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Abstract: The optimization of grain boundary character distribution (GBCD) is of great significance
to improve the GB-related properties for heavy-gauge austenitic stainless steels worked in harsh
environments such as reactors of nuclear power, which can usually be realized by regulating the
thermomechanical process. In this paper, special solution annealing processes for a hot-rolled nuclear
grade 316H plate were designed to introduce different character distribution of Σ3n boundaries
(1 ≤ n ≤ 3) and random high-angle GBs (RHAGBs), and the regulation principle among them
were clarified. It was worked out that the optimized GBCD by characterization of large twin
related domains, abundant interconnected Σ3n boundaries and interrupted topology network of
RHAGBs could be effectively facilitated through solution annealing with a long time period at lower
temperature or short time period at higher temperature, in which the recrystallization, grain growth
and GB migration during heat treatment process played key roles. Moreover, the length fraction of
Σ3n boundaries were found to be hardly changed when they reached about 77%, but their character
distribution could be continuously optimized.

Keywords: Σ3n boundaries; character distribution; recrystallization; annealing; stainless steel

1. Introduction

Benefiting from stable austenite structure and strictly controlled element content
(Co, B etc.) with large neutron absorption section during service for providing the re-
sistance against material embrittlement under the action of high neutron flux in nuclear
reactor, austenitic stainless steels (ASSs) are often used in key structural parts and protec-
tive components in nuclear power systems [1,2], such as the 316H designated for main
vessel and internal components in sodium-cooled fast reactors [3]. These ASSs usually
have heavy-gauge and are fabricated through hot rolling followed by solution annealing,
and the excellent comprehensive properties such as high temperature strength, creep,
fatigue and intergranular corrosion (IGC) resistance are very critical to ensuring the
safety and stability of key components during operation [4,5]. Moreover, due to strict
requirements on the chemical composition of nuclear-grade materials, the regulation of mi-
crostructure during thermomechanical processes becomes particularly important to obtain
excellent properties.

Numerous studies have indicated that optimizing grain boundary character distribu-
tion (GBCD) in a microstructure, i.e., increasing the frequency of low-Σ (Σ≤ 29) coincidence
site lattice (CSL) boundaries (mainly Σ3n, 1 ≤ n ≤ 3) and regulating their distribution [6–8],
can dramatically improve the resistance to IGC [8–11], intergranular stress corrosion crack-
ing [12,13] and hydrogen embrittlement [14,15], etc. Kobayashi et al. [16] found that by
increasing the fraction of low-Σ CSL boundaries in a GB network, the propagation rate of
cracks along random boundaries can be significantly weakened, and the embrittlement of
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polycrystalline nickel can be effectively controlled, which can improve the crack arrest capa-
bility of the material and increase the safety in service. Moreover, Li and co-workers [17,18]
worked out that the twin boundaries have an intrinsically higher resistance against fatigue
cracking than other high-energy GBs. From these innovative studies, controlling the GBCD
is of great significance for improving the properties related to GBs.

It is well-recognized that optimized GBCDs are usually realized through thermome-
chanical processing (TMP) of cold/warm rolling with low strain (about 5%) followed by
annealing [19–22]. In our previous work [23], by performing systematic hot rolling and
quasi in-situ heating observation tests, it was found that the optimized GBCD could also
be realized by modifying the processing parameters of hot rolling, which provide a new
idea for regulating GBCDs in heavy-gauge nuclear-grade ASSs. However, although defor-
mations of low strain can induce the optimization of GBCDs, they are usually completed
during heat treatment. That is, the heat treatment process directly determines the GBCDs of
the final products. Michiuchi et al. [24] showed that the high frequency of CSL boundaries
(about 86%) could be introduced into type 316 ASS after 3% pre-strain and long-time
annealing (72 h at 967 ◦C). Shimada et al. [25] indicated that through long-time annealing
at low temperature in a specimen of slightly pre-strained 304 ASS, an optimum GBCD
described as a uniform distribution of high frequency of CSL boundaries and consequent
discontinuity of the random boundary network could be formed. Moreover, by perform-
ing in situ heating observation of GBCD evolution at 947 °C for 3% cold-rolled 304 ASS,
Tokita et al. [26] found that with the extension of annealing time, the frequency of CSL
boundaries gradually increased, accompanied by the growth of grain clusters. These en-
hanced studies demonstrated that annealing at low temperature for a long time is greatly
beneficial to the optimization of GBCDs in a microstructure. In addition, some researchers
pointed out that multistage TMP treatment can also promote the formation of a high
fraction of CSL boundaries or/and modification of their distribution [20,27,28].

For the heavy-gauge plates of nuclear grade ASSs, however, the solution annealing
temperature is generally higher (above 1000 ◦C) for considering the regulation of different
hot-rolled microstructures (e.g., dynamic recrystallized and non-recrystallized microstruc-
ture [29]) and the prevention of carbide precipitation (especially for the higher carbon
ASS [30]). Moreover, due to the high manufacturing cost and difficulty of this kind of
product, it is necessary to take into account the microstructure evolution law of the material
(such as recrystallization and grain growth behavior) and the production concept of low
cost and easy operation in the process of heat treatment. In other words, how to meet
the GBCD optimization on the basis of reducing production cost. The main purpose of
this work is to elaborate the influence of heat treatment process on the evolution of Σ3n

boundaries and their character distribution, and further develop a new control principle
of microstructure to realize the optimization of GBCDs in heavy gage ASS worked in
harsh environments. Based on this, series solution annealing experiments with different
temperature and time were carried out in a hot-rolled nuclear grade 316H plate with low
strain, and the GBCDs were analyzed under different conditions.

2. Experimental Procedures

The experimental material was a solution annealed plate of nuclear grade 316H ASS,
which has the composition of 0.046 C, 18.0 Cr, 11.8 Ni, 2.7 Mo, 1.5 Mn, 0.41 Si, 0.06 N, 0.014
P, 0.001 S, 0.0002 B, 0.007 Al, 0.02 Co and the balance Fe (weight percent, %) [3]. Initial 316H
plate with 12 mm thickness was firstly heated at 800 ◦C for 20 min to homogenize the heat,
then immediately hot-rolled with 5% reduction through one pass and water-quenched to
freeze the microstructure. Subsequently, the hot-rolled plate was cut into the same multiple
samples and performed solution annealing treatment at 1010 ◦C and 1060 ◦C for 0.5 h,
1 h, 2 h, 4 h followed by water quench, respectively, labeled as different specimens for the
analysis of GBCDs.

Electron backscattered diffraction (EBSD, HKL/Channel 5) was used to characterize
the GBCDs after hot-rolling and solution-annealing treatment. The tested specimens were
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electropolished in a mixture of ethanol and perchloric acid (7:1 vol.%) at voltage of 32 V for
25 s for removing surface strained layers, and then detected on a Zeiss Ultra 55 with the step
size of 1~2 µm at acceleration voltage of 20 kV. In this study, the GBCDs mainly included
the length fraction of Σ3n (1 ≤ n ≤ 3) boundaries (FΣ), the size of twin-related grain cluster
(LC) and the extent of connectivity for random high-angle GBs (RHAGBs) characterized by
the J2/(1 − J3) parameter (‘n’ refers to a triple junction having n number of CSL boundaries
at the intersection) [6,7,31]. The Σ3n boundaries are defined according to Palumbo–Aust
criterion [32], and the RHAGBs are defined as those with misorientation θ ≥ 15◦ but not
low Σ (Σ ≤ 29) CSL boundaries. A twin-related grain cluster can be identified as a region
in which all of the GBs within a given cluster of grains are described by a Σ3n boundary
and they are interconnected to each other via the RHAGBs, also known as twin-related
domains (TRDs) [3,10,11].

3. Results and Discussion
3.1. Evolution of GBCDs with Different Heat Treatment Processes

Figure 1 shows the microstructure of after hot rolling at 800 ◦C with 5% reduction
(initial specimen). As can be seen from Figures 1a and 1b, some low-angle GBs (LAGBs,
2◦ ≤ θ < 15◦, FLAGB = 17.5%) appeared around the GBs of original grains, presenting
a certain residual strain. Meanwhile, the presence of a large number of interconnected
RHAGBs in the microstructure indicates that the size of TRDs (LC) was very small, and the
Σ3n boundaries were distributed independently inside the grains. That is, the GBCDs in
hot-rolled samples were not optimized.
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Figure 1. GB distribution map (a) and random GB map (b) of initial specimen (hot rolling at 800 ◦C
with 5% reduction).

When the abovementioned microstructure was subjected to solution annealing at
1010 ◦C and 1060 ◦C for different times, the GBCDs presented distinctly different results
and evolution rules, as shown in Figures 2 and 3. For the condition of annealing at
1010 ◦C, after holding for 0.5 h, many TRDs with mixed distribution in size formed in the
GB network of being divided by RHAGBs, in which abundant Σ3n boundaries with different
characteristics (including different boundary types and morphology) were distributed, as
displayed in Figures 2a and 3a. When the holding time was prolonged from 0.5 h to
4 h, Figures 2c,e,g and 3c,e,g, the number of small-size TRDs decreased obviously with the
increase in Σ3n boundaries and the interruption of the connection network for RHAGBs,
and gradually developed into TRDs with larger size and uniform distribution in the GB
network, during which the number of Σ3n boundaries with large length and straight
morphology also increased. According to the statistical results of GBCDs, the values of FΣ,
J2/(1 − J3) and LC reached 78.0%, 48.0% and 480 µm, respectively, after holding for 4 h,
which was much higher than the corresponding values of 55.3%, 25.6% and 132 µm after
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holding for 0.5 h. Moreover, it can be seen from the variation trend in Figures 4 and 5 that
both the J2/(1 − J3) and LC values increased rapidly after annealing for 1 h, reaching 38.9%
and 388 µm, respectively, and continued to increase slowly with the increase of holding
time. The FΣ value, however, hardly changed after annealing for 1 h.
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based on the initial plate after hot-rolling at 800 ◦C with 5% reduction. (a,c,e,g) 1010 ◦C vs. 0.5 h, 1 h,
2 h, 4 h; (b,d,f,h) 1060 ◦C vs. 0.5 h, 1 h, 2 h, 4 h.
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Figure 5. Evolution of the FΣ and J2/(1− J3) with holding time at different solution annealing temperature.

In contrast, under the solution annealing condition of 1060 °C, the TRDs with relatively
uniform distribution (Figure 2b) and large size (472 µm (Figure 3b)) formed after holding
for 0.5 h, and the FΣ and J2/(1 − J3) almost reached their maximum values of 78.4% and
47.2%, respectively. These results of GBCDs are all close to the GBCDs after solution
annealing at 1010 ◦C for 4 h. With the increase in holding time, LC and J2/(1 − J3) values
decreased slowly, presenting an opposite trend to that of annealing at 1010 °C, as shown in
Figures 4 and 5. The FΣ value, however, gradually stabilized at about 77.0%, which was
basically consistent with that annealing at 1010 ◦C for a long time (Figure 5). From the
corresponding microstructure, Figures 2d,f,h and 3d,f,h, it can be seen that in the annealing
process of 1–4 h, the TRDs with small size (as indicated by black arrows in Figure 3h)
appeared again in local areas, and some interconnected RHAGB formed around them. They
reflect that during this process the new recrystallization nucleation has occurred in the local
area and promoted the formation of relatively fine grains.

The above observations suggest that recrystallization nucleation and grain growth
were easy to occur during solution annealing at higher temperature, which could accelerate
the formation of large size TRDs in the microstructure and optimize the GBCDs. However, it
is important to note that due to repeated recrystallization nucleation, continuous extension
of annealing time at higher temperature would reduce the size of TRDs and the connectivity



Crystals 2023, 13, 89 7 of 11

of Σ3n boundaries. On the other hand, by combining the analysis of microstructure and
the statistical results of GBCDs under different heat treatment conditions, it can be seen
that the length fraction of Σ3n boundaries (FΣ) changed very slowly after reaching about
77% at any temperature, i.e., the continuous increase of annealing time had little effect on
the fraction (or number) of Σ3n boundaries. However, in the case of the constant number,
increasing the duration at lower temperature could significantly increase the frequency
of interconnected Σ3n boundaries and the size of TRDs (such as the LC value changing
from 392 µm to 480 µm (Figure 3c,e,g)), and dramatically interrupt the topology network
of RHAGBs (such as J2/(1 − J3), whose value changed from 38.9% to 48.0% (Figure 2c,e,g).
That is, GBCDs in the GB network were optimized.

The operation of GB migration, recrystallization and grain growth during annealing
after hot rolling are identified as critical processes for the formation of large TRDs and the
optimization of GBCDs [23], among which the low deformation storage energy generated
by initial pre-strain first induces multiple twinning events through GB migration and
recrystallization during annealing to form abundant Σ3n boundaries and gradually replace
the RHAGBs [22,33–35]. As the new grains grow up and the GB migrates, local Σ3n

boundaries with low-symmetry twin facets and multiple steps (higher interfacial free
energy [3,36]) further develop into coherent Σ3 twins and interconnected chains in the
action of faceting–roughening transition [37,38], by which the remaining topology network
of RHAGBs is interrupted and the GBCD is significantly optimized [6,8,25]. In other words,
the optimization of GBCDs during heat treatment process mainly goes through two stages:
(I) Forming a large number of annealing twins. This process is mainly completed through
the transformation of deformation storage energy into the interfacial free energy dominated
by the Σ3n boundaries with higher free energy. (II) Driven by the continuous decrease
of free energy, the character distribution of Σ3n boundaries are continuously optimized,
while the topological network of RHAGBs are further interrupted. This process is mainly
accomplished by grain growth and GB migration.

For the solution annealing condition of 1010 ◦C, the low deformation storage energy
produced by hot rolling will first promote the GB migration and recrystallization initiation,
resulting in the formation of abundant Σ3n boundaries and local clusters (Figure 1 vs.
Figures 2a and 3a). With the grain growth and gradual migration of GBs at longer holding
time, the character distribution of Σ3n boundaries are further optimized to evolve into larger
TRDs, and the connection network of RHAGBs is continuously interrupted, presenting
increased values of LC and J2/(1 − J3), as shown in Figures 4 and 5. For the length
fraction of Σ3n boundaries (FΣ), since the increase in Σ3n mainly occurs in the first stage
(I) mentioned above, the extension of holding time has little effect on it, that is, the value of
FΣ changes slightly.

When solution annealing is carried out at higher temperature of 1060 ◦C, TRDs can
be rapidly induced and the GBCDs are optimized. However, since the thermodynamics
of recrystallization is significantly increased at high temperature, the recrystallization
nucleation occurs more easily in the region of higher interfacial free energy even when
the deformation storage energy is not high, which promotes the formation of new fine
grains, as shown in Figure 3h. These smaller grains enhance the topological network of
RHAGBs, thus reducing the size of TRDs and blocking the further optimization of Σ3n

boundaries. Therefore, the values of LC and J2/(1 − J3) decrease slowly during annealing
at this temperature for a long time.

3.2. Proliferation Mechanism of Σ3n Boundaries during Heat Treatment Process

As displayed in Figures 1a and 2, a significant change in the microstructure after
solution annealing is that high proportion of Σ3n boundaries were obtained, including Σ3,
Σ9 and Σ27 boundaries with different morphologies and length fraction (see statistics of Σ3n

boundaries on the right side of corresponding GB distribution map). However, according
to the length fraction and morphology of boundaries distinguished by different Σ index, it
can be seen that there were differences in the distribution patterns of Σ3n boundaries for
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specimens of annealing at 1010 ◦C and 1060 ◦C, which can mainly relate to the proliferation
mechanism of Σ3n boundaries.

Studies indicated that Σ3n boundaries generate during annealing in the metallic
materials with low stacking fault energy and crystal structure of face-centric cubic (FCC)
mainly through two ways: (1) New twinning mechanism [34]. This process is accomplished
through initial nucleation of stacking faults and the growth accidents in the process of GB
migration during recrystallization and grain growth, among which the twins often form on
the close-packed plane of GBs and grow with the growth of grains [39,40]. The Σ3 twin
boundary formed in this way is relatively straight in morphology and long in length, and
the coherent interface is parallel to the {111} crystal plane, while the twin steps and twin
terminals are non-coherent. (2) Σ3 regeneration mechanism [34,35]. This mainly occurs in
the process of interfacial migration and integration, in which Σ3n boundaries proliferate
through the interface reaction of CSL boundaries with different Σ index when they meet,
such as the reaction of Σ3n + Σ3n + 1 →Σ3 [35] and Σ3 + Σ3n →Σ3n + 1 [28]. For the Σ3n

boundaries formed in this way, a large number of Σ9 and Σ27 with complex morphologies
can be observed in the GB network, and they usually have high mobility for changing
quantity and morphology with interface reaction. In the actual thermomechanical process,
both modes may be effective, but one of the mechanisms in play are dominant [41], which is
reflected by the ratio of Σ3/(Σ9 + Σ27) (RΣ3/(Σ9 + Σ27)). The lower the ratio of Σ3/(Σ9 + Σ27),
the more dominant the regeneration mechanism is, where the grain interface has strong
mobility and complicated morphology, and easily evolves into a straight shape. When the
Σ3/(Σ9 + Σ27) ratio is high, it indicates that a high proportion of Σ3n boundaries is formed
through the new twinning mechanism. In this study, in order to clarify the proliferation
behavior of Σ3n boundaries under different heat treatment conditions, comprehensive
analysis including the fraction and morphology characteristics of Σ3n boundaries with
different Σ index, and the ratio of Σ3/(Σ9 + Σ27) were carried out.

Figure 6 shows the variation of length fractions for Σ3n boundaries (Σ3, Σ9 + Σ27
and Σ3/(Σ9 + Σ27) ratio) at different annealed specimens. It can be seen that the FΣ3
value gradually increased first and then tended to be stable with the extension of holding
time at both 1010 ◦C and 1060 ◦C, which present the same evolution pattern with the
FΣ in Figure 5, demonstrating that Σ3 is the main part of Σ3n boundaries. The values of
FΣ9 + Σ27 and RΣ3/(Σ9 + Σ27), however, showed different patterns at the two temperatures.
For the annealing temperature of 1010 °C, FΣ9 + Σ27 first increased to about 9.9% (holding
for 1 h) and then slowly decreased, but the change of RΣ3/(Σ9 + Σ27) showed an opposite
trend. They reflect that both the new twinning mechanism and Σ3 regeneration mech-
anism contribute to the proliferation of Σ3n boundaries at the initial stage of annealing,
and with increasing annealing time, the new twinning mechanism gradually becomes
the dominant mode. Furthermore, it is found from the morphology of Σ3n boundaries
shown in Figure 2 that the Σ3n boundaries formed at the initial stage of annealing mainly
presented a multi-step curved shape and short size, and with the increase in annealing
time they gradually adjusted the morphologies for evolving into larger Σ3 boundaries and
interconnected chains or clusters. Moreover, some Σ9, Σ27 and RHAGB in the GB network
gradually transformed into Σ3 boundaries. That is, the GBCDs was further optimized, as
demonstrated in Section 3.1.

When the solution annealing temperature was increased to 1060 ◦C, the values of
FΣ9 + Σ27 and RΣ3/(Σ9 + Σ27) almost reached their maximum at 0.5 h duration. As annealing
time increased, they basically remained at about 9.5% and 7.3%, even though there were
some fluctuations. These results indicate that both abovementioned mechanisms facilitated
the proliferation of Σ3n boundaries in this heat treatment process, and they basically
maintained the balance with the extension of holding time. Moreover, from the statistical
result of FΣ3 and FΣ9 + Σ27, they were not prone to change in the process of long-time
annealing, that is, both the interface reactions of Σ3n + Σ3n + 1 →Σ3 and Σ3 + Σ3n →Σ3n + 1

existed during the proliferation of Σ3n boundaries.
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Figure 6. Variation of length fractions for Σ3n boundaries (Σ3, Σ9 + Σ27 and Σ3/(Σ9 + Σ27) ratio) at
specimens annealed at 1010 ◦C and 1060 ◦C for different times.

4. Conclusions

1. The temperature and holding time during heat treatment process have a significant
effect on the GBCDs of hot-rolled 316H ASS for nuclear power. The solution annealing
with a long time period at lower temperature or short time period at higher temper-
ature is conducive to obtaining optimized GBCDs, including large TRDs, abundant
interconnected Σ3n boundaries and an interrupted topology network of RHAGBs in
the microstructure.

2. The fraction of Σ3n boundaries has no inevitable proportional relationship with their
character distribution. It was worked out that the character distribution of Σ3n

boundaries can be further optimized by modifying the solution annealing process
even though their length fraction or number does not increase significantly, which
provides an important route for realizing the optimization of GBCDs in special ASSs.

3. It is easier to activate the new twinning mechanism by solution annealing at low
temperature for a long time, leading to the formation of Σ3 boundaries with straight
morphology and larger size. In addition, both the new twinning and Σ3 regeneration
mechanisms exist in the annealing process for introducing the proliferation of Σ3n

boundaries, and they basically maintain the balance with the increase of annealing
time at higher temperature.
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