average of % here is assumed to be 4 =~ 9 b,,,[”]
and by, = 1/6[111] as a general Burgers vector of partial
dislocations in bcc lattice.?! Then, at a distance x = 0.65
pm from the boundary plane, which is of order of frag-
mented size, ois 7 X 10~* G. Thus, the dislocation bound-
aries in fragmented structure may become the sources of
internal stress fields. It can be concluded from the discus-
sions that the dislocation densities developed in fragmented
structures should be decreased by the operation of dynamic
recovery, while the internal stresses based on the disloca-
tion boundaries increase.

Finally, the processes of new grain formation during
warm deformation will be discussed. The movement of dis-
clination dipoles gives rise to the evolution of boundaries
having opposite misorientations. This is supported by the
results in Figures 5(b) and 7(a) namely, that the boundary
misorientations in fragmented structures are mutually com-
pensated. Fragmented structures are first formed near the
initial grain boundaries, which are the preferential sites of
disclination nucleation [18]. Upon further straining, such
disclination dipoles become far away and then the micro-
bands are formed as intersecting the grain interiors. Dy-
namic recovery takes place favorably in the regions
composed of closely spaced microbands and their clusters,
followed by the development of a fragmented structure
(Figure 10(a)). The dislocation boundary misorientations in



fragmented structures increase with further deformation,
leading to the evolution of HABs accompanied with their
local migration. Dislocation climb as well as boundary slid-
ing taking place along fragmented boundaries can bring
about the development of HABs and so the relaxation of
internal stresses. The energy balance between these bound-
aries can cause an equilibrium shape of triple junctions pro-
moting local migration of the boundaries, as shown by the
arrows in Figure 10(b). Finally, new equiaxed grains with
HAB:s are developed in the matrix including DDWs at high
strains, leading to the drop of internal stresses.

It can be concluded from the discussions described pre-
viously that the processes of new grain formation during
warm deformation of a ferritic steel cannot be explained
only by simple polygonized processes. The operation of
localized deformation can lead to the formation of micro-
bands and their clusters as well as the fragmented structure
accompanied with the formation of HABs. The misorien-
tation of such dislocation boundaries in the fragmented
structure changes from low to high angle, and these bound-
aries, assisted by dynamic recovery, become corrugated. Fi-
nally, new equiaxed grains with low to high angle misori-
entations are fully developed in the matrices, including
homogeneous DDWs. This phenomenon looks like a kind
of continuous dynamic recrystallization and can be called
an apparent dynamic recrystallization.

V. CONCLUSIONS

The plastic deformation and the development of new fine
grains in a ferritic steel with high SFE were studied in com-
pression at a moderate temperature (0.5 7)), and the main
results obtained can be summarized as follows.

1. Flow stresses at strains of beyond 0.25 hardly depend
on strain and strain rate because of the athermal region
of deformation at around 0.5 7,. This is an apparent
steady-state flow because heterogeneous deformation
frequently takes place during straining.

2. The substructure development accompanied with defor-
mation includes the formation of DDWs and microbands
and their clusters, followed by the evolution of frag-
mented structure inside microbands.

3. The misorientations of the dislocation boundaries in the
fragmented structure change from low to high angle with
deformation, and these boundaries move locally, assisted
by dynamic recovery, leading to the formation of cor-
rugated shape.

4. New equiaxed grains with low to high angle misorien-
tations are fully developed in the clusters of MBs. The
process of such dynamic formation of new grains can
be called an apparent dynamic recrystallization.
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