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Grain boundary engineering (GBE) treatment was performed through thermomechanical
processing (TMP) to optimize the grain boundary character distribution (GBCD) of 316L
austenitic stainless steel. The effects of TMP on the GBCD and corrosion fatigue properties
in high-temperature and high-pressure water were investigated. The results indicated that
a high fraction (about 74%) of special boundaries as well as the interrupted network of
random high-angle grain boundaries were obtained through 5% strain followed by
annealing at 1,273 K for 90 min. The Σ9 and Σ27 boundaries were generated by the
reaction of special boundaries. The highest corrosion fatigue life for 3,187 cycles was
obtained when the TMP parameters of the 316L ASS were of 5% strain, annealing
temperature of 1,273 K, and annealing time of 45min. The low-energy special boundaries
had strong intergranular corrosion resistance, but the strength of these boundaries was
not enough to resist the propagation of transgranular fatigue cracks.
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INTRODUCTION

316L austenitic stainless steel (ASS) has been widely used in petrochemical, chemical, power, and nuclear
industries (Wang, 2019). However, the links between the grains of ASS are usually weak. GB-related cracks
always result in the failure of 316L ASS in the corrosive environments. Therefore, the type, the frequency,
and the character of the grain boundaries should be optimized to improve the properties of the steel.

Grain boundary engineering (GBE) as an approach of grain boundary design and control was first
proposed by Tadao Watanabe (1984). According to the principle of GBE, the enhancement of grain
boundary failure resistance can be attributed to the increase of special boundaries (SBs) and the
redistribution of the grain boundary network. The structure of grain boundaries has commonly been
described by the coincidence site lattice (CSL) model based on the misorientation between the
neighboring grains. Grain boundaries can be categorized by “sigma value (Σ)” into two families. They
are the SBs whose sigma value are ≤ 29 according to the Brandon criterion and others which are
random high-angle grain boundaries (RHAGBs). Compared to the RHAGBs, the SBs are usually
difficult to be degraded due to their higher ordering degree, closer atomic packing, smaller free
volume, and lower interface energies. It is generally considered that material with high frequency of
SBs has a high resistance to the intergranular deterioration, especially coherent ∑3 boundaries.
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Thermomechanical processing (TMP) comprising a
combination of prior deformation and consequent annealing
has been commonly considered as a successful GBE method
(Engelberg, 2008). The TMP can significantly increase the
fraction of the ordered-structure GBs and effectively optimize
the grain boundary character distribution (GBCD) (Li, 2009;
Sinha, 2015; Kang, 2021). As a result, the properties related to
GBs can be greatly improved. In recent years, several research
studies have proved that the application of GBE could
significantly enhance the resistance to intergranular corrosion
(Lehockey, 1997; Shimada, 2002), hot corrosion (Deepak, 2016),
stress corrosion cracking (Gertsman, 2001; West, 2009), fatigue
(Kobayashi, 2011), creep (Thaveeprungsriporn, 1997; Spigarelli,
2003), and embrittlement (Watanabe, 1999).

The influence of GBE on the corrosion fatigue properties has been
seldom studied due to the combined effects of the intergranular
corrosion and fatigue. Lehockey (Lehockey, 1998) showed that the
increases in corrosion, creep, and fatigue resistance ranging between
40 and 90 pct could be achieved by increasing the relative proportion
of crystallographically “special” low-Σ CSL boundaries in the
microstructure of superalloys V-57 and 738. Kobayashi
(Kobayashi, 2020) investigated the roles of GBs in fatigue-crack
nucleation and propagation of 430 ferritic stainless steel, 316L,
and 304 austenitic stainless steel. It was shown that the crack
propagation rate of Σ3 boundaries was lower than that of
RHAGBs when the cracks propagated along the boundaries. The
fatigue strength and fatigue life of those steels could be increased by
raising the fraction of CSL boundaries.

However, Gao (Gao, 2005; Gao, 2007) explored the influence of
SBs character on the propagation of the small cracks of ME3
superalloy. He held the opinion that SBs were not more effective
than RHAGBs in impeding the fatigue-crack propagation primarily.
Because the crack advance was predominantly transgranular,
Mohtadi-Bonaba (Mohtadi-Bonaba, 2018) investigated the
microstructural aspects of intergranular and transgranular fatigue-
crack propagation of X65 steel. It was observed that SBs acted as high-
energy boundaries during crack propagation due to an accumulation
of Σ3 boundaries around the fatigue microcracks. Gao (Gao et al.,
2019) investigated the corrosion fatigue behavior of 316LN ASS in
borated and lithiated high-temperature water. The results showed
that the fatigue life of the material was mainly attributed to the grain
size rather than the fraction of SBs due to their inapparent resistance
to transgranular cracking. It could be concluded that the variation law
and mechanisms of the GBE process on the microstructure and
corrosion fatigue properties of 316L ASS should be studied clearly.

In this article, the effects of TMP parameters with the type of
compression-annealing on the GBCD and the corresponding
mechanism in 316L austenitic stainless steel were studied.
Meanwhile, the effects of GBE on the corrosion fatigue
properties of 316L ASS in high-temperature (563 K) and high-
pressure (8 MPa) water were also investigated.

EXPERIMENT

AISI 316L austenitic stainless steel was chosen in the study. The
chemical composition (wt%) of the steel was 17.4 Cr, 13.58 Ni,

2.14 Mo, 1.60 Mn, 0.53 Si, 0.024 C, 0.01 P, 0.01 N, and 0.013 S.
The steel was solution-treated at 1,373 K for 1 h followed by water
quenching to normalize the microstructure. The cylindrical
specimens with a diameter of 20 mm and height of 30 mm
were manufactured after the solution treatment. Then, the
TMP composed of unidirectional compression and subsequent
annealing followed by quenched in cold water (298 K) was carried
out. The compression was 5%. The annealing treatment was
conducted at 1,273 K for 10–90 min in the study. The sliced
specimens were perpendicular to the compression axis. The
surfaces of slices were grinded with 2,000-grit abrasive paper
and then electropolished in an electrolyte consisting of 20%
perchloric acid and 80% alcohol at 30 V for 30 s.

The orientation imaging microscopy (OIM) of the specimens
was analyzed by electron back-scattered diffraction (EBSD)
technique which was performed by a Zeiss Auriga field-
emission scanning electron microscope (SEM) equipped with
the HKL-Channel 5 EBSD system. The operating conditions of
SEM were 20 kV accelerating voltage, 16.5 mm working distance,
70 beam incidence angle, and 2 μm step size. The EBSD data were
analyzed using Channel 5 software from Oxford-HKL. The grain
boundaries were categorized as the sub-boundaries, low-angle
boundaries (Σ1 boundaries), and high-angle boundaries. When
the misorientation range was from 2° to 5°, the boundaries were
considered as the sub-boundaries. When the misorientation
range was from 5° to 15°, the boundaries were considered as
the low-angle boundaries (i.e., Σ1 boundaries). When the
misorientation range was above 15°, the boundaries were
considered as the high-angle boundaries. Brandon’s criterion
(Δθ = 15/Σ1/2) was adopted for the critical deviation in the
characterization of grain boundaries. The grain boundaries whose
Σ-value range was from 1 to 29 were regarded as low-Σ CSL
boundaries (i.e., SBs). In the OIM figures, the RHAGBs were
represented by the black lines. The Σ3 twin boundaries and the
other SBs were represented by the red and the other colored lines,
respectively. The fractions of grain boundaries were determined
in terms of the length fraction by dividing the number of pixels of
a particular boundary with that of the entire grain boundaries.

FIGURE 1 | Dimension diagram of the corrosion fatigue testing
specimen (Unit: mm).
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Before the corrosion fatigue tests, the sensitization treatment of the
specimens was carried out at 973 K for 48 h. According to the standard
of ASTME 606, the dimensions of the specimens are shown in
Figure 1. The flat planes in the gauge position were machined in
each specimen to observe the microstructure after the CF test. The
corrosion fatigue (CF) tests were conducted in the CF instrument with
a computer-controlled servo electric system. The test conditions were
listed inTable 1. The strain controlmodewith fully reversed triangular
waveform was chosen. The capacity dynamic load was 20 kN. The SS
static auto clave was adopted. The strain was measured by using an
extensometer. The solution was prepared using distilled water. The
temperature was 563 K, and the pressure was 8MPa. The fatigue life
was defined in terms of the number of cycles when the peak tensile
stress was dropped to 75% of the maximum peak stress.

RESULTS AND DISCUSSION

Effect of GBE on the GBCD of 316L ASS
The OIMwas performed to investigate the GBCD of each specimen.
The GBCD of the four specimens composed of the initial specimen
and the GBE-treated specimens is shown in Figure 2. It can be
observed from Figure 2A that the microstructure of the initial
specimen was relatively homogeneous. The grains were surrounded
by RHAGBs. The straight SBs mainly composed of straight coherent
Σ3 boundaries were almost inside the grains. When the annealing

time of the GBE-treated specimen was 10min, it can be observed in
Figure 2B that the morphology of the SBs was almost unchanged.
Most SBs were still straight and existed in the grains. As the
annealing time increased to 45min, the short and curved
boundaries appeared in Figure 2C. Some SBs became a part of
the grain boundary network. A significant increase of the SBs
number can be also observed. When the annealing time
increased to 90min, the number of SBs increased significantly,
especially the short and curved one. Meanwhile, the grain size of
the specimen reached the maximum. Compared to the
aforementioned microstructure, more parts of grain boundaries
were replaced by the SBs, as seen from Figure 2D.

To study the connectivity of RHAGBs’ network of these
specimens, only the RHAGBs (black lines) remained in Figure 3.
Figure 3A shows that the average grain size of the initial specimenwas
about 97 μm. The RHAGBs’ network of the initial specimen was
significantly interconnected because most SBs did not take part in the
grain boundary network. When the annealing time increased to
10min, it can be seen in Figure 3B that the grain size of the
specimen increased evidently compared to the initial specimen,
whereas the RHAGBs were still interconnected. As the annealing
time increased to 45min, the connection of RHAGBswas interrupted
sparingly, as shown in Figure 3C. When the annealing time increased
to 90min, the grain size of the specimen reached the maximum.
Moreover, the connected network of RHAGBs was disrupted
significantly, as shown in Figure 3D.

TABLE 1 | The conditions of the corrosion fatigue test.

Water temperature (K) Water pressure (MPa) Wave form Strain amplitude Strain rate (s) Dissolved oxygen (ppm) pH Conductivity

563 8 Triangle ±0.5% 0.001–1 10 6.6 0.15 μs/cm

FIGURE 2 | GBCD of the (A) initial specimen and the GBE-treated specimens annealed for (B) 10 min, (C) 45 min, and (D) 90 min.
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The curves of the SBs’ (Σ1–Σ29) percentages and the (Σ9 +
Σ27)/Σ3 ratios under different annealing times were shown
in Figure 4. It could be seen that the percentage of the SBs
increased gradually with the increase of the annealing time.
The SBs fraction of the initial specimen and the specimen
annealing for 90 min were 55% and 74%, respectively. The
ratio of (Σ9 + Σ27)/Σ3 was shown to follow the similar
continuous growth trend, especially when the annealing
time was from 10 to 90 min. When the annealing
time was 90 min, the (Σ9 + Σ27)/Σ3 ratio reached its
maximum.

To investigate the generation mechanism of the SBs during
the annealing, the GBCD evolution of the fixed region in the
GBE-treated specimens was observed, as shown in Figure 5. It

FIGURE 3 | The RHAGBs network of the (A) initial specimen and the GBE-treated specimens annealed for (B) 10 min, (C) 45 min, and (D) 90 min.

FIGURE 4 | The curves of the SBs’ (Σ1–Σ29) percentages and the (Σ9 +
Σ27)/Σ3 ratios.

FIGURE 5 | The OIM map of the same region in the GBE-treated
specimen annealed for (A) 45 min and (B) 90 min; (C) local enlarged drawing
of (A); (D) local enlarged drawing of (B).
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can be seen from the comparison between Figures 5C and D that
the Σ3, Σ9, and Σ27 boundaries were generated and the RHABs no
longer existed due to the grain boundaries’ reaction. It was conducive
to increase the proportion of the SBs. From the position of the newly
generated Σ9 boundary in Figure 3, it could be observed that the Σ9
boundary was generated by the reaction of the two Σ3 boundaries.
Similarly, the Σ27 boundary was generated by the grain boundary

reaction of Σ3 and Σ9. The formula of the grain boundary reactions
is shown in Eqs 1, 2.

Σ3 + Σ3 → Σ9 (1)
Σ3 + Σ9 → Σ27 (2)

This could explain that the growth trend of the (Σ9 + Σ27)/
Σ3 value was similar to that of the SBs percentage. When the
annealing time increased from 10 to 90 min, the Σ3
boundaries migrated frequently. It led to the generation of
a large number of Σ9 and Σ27 boundaries. Meanwhile, the
generated SBs became parts of the grain boundary network. As
a result, the whole SB percentage increased rapidly and the
significantly disrupted network of RHAGBs was obtained.
Therefore, the larger value of (Σ9 + Σ27)/Σ3
resulted in more SB reactions and higher degree of
multiple twinning.

Effect of GBE on the CF Properties in
High-Temperature and High-Pressure
Water
The cyclic stress response curves measured by the corrosion
fatigue tests are shown in Figure 6. The four specimens signed
from A to D were the initial specimen and the specimens
annealing for 10, 45, and 90 min, respectively. The
corresponding SBs of the four specimens were 55%, 61%,
66%, and 74%, respectively. It could be seen that specimen
B had the highest fatigue stress (the range of 270–290 MPa)

FIGURE 6 | The cyclic stress response curves of the initial specimen
(specimen A) and the GBE-treated specimens (specimen B to specimen D).

FIGURE 7 | Microstructure of the 316L ASS subjected to the intergranular corrosion: (A) AFM microstructure of the local area, (B) the corroded depth of the
boundaries, and (C) the OIM map of GBCD.
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and the shortest CF life (2,361 cycles). The fatigue stress of the
other specimens was in the range of 190–195 MPa. The CF
lives of specimen A and specimen D were 2,843 and 2,909
cycles, respectively. The longest CF life was 3,187 cycles in
specimen C.

The driving force of the SB migration and SB reaction could be
provided by the interfacial energy which was transformed from
the deformation energy during the annealing. However, the
annealing time (10 min) of specimen B was not enough to
transform the storage energy into interfacial energy. The work
hardening resulted in high hardness and low plasticity. In
addition, the propagation of the corrosion path could not be
prevented because the RHAGBs were still interconnected.
Therefore, specimen B had the shortest life in the corrosion
fatigue test.

To compare the corrosion resistance of the SB and the
RHAGB, the depth of the corrosion ditches was measured by
the atomic force microscope (AFM) morphology, as shown in
Figure 7. As illustrated in Figure 7B, the vertical distances of the
Σ3 boundary (red horizontal line) and the RHAGB (black
horizontal line) were 210 and 60 nm, respectively. It meant
that the corroded depth of the Σ3 boundary was much less
than that of RHAGB. The relationship between the energy of
a CSL boundary and that of a random boundary can be indicated
by Eq. 3.

γΣ � (1 − 1��
Σ

√ )γRandom (3)

where γΣ is the energy of a CSL boundary of notation Σ, and
γRandom is the energy of a random boundary.

The effective grain boundary energy (EGBE) was proposed as
a guide to optimize the types of CSL boundaries and the grain
size, as shown in Eq. 4.

EGBE � [(∑ Fiγi(Δθi
θMax

))(4
d
)] (4)

where Fi and γi are the percentage and the energy of a CSL
boundary of type i, respectively. d is the grain size. △θi is the
average deviation from the perfect CSL, and θMax is the
maximum deviation allowed by Brandon’s criteria. It could
be known that the larger grain size and the more SBs led to the

lower EGBE. The initial specimen A had the smallest grain
size and the lowest SB percentage among the four specimens
which led to high EGBE and low corrosion resistance. The
crack tips of specimen A were corroded easily. As a result, a
short CF life was obtained.

The specimen annealed for 90 min had the highest SB
percentage and the largest grain size. It could be observed
that the EGBE of specimen D was the lowest among the four
specimens. The fatigue bands could be easily propagated
across the SBs, as shown in the arrows of Figure 8A. In
comparison, the propagation of fatigue bands could be
effectively blocked by the RHAGBs, as shown in the arrows
of Figure 8B. Though the SBs had strong intergranular
corrosion resistance, the strength of these boundaries was
not enough to resist the propagation of transgranular
fatigue cracks. Thus, the excessive percentage of SBs led to
the decline of the CF life.

The SB percentage of specimen C annealed for 45 min was
66%. The appropriate percentage of SBs and the interrupted
network of RHAGBs could ensure that the specimen had both
a strong corrosion resistance and fatigue resistance.
Consequently, specimen C had the highest life of CF test,
that is, 3,187 cycles.

CONCLUSION

The method and mechanism of GBE on the GBCD and
corrosion fatigue properties of 316L ASS were studied. It
could be observed that the SBs’ frequency of the 5%
deformation specimen was increased from 55% to 74%
when the annealing time increased from 0 to 90 min. The
Σ9 boundary was generated by the reaction of the Σ3 boundary
and the Σ3 boundary. Similarly, Σ27 boundary was generated
by the reaction of the Σ3 boundary and the Σ9 boundary. The
highest corrosion fatigue life for 3,187 cycles was obtained
when the thermomechanical processing parameters of the
316L ASS were of 5% deformation, annealing temperature
of 1373 K, and annealing time of 45 min. Though the low-
energy special boundaries had strong intergranular corrosion
resistance, the strength of these boundaries was not enough to
resist the propagation of transgranular fatigue cracks.

FIGURE 8 | The morphologies of the fatigue bands across the boundaries of (A) SBs and (B) RHAGBs.
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