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Abstract: The change in the grain boundary network during recrystallization and grain growth
was studied in a 316L austenitic stainless steel subjected to 5% cold rolling reduction. The primary
recrystallization rapidly developed upon heating to 1000 °C, resulting in the development of relatively
coarse-grained microstructure with a grain size about 100 um. The recrystallized microstructures
contained large fractions of annealing twins with their } 3" SCL boundaries. The latter ones served as
interrupters of the ordinary grain boundary network. The fraction of ) 3" CSL boundaries increased
with increasing the grain size during prolonged annealing. On the other hand, the number of
interruptions per unit area remained nearly the same during annealing. Hence, the number of
interruptions per a grain increased in accordance with a power law function of the grain size with an
exponent of 2. The relationships obtained for the grain boundary network evolution can be used to
predict the microstructure evolution in austenitic stainless steels during primary recrystallization
followed by grain growth.

Keywords: austenitic stainless steel; grain boundary engineering; primary recrystallization;
annealing twins; grain boundary interruption

1. Introduction

Mechanical and physical properties of polycrystalline metals and alloys depend sig-
nificantly on their microstructures, in which the boundaries between the crystallites play
an important role [1,2]. The grain boundaries affect the dislocation motion and, therefore,
control the strength, plasticity, fracture, etc. [3-5]. Moreover, the internal distortions of
grain boundaries determine the diffusivity and influence the rate of diffusion-controlled
processes, e.g., intercrystalline corrosion [6-8].

An approach aimed at the development of desired grain boundary ensemble has been
specified as grain boundary engineering [9]. One promising application of grain boundary
engineering deals with improving the intergranular corrosion resistance of austenitic
stainless steels [10]. This approach involves the optimization of grain boundary character
distribution in order to increase the fraction of so-called special boundaries with a high
density of coincident site lattice (CSL), i.e., } 3" CSL twin boundaries, that are characterized
by a relatively low energy, thus slowing down the diffusion rate. Correspondingly, the aim
of grain boundary engineering is to interrupt the connectivity of ordinary grain boundary
network by ) 3" CSL boundaries as much as possible [11,12]. The development of } 3" CSL
boundaries in austenitic stainless steels with low stacking fault energy (SFE) is associated
with annealing twins appearing during recrystallization and grain growth [13-15]. The
studies dealing with grain boundary engineering in austenitic stainless steels are focused
on the fraction and density of ) ;3" CSL boundaries. Pande et al. showed that the density
of annealing twins (pcsy) can be expressed by a unique function of the grain size (D),
ie., pcsL ~ D7 'logD [13]. By studying the recrystallization and grain growth behavior in
austenitic steels with ultrafine grains evolved by severe plastic deformation, Tikhonova
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and Odnobokova et al. defined the fraction of } 3" CSL boundaries and their density
as functions of a ratio of the annealed grain size to initial one [16,17]. The obtained
relationships predict a rapid increase in the fraction of ) 3" CSL boundaries at an early
stage of recrystallization, followed by slowing down the rate of increase upon further grain
growth, as is frequently observed in experiments [18,19]. Similarly, following the rapid rise
at the beginning of recrystallization, the density of } ;3" CSL boundaries gradually decreases
during subsequent grain growth. Therefore, a large fraction of ) 3" CSL boundaries in
austenitic stainless steels could be expected after rapid grain nucleation/growth, owing
to primary recrystallization. Fang et al. showed the development of large grain clusters,
in which the grains are interfaced by ) 3" CSL boundaries during annealing following
a small cold strain (about 5% rolling reduction) [20]. However, the regularities of the
disruption of the random grain boundary network by } 3" CSL boundaries have not been
clarified. The effect of annealing twin formation during recrystallization and grain growth
on the interruption of grain boundaries of general type has not been studied in sufficient
detail. A lack of experimental studies on the quantitative analysis of the grain boundary
interruptions makes it difficult to develop constitutive relationships for grain boundary
engineering of austenitic stainless steels.

Therefore, the present study aims to compensate for a deficiency in experimental
results for the relationships between the recrystallization/grain growth, the fraction of ) 3"
CSL boundaries, and the disruption of random grain boundary network. In particular, the
present paper considers the change in the number density of grain boundary interruptions
in cold worked 316L-type stainless steel subjected to recrystallization annealing.

2. Materials and Methods

A hot forged 316L-type austenitic stainless steel, Fe-0.04%C-17.3%Cr-10.7%Ni-1.7%Mn-
2%Mo0-0.4%5i-0.04%P-0.05%S (all in wt.%), was used as the starting material. An initial
annealing at 1100 °C for an hour resulted in the uniform equiaxed microstructure with an
average gain size of 90 um and the fraction of ) ;3" CSL boundaries of 0.54. Then, the steel
samples with a thickness of about 2 mm were cold rolled with a 5% rolling reduction at
ambient temperature and annealed in air at 700-1100 °C for 5 min to 50 h using conventional
muffle furnace.

Annealing softening was studied by means of the Vickers hardness test with a load of
2 N. The structural investigations were carried out on the sample sections perpendicular
to the transverse direction (TD) using a Quanta 600 scanning electron microscope (FEI,
Hillsboro, OR, USA) (SEM) equipped with an electron back-scattered diffraction (EBSD)
detector incorporating orientation imaging microscopy (OIM) with TSL OIM Analysis
6 software (EDAX, Inc., Mahwah, NJ, USA). The specimens for EBSD were electro-polished
using an electrolyte containing 10% perchloric acid and 90% acetic acid at a voltage of 20 V
at room temperature. The OIM micrographs for approx. 1 mm? areas of observation were
obtained with a step size of 1 um. The recrystallization progress was analyzed by means of
the grain orientation spread (GOS) values, setting the grain tolerance angle of 5°. The grain
size was measured by a linear intercept method as a spacing of high-angle boundaries with
a misorientation of 0> 15°, omitting ) 3" CSL boundaries. The latter ones were defined
using Brandon’s criterion (15°/Y-%%). The distributions of the boundary/sub-boundary
triple junctions were obtained by counting at least 100 junctions.

3. Results
3.1. Annealed Microstructures

Typical microstructures developed in a 316L stainless steel after cold rolling followed by
isochronal annealing for 1 h at 700-1100 °C are shown in Figure 1 as maps of grain orientation
spread. In spite of quite a small cold strain (rolling reduction of 5%), the cold worked steel
sample is characterized by large GOS values. Most of the grains experience orientation spread
over 2-4° (Figure 1a). Subsequent annealing at temperatures of 700-900 °C leads to a partial
release of the internal distortions. As a result, the grain orientation spread in the range of 1-2°
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is observed in the grains in Figure 1b—d. Hence, it can be concluded that static recovery takes
place in the present cold rolled steel samples during annealing at 700-900 °C.

?

Cold worked N A , 700°C 1h
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(e)
Figure 1. Grain orientation spread in the steel samples subjected to cold rolling with 5% reduction

(a), and then annealed for 1 h at 700 °C (b), 800 °C (c), 900 °C (d), 1000 °C (e), and 1100 °C (f). The
colour correspondence is shown in the inset in (f).

On the other hand, annealing at temperatures of T > 1000 °C results in complete
softening of the cold rolled samples. Almost all grains in the microstructures annealed at
1000 °C and 1100 °C are characterized by GOS below 1° (Figure le,f). Note here that some
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grains with relatively large GOS values appear in Figure le,f because of their low-angle
sub-boundaries. The latter ones can be present even in well annealed microstructures and
formally increase the grain orientation spread as calculated by OIM analysis. Taking the
grains with GOS below 1° as the recrystallized grains, the recrystallized fraction is plotted
in Figure 2 versus temperature of annealing. The hardness of annealed samples is also
indicated in Figure 2. It is clearly seen in Figure 2 that the hardness gradually decreases
with increasing temperature due to promoted recovery followed by recrystallization. In
contrast, by selecting the recrystallized grains based on their GOS values, the primary
static recrystallization development is clearly distinguished in the present cold rolled steel
samples during annealing at 1000-1100 °C.
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Figure 2. Recrystallized fraction calculated as the area fraction of grains with grain orientation spread
below 1°and the hardness of the steel samples subjected to 5% cold rolling reduction followed by 1 h
of annealing.

The grain boundary misorientation distributions developed in the annealed microstruc-
tures are shown in Figure 3 for the misorientation range of 2° to 64°. Two sharp peaks
stand out against small (below 4°) and large (around 60°) misorientations of the cold rolled
microstructure. The small misorientations correspond to numerous low-angle dislocation
sub-boundaries evolved by plastic deformation. On the other hand, the large misorienta-
tions are associated with twin boundaries that are essentially ) 3" CSL boundaries that can
be represented by 60° rotations around <111>. Evidently, cold rolling with quite a small
rolling reduction of 5% did not disturb the specific crystallographic orientation of original
annealing twins. All the grain boundary misorientation distributions among the annealed
microstructures are characterized by sharp peaks for 60° misorientations. In the recovered
microstructures, the twin boundaries remained the twins of the original microstructure.
Recovery annealing is accompanied by a decrease in the dislocation density and the cor-
responding fraction of low-angle dislocation sub-boundaries, while the high-angle grain
boundary characters are not affected remarkably. In contrast, the large fractions of } 3" CSL
boundaries in the recrystallized microstructures result from the annealing twins evolved by
the present primary recrystallization. Grain boundary engineering in austenitic stainless
steels deals with annealing twin formation that is closely connected with recrystallization
and grain growth. Therefore, the samples annealed at 1000-1100 °C will be selected for
further detailed analysis.
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Figure 3. Grain boundary misorientation distribution in the steel samples subjected to cold rolling
with 5% reduction (a), and then annealed for 1 h at 700 °C (b), 800 °C (c), 900 °C (d), 1000 °C (e), and
1100 °C ().

3.2. Grain Boundary Interruption

Representative images of the microstructures evolved during annealing at 1000 °C
and 1100 °C are shown in Figure 4, which displays the grain boundary networks selecting
the ordinary grain boundaries and the ) 3" CSL boundaries by black and red colors,
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respectively. Increasing both the temperature and time for recrystallization annealing
results in an increase in the recrystallized grain size. The number of annealing twins
per unit area apparently decreases as the grain size increases during recrystallization.
However, the fraction of the twin boundaries increases with an increase in annealing time.
Moreover, many uncompleted ordinary grain boundaries are clearly seen in Figure 4 (some
of them are indicated by the black arrows). These uncompleted boundaries are frequently
interrupted by }-3" CSL boundaries. Therefore, the recrystallization/grain growth results
in the development of the disrupted grain boundary network.
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Figure 4. Grain boundary network in the steel samples annealed at 1000 °C for 5 min (a), at 1000 °C
for 50 h (b), at 1100 °C for 5 min (c), and at 1100 °C for 10 h (d). Black and red lines indicate ordinary
and )_3" CSL boundaries, respectively.

The grain growth kinetics is illustrated in Figure 5a. The grain size is about 100-150 pm
as developed by the primary recrystallization after short time annealing, and an increase in
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annealing temperature leads to a coarser microstructure. A remarkable increase in the grain
size is observed after annealing for about 10 h, when the grain size attains 200250 um. Note
here that the temperature effect on the recrystallized grain size diminishes with increasing
annealing time. Commonly, the size of grains evolved by primary recrystallization increases
with a decrease in the preceding cold strain [10]. The small cold rolling strain used in the
present study leads to the evolution of large, recrystallized grains that, in turn, impairs the
analysis of the grain growth behavior. Nevertheless, assuming a power law relationship for
normal grain growth in Figure 5a, the present data can be roughly expressed with a grain
growth exponent of approx. 8, similar to other studies on the grain growth in austenitic
stainless steels [21].

500 8e-5
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Figure 5. Effect of annealing time on the grain size (a) and the number of grain boundary interruptions
per unite area (b) for a 316L stainless steel subjected to recrystallization annealing followed by grain
growth. The values of the determination coefficient (r) correspond to the linear regressions.

In contrast, the density of the interruptions of ordinary grain boundaries by } 3" CSL
boundaries is almost independent of annealing time. Figure 5b shows the change in the
number of interruptions per unit area during annealing. About 4 x 10~ interruptions per
sqr. micrometer are observed in the samples irrespective of annealing duration. Such time
invariant interruption density suggests that the disruption of the grain boundary network
occurs at early annealing, i.e., at the beginning stage of primary recrystallization. It should be
noted that the appearance of numerous annealing twins has also been attributed to the early
recrystallization stage, which is characterized by rapid grain boundary motion [13,16,18].

The evolution of the grain boundary ensemble should be reflected by the change in
the distribution of grain boundary junctions. Specific grain boundary junctions consist
of three ordinary grain boundaries (J3), two ordinary grain boundaries and one special
boundary (J2), one ordinary grain boundary and two special boundaries (J1), and three
special boundaries (J0). Figure 6 shows the change in the fractions of triple junctions
composed of different boundaries, J3-J0, with temperature compensated annealing time,
t* = t exp (—Q/RT), where t is annealing time, Q is the activation energy for grain boundary
diffusion (167 k] /mol [22]), R is the universal gas constant, and T is the temperature [23].
The fraction of J3 junctions of about 0.2 is relatively small and tends to slightly decrease
with increasing annealing time. The ]2 junctions compose the largest fraction of about 0.6
after short annealing time. An increase in annealing time leads to a significant decrease in
the ]2 fraction below 0.4 in Figure 6b. It is interesting to note that the J1 junctions compose
a small fraction of approx. 0.1, irrespective of annealing time (Figure 6¢). This is consistent
with quite a weak time dependence of the number density of grain boundary interruptions
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in Figure 5b. In contrast, the JO fraction in Figure 6d remarkably increases from about 0.2 to
0.6 with an increase in annealing time. Increasing the JO fraction reflects an increase in the
fraction of } 3" CSL boundaries during recrystallization/grain growth. Almost the same
evolution of the fraction of each type of triple junctions has been obtained by mesoscale
Monte Carlo modelling [24].
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Figure 6. Effect of the temperature compensated annealing time on the fraction of triple junctions
composed of three ordinary grain boundaries (a); two ordinary grain boundaries and one special
boundary (b); one ordinary grain boundary and two special boundaries (c); and three special
boundaries (d). The values of the determination coefficient (r) correspond to the linear regressions.

4. Discussion

Assuming that the twin appearance depends on the boundary migration velocity,
the fraction of } 3" CSL boundaries, Fcgy, is expressed by the grain size increase (D/Dy,
where D is the annealed grain size and Dy is the initial one, i.e., just before grain growth
started) [16]:

Fest = (Ncspo + KIn(D/Dyg))/(1 + Nespo + K In(D/Do)) 1)

Here, K is a numerical factor varying from 0 upward, Ncsy is the number of twin-
related boundaries in an initial grain, and Fscy g is the initial fraction of } 3™ CSL boundaries
(before grain growth). In the present study, Ncsy can be taken as zero, because primary
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recrystallization should completely replace the initial microstructure. Then, the following
relationship can be obtained:

(Fes, ™' — 1) ' =K 1InD — K InDy 2)

The relationship between (Fcs.™ ! - 1)1 and D is represented in Figure 7a. The
numerical factors of K = 1.4 and Dy = 35 pm can be obtained for 1000 °C annealing and
those of K =2.6 and Dy = 61 um for 1100 °C annealing. The larger K value corresponds to
the higher probability of twin formation at higher annealing temperature, and Dy can be
considered as a grain size just developed by primary recrystallization that should also be
larger at higher annealing temperature.

5 0.9
4 - 0.8 1
3 0.7

] 3

L

2 - 0.6
9 O 1000°C 0.5 O  1000°C
0 T T 04 T T T T

4.0 4.5 5.0 5.5 6.0 50 100 150 200 250 300

InD D, um
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Figure 7. Change in the ) 3" CSL boundary fraction (Fcsy) with increasing the grain size (D) shown
as plots of (Fcs 1= 1)71 vs. InD (a) and Fcgp, vs. D (b) in a 316L stainless steel subjected to
recrystallization annealing followed by grain growth.

The fraction of } 3" CSL boundaries as calculated by Equation (1) using the obtained
parameters of K and Dy is represented by solid lines in Figure 7b along with experimental
data (open symbols). It is clearly seen in Figure 7b that the grain growth is accompanied
by an increase in the fraction of } 3" CSL boundaries. The rapid increase in the fraction of
Y.3" CSL boundaries occurs at the beginning of grain growth, when Fcg, increases well
above 0.6. Then, the rate of increase in Fcg|, decreases upon further annealing that leads
Fcsy to approach 0.8 after long time treatment. This is consistent with previous studies
on the grain boundary engineering of ultrafine grained stainless steels subjected to severe
plastic deformation [16,17].

It has been suggested that the triple junctions can drag the boundary motion, or vice
versa, and their role and properties should be taken into consideration while discussing the
grain growth [25]. The change in the fraction of different grain boundary junctions during
annealing (Figure 6) should be associated with their mobility. Namely, the number fraction
of the most mobile junctions is expected to decrease during the grain coarsening, whereas
that of the stable junctions should increase. Thus, the junction mobility can be discussed
as follows.

J3: The triple junctions of ordinary grain boundaries should be characterized by
moderate mobility. The motion of J3 junctions depends on their proximity to equilibrium
state, e.g., equilibrium angles of 120°, etc. Therefore, the J3 fraction slightly decreases
during grain growth (Figure 6a).

J2: The mobility of joining two ordinary grain boundaries with one special boundary
depends on the mutual arrangement of the ordinary boundaries. The high surface tension
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of the latter ones should lead to high J2 mobility. As a result, the fraction of ]2 junctions
decreases during grain growth (Figure 6b).

J1: A nearly constant fraction of J1 junctions during grain growth (Figure 6¢c) suggests
their limited mobility. Indeed, the special boundaries such as ) 3" twin boundaries are
generally characterized by low mobility [2]. Thus, triple junctions should be rather stable
in the case of two joining special boundaries.

JO: Such triple junctions consisting of three special boundaries should be the most
stable ones from the viewpoint of migration ability. Low surface energy of the special
boundaries is responsible for quite low mobility of JO junctions and an increase in their
fraction with grain growth during annealing (Figure 6d).

The numbers of grain boundary interruptions in Figure 5b and the J1 fraction in
Figure 6¢ are characterized by very weak dependences on the annealing time. These
relationships suggest that the grain boundary interruptions evolve at early recrystalliza-
tion and remain invariable during further grain growth. Therefore, the change in the
disruption of ordinary grain boundary network during annealing can be discussed only
in comparison/relation to the change in other microstructural parameters. If the number
of grain boundary interruptions per unit area is constant during annealing, the number
of interruptions per a grain should be proportional to the square of grain size (D), i.e.,
N;/Np; ~ D?, where Ni is the number density of interruptions and Np; is the number of
grains per unit area. The relationship between N;/Np; and D is represented in Figure 8. It is
clearly seen that the number of grain boundary interruptions per grain can be expressed by
a power law function of the grain size with an exponent of 2. Therefore, the grain growth
during prolonged recrystallization annealing is accompanied by progressive disruption of
the ordinary grain boundary network. The long recrystallization annealing of austenitic
stainless steels subjected to light cold working can be considered as a promising method of
grain boundary engineering.

10 -
1 [o 1o000°C
1 o 1100°¢

zZ 1 =

z .
a 2
] 0
| o 1

0.1 T I L T
50 70 100 200 300 500
D, um

Figure 8. Relationship between the number of grain boundary interruptions per grain (N;/Np;)
and the grain size (D) in a 316L stainless steel subjected to recrystallization annealing followed by
grain growth.

5. Conclusions

The grain boundary network evolution in a 316L austenitic stainless steel during
recrystallization followed by grain growth was studied. The main conclusions can be
summarized as follows.
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1.  The primary recrystallization readily developed during annealing at temperatures
of T > 1000 °C in the steel samples subjected to cold rolling with a reduction of 5%,
resulting in the coarse-grained microstructures with a grain size of about 100 pm.

2. The annealed microstructures were characterized by a large fraction of Y 3" CSL
boundaries associated with numerous annealing twins. The fraction of these special
boundaries increased with an increase in the grain size during prolonged annealing.

3. The grain growth during annealing was accompanied by an increase in the number of
grain boundary interruptions per grain. The relative number of the grain boundary
interruptions can be expressed by a power law function of the grain size with an
exponent of 2. Small strain cold rolling followed by prolonged recrystallization
annealing is suggested as an advanced method of grain boundary engineering for
austenitic stainless steels.
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