
Materials Science & Engineering A 581 (2013) 39–47

Downloaded from http://iranpaper.ir
http://www.itrans24.com/landing1.html
Contents lists available at SciVerse ScienceDirect
Materials Science & Engineering A
0921-50
http://d

n Corr
E-m

ilana.tim
Jiangtin
(P.D. H
journal homepage: www.elsevier.com/locate/msea
Static recrystallization of strip cast alloys in the presence of complex
nano-sulfide and nitride precipitates

Shokoufeh Malekjani n, Ilana. B. Timokhina, Jiangting Wang, Peter D. Hodgson,
Nicole E. Stanford
Institute for Frontier Materials, Deakin University, Waurn Ponds, VIC 3216, Australia
a r t i c l e i n f o

Article history:
Received 11 February 2013
Received in revised form
17 May 2013
Accepted 28 May 2013
Available online 5 June 2013

Keywords:
Strip casting
Rapid solidification
Steel
Recrystallization
Zener pinning
93/$ - see front matter & 2013 Elsevier B.V. A
x.doi.org/10.1016/j.msea.2013.05.070

esponding author. Tel.: +61 3 5227 2350; fax:
ail addresses: s.malekjani@deakin.edu.au (S. M
okhina@deakin.edu.au (Ilana. B. Timokhina),
g.wang@deakin.edu.au (J. Wang), peter.hodgs
odgson), nicole.stanford@deakin.edu.au (N.E. S
a b s t r a c t

The static recrystallization of three strip cast stainless steels including one ferritic stainless steel, one
austenitic stainless steel and a 201 stainless steel was investigated in the present work. The samples were
obtained from a laboratory scale strip casting simulator and were subjected to cold rolling and annealing.
It is shown that the strip cast samples develop nano-precipitates which in the case of austenitic and
ferritic stainless steels can significantly hinder the recrystallization kinetics. Two different precipitate
species were identified: sulfides and nitrides. The sulfides are formed in the as-cast structure and hinder
recrystallization. These can be coarsened by heat treatment to make recrystallization more rapid. The
nitrides, however, are in solution in the as-cast condition and only retard the recrystallization after a heat
treatment has been used to cause their precipitation.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Strip casting is a continuous casting process with the capability
of producing near net shape products allowing cost, energy and
environmentally efficient steel production. Direct strip casting
solidifies steel directly into thin sheet of �2 mm in thickness,
and the elimination of intermediate hot rolling steps can reduce
energy consumption by up to 90% [1]. Strip casting subjects the
steel to uniquely high cooling rates, many hundreds of degrees
per second [1,2]. Consequently, strip cast steels have very different
microstructures compared to conventional sheets produced by
thermo-mechanical processing. The rapid cooling experienced
during strip casting can produce super saturated solid solutions,
and has also been reported to form nano-precipitates and solute
clusters [3–7]. In the former case, fine particles are known to have
a significant impact on the recrystallization of alloys due to Zener
pinning of moving grain boundaries [8–10], and this is the topic of
the present work.

Of interest in the present paper is the static recrystallization
behavior of strip cast steels after cold rolling. There have been some
reports of retarded recrystallization kinetics in strip cast steels
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compared to conventionally processed materials [6,11,12]. Xu and
Ferry [11] reported delayed recrystallization after strip casting in a
low carbon steel, and Arribas et al. [12] reported that TiN particles
developed during rapid solidification were effective in retarding the
static and dynamic recrystallization of a low carbon steel. Frawley
et al. [6] have also reported the inhibition of austenite recrystalliza-
tion in low carbon steel as a result of fine Mn and Cu sulfide
particles developing during thin slab casting. From this limited
number of published papers, there seems to be compelling evidence
that, firstly, fine particles can develop during rapid solidification of
low carbon steels and, secondly, that these particles are able to
retard recrystallization. Although this has been found to be the case
for plain carbon steel grades, there is no information about how
these particles may affect other steel grades. Consequently, we
present here a dedicated study on the effect of strip casting on the
recrystallization behavior of three different stainless steel alloys:
one ferritic steel, one austenitic steel, and a 200 series alloy that is
duplex in nature after strip casting. Since we now know that
particles can have a major effect on recrystallization, a significant
part of this research will be to identify the different particles that
develop and determine how they behave during processing.
2. Experimental work

Three different alloys were used in this study with the chemical
composition given in Table 1. The samples were obtained from
a laboratory scale strip casting simulator known as a dip tester.
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Table 1
Chemical composition (wt%) of alloys used in this study.

Alloy type C Mn Cr Ni Al Si N S P Fe

Fe–18Cr–5Ni–6Mn (AISI 201 series) 0.11 6.0 17.7 4.8 0.15 0.77 0.20 0.017 0.007 Bal
Fe–15Cr–4Al (Ferritic stainless steel) 0.04 0.2 15.3 0.3 3.74 0.43 0.14 0.009 0.010 Bal
Fe–35Ni (Austenitic stainless steel) 0.02 0.3 – 35.2 0.03 0.19 0.10 0.014 0.015 Bal

Fig. 1. Microstructural images and corresponding inverse pole figures of as cast. (a–c) Ferritic stainless steel, (d–f) Austenitic stainless steel, (g–i) 201 stainless steel. The black
arrows show the solidification direction and the upper surface is the substrate surface.
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This design has been described in detail previously [13] and will
only briefly be described here. The dip tester is a rapid solidification
simulator which is used to immerse a copper substrate into molten
steel for a short and controlled period of time. The substrate is
immediately retracted from the furnace and the sample removed
from the substrate. The samples have dimensions of 35�35 mm2,
and a thickness that varies between 0.5 and 1 mm depending on
the alloy, melt temperature and residence time of the substrate in
the liquid steel. The specifics of the melt practice for each of the
three materials tested here can be found in Refs. [14-16].

The cast samples were cut into strips approximately 10 mm
wide, and then cold rolled to �60% reduction in 5–8 passes. To
study the recrystallization kinetics the cold rolled samples were
subjected to annealing at 850 1C in a fluid bed furnace. The holding
time varied between 5 s and 1800 s. For the 201 stainless steel
samples, the recrystallization kinetics were also studied at 750 1C
due to rapid recrystallization at 850 1C.

To effectively compare the recrystallization behavior of the
strip cast samples to that which would be expected from a
conventionally cast sample, a second set of samples were subject
to simulated coiling. The purpose of this treatment was to simulate
the temperatures and times that may be used during hot rolling
and coiling of conventional product, processes which modify the
carbides, sulfides and nitrides that may be present in the steel. The
simulated coiling procedure was a 1 h hold at 1000 1C followed by
slow cooling to 550 1C for an additional 3 h hold.
The microstructural investigations were performed using a LEO
1530, Supra 55 VP and Quanta FEG scanning electron microscopes
(SEM). SEM was used to characterize the microstructure using
angular selective back-scatter (AsB) imaging and electron back-
scatter diffraction (EBSD). Recrystallization fraction was calculated
utilizing images obtained by AsB and point counting method.
Transmission electron microscopy (TEM) was carried out with a
2001F field emission gun TEM equipped with a JEOL energy
dispersive spectroscopy (EDS) system for compositional mapping.
3. Results

3.1. As cast microstructure

The microstructure of the as-cast samples are shown in Fig. 1. For
the ferritic and austenitic steels, which do not undergo a solid state
phase transformation during cooling, the as-cast structure is retained
at room temperature. The grains nucleate on the copper substrate, and
grow toward the melt during the immersion. The grains are in the
range between 60–150 μm wide and 500–1000 μm long, and are
typical for this kind of alloy [17]. The corresponding inverse pole
figures are shown in Fig. 1b and c, and show a preference for 001 poles
to be aligned in the solidification direction. This is consistent with this
being the preferred growth direction of solid from liquid [18]. The
austenitic stainless steel is also a composition that does not undergo a
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solid state phase transformation on cooling, and consequently devel-
ops a very similar microstructure and texture to the ferritic grade,
Fig. 1d–f. However, the 201 stainless steel shows a markedly different
microstructure. This alloy solidifies as delta ferrite and transforms into
austenite during cooling, and this is commensurate with a significant
refinement in the grain size and a weakening of the texture, Fig. 1g–i.
Although at equilibrium the alloy is fully austenitic, the rapid
solidification resulted in some solute segregation of Cr in the inter-
dendritic regions which stabilised delta ferrite, Figs. 2a and 3a. This
alloy was therefore a duplex material after strip casting.

Transmission electron microscopy (TEM) revealed some small
particles in the steels (Figs. 4 and 5), and a summary of the
observed size range of particles is given in Table 2. In all cases the
particles were identified chemically using EDS mapping, and
found to be associated with sulfur. For the case of the austenitic
steel the sulfides had a simple chemistry of Mn and S. However the
ferritic alloy, probably due to its high Al concentration, formed
complex nitro-sulfides.

3.2. Coiled microstructure

Transmission electron microscopy of the ferritic and austenitic
steels revealed significant coarsening of the particles as a result of
Fig. 2. Composition mapping using EDS of the 201 stainless steel
the simulated coiling, Fig. 6, and Table 2. For the 201 stainless alloy
the coiling treatment coarsened the existing sulfide particles, and
caused the precipitation of aluminum nitrides that were not
observed in the as-cast condition, Figs. 2 and 5.

The as-cast 201 stainless steel exhibited inter-dendritic delta
ferrite, as stated earlier. After the simulated coiling the inter-
dendritic regions were dissolved and no longer present in the
microstructure, Fig. 3b. The coiling also caused some grain growth,
Fig. 7. There were no significant changes in the grain size or shape
of the ferritic and austenitic alloys after simulated coiling.

3.3. Cold rolled and annealed microstructure

To investigate the recrystallization response of the as-cast
samples, a series of cold rolling and annealing experiments were
performed on the as-cast samples. All three samples showed a
typical cold rolled microstructure consisting of elongated grains in
the rolling direction.

Fig. 8 shows the microstructure of the partially recrystallized
samples. For the austenitic and ferritic samples, the nucleation was
inhomogeneous through-out the microstructure, with the grain
boundaries acting as preferred nucleation sites for recrystalliza-
tion. Some nucleation from within the large deformed grains was
and (a) the as-cast condition and (b) after simulated coiling.



Fig. 3. Photomicrograph of 201 stainless steel (a) as cast and (b) after simulated
coiling.

Fig. 4. TEM dark field micrograph of the austenitic stainless steel in the as-cast
condition.
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also observed, but not all grains showed this behavior. The 201
stainless was again quite different to the other two alloys, and this
composition showed much more homogenous nucleation with a
much higher density compared to the other two alloys.

Fully recrystallized microstructures for the three alloys are
shown in Fig. 9. The austenitic and ferritic alloys showed an
inhomogeneous grain size and grain shape in the fully recrystal-
lized condition. In the case of the ferritic alloy, the prior deformed
grain boundaries can be clearly seen in the fully recrystallized
structure due to the inhomogeneity of grain development during
recrystallization. Clearly, the orientation of the deformed grain had
a significant impact on the recrystallized behavior in this case. The
austenitic steel showed a similar effect, but the range of grain sizes
developed was not as large as in the ferritic case. The 201 stainless
steel sample showed a relatively homogenous grain size distribu-
tion in the fully recrystallized condition, with an average grain size
of �4 μm. This alloy also showed prolific annealing twins which
assisted in reducing the effective grain size of the alloy.
3.4. Recrystallization kinetics

The recrystallization kinetics have been examined using the
JMAK approach [10]. This model estimates the volume fraction
using the equation below:

XðtÞ ¼ 1−expð−ktnÞ ð1Þ
where t is the annealing time, k is a constant and n is often
referred to as the JMAK exponent.

The recrystallization kinetics of the as-cast and coiled samples for
an annealing temperature of 850 1C are shown in Fig. 10. For the 201
alloy, an additional annealing temperature of 750 1C was used because
the 850 1C recrystallization was too rapid to analyze accurately, with
the recrystallization being complete in under 20 s, Fig. 10c. In the case
of the austenitic and ferritic stainless steels, a significant delay in
recrystallization of the as-cast samples in comparison with the coiled
samples is observed. However, the opposite behavior was observed for
the 201 stainless steel, with a slight decrease in the recrystallization
kinetics being found after coiling.

The calculated values of k and n from the JMAK equation for the
three different alloys are shown in Table 3. Note that the values for
the 201 series stainless refer to an annealing temperature of
750 1C, whereas the austenitic and ferritic alloys are for an
annealing temperature of 850 1C. Also included in this table are
the values of k assuming a JMAK exponent of 1, here referred to as
k′. This is included here because the JMAK exponent of steels are
often found to be close to 1, so we report this here to enable the
reader to benchmark against other studies.
4. Discussion

4.1. Recrystallization kinetics

The simulated coiling had a significant effect on increasing the
recrystallization kinetics of both the austenitic and ferritic stainless
steels. TEM analysis revealed that in the as-cast state, the alloys
contained fine particles which were coarsened by the coiling



Fig. 5. TEM composition mapping using EDS of the 201 stainless steel and (a) the as-cast condition and (b) after simulated coiling.

Table 2
Summary of the particle size range observed for the three different steels during TEM analysis.

Alloy Particle type Size range observed

As-cast condition Coiled condition

Ferritic steel Complex nitro-sulfide 0.1–0.5 μm 0.4–1 μm
Austenitic steel Sulfide Sparse particles 10–30 nm Sparse particles 0.3–1.2 μm
201 duplex steel Sulfide 0.2–1.2 μm 0.5–1.3 μm

Nitride None observed 0.2–1.6 μm

Fig. 6. TEM composition mapping using EDS of the particles developed after coiling of the austenitic and ferritic alloys.
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treatment. It is likely that the fine particles pinned the grain
boundaries and inhibited grain growth from the as-cast state, while
the coiled alloys with their coarsened particles are subject to less
Fig. 7. EBSD micrographs of (a) as-cast and (b) simulated coiling 201 stainless steel.
Black arrows show solidification direction.

RD

ND

ND

RD

Fig. 8. Partially recrystallized microstructure of (a) Ferritic stainless steel Grain bound
stainless steel Grain boundaries 421 shown in black, Twin boundaries shown in yellow
grain boundary pining effects. The magnitude of the pinning force
can be estimated from the Zener Pinning equation [10]:

Pz ¼
3f vγ
2r

ð2Þ

where Pz is the Zener pinning force, fv the volume fraction of
particles, γ the surface tension of the grain boundary per unit area
and r the particle radius.

This can give us a good approximation of what effect particle
coarsening will have on grain boundary pinning, and is easily
calculable as long as the volume fraction is known. For the case of
the ferritic steel, the particle size increases from �200 nm to
�800 nm as a result of the coiling treatment, although a range of
particle sizes was observed. This reduces the average pinning force
on recrystallizing boundaries to about one quarter of the original
force. This is likely to be the cause of the change in recrystalliza-
tion kinetics for the two different conditions. For the case of the
austenitic steel, the change in particle size was much more
marked, nearly an order of magnitude, as a result of simulated
coiling. Despite this change in particle size, the difference in
recrystallization kinetics between the as-cast and coiled condi-
tions was not as marked as it was for the ferrite. Although we did
not quantitatively measure the number of particles per unit
volume in this study, we did observe qualitatively that there were
much fewer particles in the austenitic steel compared to the other
two alloys. This is likely to explain the reduced dependence of
recrystallization kinetics on particle size for the austenitic alloy.

The situation for the 201 steel is complicated by the fact that
during the coiling, not only do the sulfide particles coarsen, but new
nitrides precipitate out from the super-saturated alloy. The coar-
sened sulfides will have a lower pinning force after coiling, but the
increase in volume fraction of the nitrides will add an additional
pinning force. Another factor to consider is that the grain boundary
length is slightly decreased after coiling due to grain growth, which
will likely contribute to a slight decrease in the recrystallization
kinetics. The situation is further complicated by the dissolution of
delta ferrite into the austenite matrix during coiling, which will
both reduce the phase/grain boundary area but also increase solute
drag during recrystallization. In the case examined here, these
RD

ND

10 μm  

aries 421 shown in black, Grain boundaries 4101 shown in grey, (b) Austenitic
and (c) 201 stainless steel. Note higher magnification in (c).
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Fig. 9. Fully recrystallized microstructure and corresponding recrystallization textures of (a) Ferritic stainless steel, (b) Austenitic stainless steel, and (c) 201 stainless steel
(twin boundaries shown in red).
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factors have essentially balanced one-another, leading to only a very
small decrease in the recrystallization kinetics of this alloy after
simulated coiling. Although the effect was only small in this case, it
does highlight that for strip cast steels, precipitation of nitrides
during a heat treatment or coiling could produce a microstructure
with significantly retarded recrystallization. This is in contrast to the
sulfide coarsening where a similar heat treatment does the oppo-
site, and increases recrystallization kinetics. It is clear therefore that
the secondary processing of steels after rapid solidification will be
alloy chemistry dependant. Where the goal is to recrystallize the
alloy to produce a refined grain structure, some alloys will require a
coarsening heat treatment to promote recrystallization, while for
other alloy chemistries (particularly those susceptible to nitride
precipitation) a heat treatment or coiling should be avoided prior to
recrystallization.

4.2. Morphology and texture of recrystallized grains

Cold rolling and annealing has led to a significant refinement in
the microstructure of the as cast samples, as can be seen by
comparing Figs.1 and 9. However for the case of the austenitic and
ferritic alloys the recrystallized grain size and shape were very
inhomogeneous, particularly in the case of the ferritic structure,
Fig. 9a and b. This is likely to arise from the fact that the starting
grain size was relatively coarse, and that each different starting
grain will deform differently in response to cold rolling leading to
development of different stored energy in different grains. It is
known that two prominent texture components are developed
during cold rolling of ferrite, the so-called γ-fiber and α-fiber
components, and these two components respond to recrystalliza-
tion differently [19–21]. Grains oriented along the γ-fiber develop
higher stored energy during deformation [22] and consequently
exhibit a higher density of nucleation sites during recrystallization.
Grains belonging to the α-fiber texture component have a lower
stored energy and much lower recrystallization rate. These beha-
viors are manifested in the present case by the development of
regions within the microstructure of the ferritic sample that
show a large range of grain sizes and shapes. This effect is so
prominent that in the example shown in Fig. 9a the prior
deformed grain boundaries which existed prior to recrystallization
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Fig. 10. Recrystallized fraction as a function of time at T¼850 1C for (a) Ferritic stainless steel, (b) Austenitic stainless steel, (c) 201 stainless steel and (d) 201 stainless steel at
T¼750 1C.

Table 3
Parameters from the JMAK equation for each of the alloys tested. The first two
columns show the measured k and n values, whilst k′ describes the value of k when
n is assumed to be 1.

Alloy k n k′

Austenitic 0.0051 1.1 0.0091
Austenitic (coiled) 0.048 0.8 0.024
Ferritic 0.0051 0.86 0.0022
Ferritic (coiled) 0.061 0.75 0.024
201 stainless 0.015 0.9 0.0093
201 stainless (coiled) 0.0074 0.98 0.0068
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can be elucidated. It is evident that some deformed grains showed
extensive nucleation and produced regions of fine recrystallized
grains. Other deformed grains appear to be nucleation limited, and
are consumed by a small number of grains that grow to be quite
large. There was not a large enough number of grains in the EBSD
map to make a quantitative assessment of the recrystallization
texture, Fig. 9a, but the shape of the texture is consistent with
recrystallization textures reported for BCC steels [10].

For the austenitic steel also, the recrystallized grain size and
shape are inhomogeneous, and the boundaries of the prior
deformed grains can be seen in the fully recrystallized micro-
structure, Fig. 9b. Here too the nucleation of recrystallization has
been inhomogeneous throughout the structure, and the orienta-
tion of the prior deformed grains has had an impact on the
microstructural development, although the disparity on grain sizes
is not as marked in the austenite as it was in the ferrite. Here too
the texture development could not be quantitatively assessed due
to the small sample sizes, but qualitatively the recrystallization
textures appear to be consistent with those expected of FCC alloys
such as brass [10], Fig. 9b.

The finest grain size distribution was obtained in 201 stainless
steel (Fig. 9c). This alloy showed the most rapid recrystallization,
which is likely to be the result of its much finer starting micro-
structure. This is also likely to contribute to the much more
homogenous nucleation observed in this alloy. The recrystalliza-
tion texture that developed was similar to the deformation
textures that are developed during rolling of FCC metals, Fig. 9c.

In conclusion, it is worth benchmarking the present micro-
structures against those that would be found in commercially
produced materials. In the ferritic and austenitic alloys studied
here, the cold rolling and annealing procedure has reduced the
grain size by about an order of magnitude. However, the micro-
structures remain more coarse and more inhomogeneous than
would be achieved through traditional thermo-mechanical pro-
cessing of a cast slab. This is largely due to the limitation of casting
a thin strip, a maximum reduction of �50% can be applied during
rolling compared to the reductions of over 95% that can be applied
to a thick slab during its processing into sheet. The multiple
deformation and recrystallization steps that are possible during
the processing of a slab enable the microstructure to go through
multiple refinement and homogenization cycles. In the case of
strip cast materials, there is only one opportunity to refine the
microstructure by recrystallization. Particularly in the case of the
ferritic alloy, this single deform-and-anneal cycle did not produce
a homogenous microstructure. The case of the 201 stainless alloy
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was quite different. As a consequence of its phase transformation
during cooling, this alloy was relatively fine in the as-cast condi-
tion. After an additional rolling and annealing procedure, the high
grain boundary area in the starting structure aided in the refine-
ment that was achieved during recrystallization by providing a
high density of potent nucleation sites. This alloy therefore
developed a fine and homogenous microstructure from a single
recrystallization treatment. Clearly, choosing an alloy chemistry
that utilizes the austenite to ferrite phase transformation during
strip casting can provide significant scope for microstructural
refinement in both the as-cast and annealed conditions.
5. Conclusions

The microstructural development of three different strip cast
stainless steels following cold rolling and annealing were investi-
gated in the present study. The main results are as follows:
�
 The rapid solidification associated with strip casting develops
very fine precipitates in the microstructure of the as-cast
samples. For the three alloys sulfide particles were present in
the as-cast structure, and these exhibited a relatively wide
range of sizes.
�
 Alloys were subjected to a simulated coiling treatment. This
resulted in the coarsening of the particles present in the
austenitic and ferritic alloys, and these were identified to be
sulfides. In the 201 series stainless, the existing sulfides were
coarsened by the coiling treatment, and this was also accom-
panied by precipitation of aluminum nitrides which were not
present in the as-cast structure.
�
 For the ferritic and austenitic alloys, the recrystallization of the
cold rolled microstructure was significantly slower in the as-
cast state due to the fine precipitates that were present.
However, those samples subjected to the simulated coiling
treatment had coarsened particles, and the recrystallization
rate was increased due to a reduction in particle pinning of the
boundaries of the recrystallized grains.
�
 The strip cast 201 stainless steel, however, behaved differently
in terms of recrystallization kinetics and the as-cast samples
showed slightly accelerated recrystallization compared to the
coiled sample. The slightly retarded recrystallization kinetics in
the coiled condition has been attributed to three changes that
occurred during coiling: the formation of aluminum nitride
precipitates, a small amount of grain growth, and the dissolu-
tion of delta ferrite leading to an increase in solute drag.
�
 Very fine manganese sulfides can be produced during rapid
solidification, and these can lead to significantly retarded
recrystallization. This can be alleviated through a heat treat-
ment process to coarsen the precipitates.
�
 For the case of aluminum nitrides, these remain in solution
during rapid solidification and only appear in the microstruc-
ture after a heat treatment. In the case studied here these were
responsible for only a small decrease in the recrystallization
kinetics, but this effect could be significantly more potent for
heat treatments in which the precipitates become much finer.
For recrystallization of steel chemistries that are susceptible to
AlN formation, heat treatments should be avoided after rapid
solidification in order to avoid precipitation.
�
 Even though all of the alloys were successfully cold rolled and
fully recrystallized, this treatment in two from the three alloys
produced an inhomogeneous grain size distribution, and a
relatively large grain size compared to that which would be
obtained from thermo-mechanical processing of a conventional
thick slab casting. Only the 201 stainless alloy produced a fine
and homogenous recrystallized microstructure, and this has
been attributed to the much finer as-cast structure developed
in this particular alloy.
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