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The influences of nano-structured thermal stability on the intergranular corrosion (IGC) of Super304H
steel were investigated by electrochemical tests and surface analysis in this study. It was found that IGC in
nano-twinned (NT) Super304H SS during the aging process was governed by the formation of nano-scale
M23C6 precipitates, which generated Cr-depletion zones, and fast healing of the Cr-depletion zones due to
the rapid infusion of Cr atoms from the matrix. Conversely, the nano-grains (NG) with poor thermal
stability could accelerate the nucleation of sigma phase at recrystallizing interfaces after short-time aging at
650 �C, thereby deteriorating the IGC resistance. The thermal stability of the NT structure was superior to
that of the NG structure, which preserved the IGC resistance of Super304H SS during the aging process.
Therefore, it was critical to keep the SP strain below the saturation value to achieve high thermal stability,
good IGC resistance, and suppression of recrystallisation-induced precipitation.
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1. Introduction

Super304H stainless steel (Super304H SS) has been widely
used in advanced ultra-supercritical (A-USC) or ultra-super-
critical (USC) power plants because of its combination of
desirable elevated-temperature strength (Ref 1, 2) and oxidation
resistance (Ref 3, 4). However, a contradiction between
enhancement of the elevated-temperature strength via increas-
ing C content (Ref 5, 6) and intergranular corrosion (IGC)
owing to the precipitation of chromium-rich carbides (Ref 7) as
it is exposed to operation temperature of 600-700 �C is the
issue for austenitic heat-resistant steel, which has not yet been
solved.

Most of the works focused on the mechanical properties
including high-temperature strength and creep resistance of
Super304H SS (Ref 8-13). However, research (Ref 7, 14-16) on
the susceptibility to IGC of Super304H SS is rare. The
conventional methods, such as solution treatments, high-
temperature softening (Ref 7), and adding carbide forming
elements (Ref 17), failed to solve the problem of high
intergranular corrosion susceptibility (IGCS) in Super304H
SS because it is hard to avoid the precipitation of chromium
carbides, and thereby causes Cr-depleted zones around the

carbides at the operating temperature. In our recent works, the
rapid diffusion of Cr atoms in the nano-crystalline Super304H
SS was found to significantly accelerate the elimination of Cr-
depleted zones around carbides (Ref 15, 18). It is expected that
the nano-structure with high Cr diffusion rate may result in the
fast healing of the Cr-depleted areas and ultimately improving
the IGC resistance of Super304H SS at elevated temperatures.

However, the application of high-diffusion nano-crystalline
(NC) materials induced by plastic deformation in high-temper-
ature condition is challenging because NC materials with high
excess energy usually have poor thermal stability (Ref 19, 20).
Alternatively, nano-twinned material, inside which twin bound-
aries (TBs) are spaced several or tens of nanometers apart, has
become a focus of research for their novel properties including
superior thermal stability and IGC resistance (Ref 21-23). To
date, several studies (Ref 21, 24, 25) have shown that the
thermal stability of nano-twins (NT) is superior to their NC
counterparts owing to the low excess energy of deformed TBs.
Although the stored energy of the TBs could be increased by
introducing high density of dislocations, which is still far lower
than that of high-angle grain boundaries (GBs) (Ref 26). For
instance, in austenitic stainless steel, NT remains stable up to
800 �C, but nano-grains (NG) start to grow up at 600 �C (Ref
27). The superior thermal stability of the NT reveals the
applications of these materials at relatively high temperatures. It
is worth noting that the recent discoveries have shown that NT
or high-density twinned structures induced by plastic deforma-
tion (Ref 22, 23) were succeeded in suppressing sensitization of
austenitic stainless steels after sensitized at 750 �C for 48 h or
650 �C for 2 h, respectively, both due to the inhibition of
carbide precipitation along TBs emitted at GBs. In a word, the
deformed TBs can not only significantly improve the thermal
stability of austenitic stainless steels but also effectively
suppress the precipitation of chromium carbides at their
sensitization temperature. These findings provide a new idea
to improve the IGC resistance at elevated temperature, i.e., by
introducing substantially deformed NT which could be
achieved at sufficiently high-strain rates (Ref 28). Although
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the thermal stability of nano-structure materials is then the key
factor (Ref 29), little is known about its effects on IGC
resistance in austenitic stainless steel, especially, for the high-
carbon Super304H SS.

In the present paper, the thermal stability of two nano-
structures, nano-grains, and nano-twins was focused in the
high-carbon austenitic Super304H SS at its operating temper-
ature of 650 �C, and its influence on IGC resistance was
investigated. The two kinds of nano-structured samples were
obtained in the same shot-peened (SP) Super304H SS but at
different depths with different strain levels. Nano-structures and
precipitation were investigated using scanning electron micro-
scope (SEM) and transmission electron microscope (TEM).
The intergranular corrosion behavior of two nano-structured
samples was investigated, compared with the solution-treated
sample. The surface morphologies of the samples after IGC
tests were characterized.

2. Experimental Details

2.1 Material and Heat Treatments

The material investigated in this study was solution-treated
Super304H SS sheet with a thickness of 5 mm. The chemical
composition of the steel is given in Table 1. The surfaces of
solution-treated Super304H SS samples were treated by high-
rate SP (Ref 15). The aging treatments were performed at
650 �C for 0-168 h to overlap the sensitized and self-healing
process. Detailed processing parameters and heat treatments are
given in Table 2. Two types of SPed samples without or with
aging treatment were carefully prepared by mechanical polish-
ing 50 and 200 lm depth from the surface, referred to as NG-
50 lm and NT-200 lm, respectively.

2.2 Microstructural Observation and IGC Tests

The samples used for microstructure and precipitate distri-
bution analysis were etched in Villella�s reagent (1 g picric
acid + 5 mL HCl + 100 mL ethanol) for 60-90 s and observed
by field emission SEM (FESEM Zeiss Supra-40) and TEM

(JEM-2100 operated at 200 kV) with energy dispersive spec-
troscopy (EDS). TEM samples were ground firstly using
various abrasive papers and then mechanical polished with
diamond paste to 80 lm. The samples were finally thinned by
twin-jet electro-polishing in a 10 vol.% perchloric acid and 90
vol.% ethanol solution at � 25 �C and at 30 V using a Struers
Tenupol 5 device.

The double loop electrochemical potentiokinetic reactiva-
tion (DL-EPR) is an effective method to evaluate the inter-
granular corrosion behavior of sensitized stainless steels (Ref
30). All DL-EPR tests were performed under the same
conditions (in 0.5 M H2SO4 + 0.01 M KSCN solution at
35 �C) on an electrochemical workstation (Metrohem Autolab)
using an saturated calomel reference electrode (SCE) and a
platinum foil counter electrode. Each sample, acting as working
electrode, was embedded and sealed with cold-curing epoxy
resin with an exposure area of 1 cm2 as to avoid crevice
corrosion.

After a 15 min open circuit potential (OCP) measurement,
the anodic potential sweep in the DL-EPR test was started from
OCP and reversed at + 0.30 V at a scan rate of 1.67 mV/s.
Usually, the degree of sensitization (DOS) of investigated
samples was evaluated by measuring the ratio of maximum
current density of the reverse scan (ir) to that in the forward
scan (ia) from the respective DL-EPR curve. According to the
literature (Ref 31), if two peaks of reactivation current are
found in the DL-EPR test, charge ratio of DL-EPR curve is
more appropriate, representing the dissolution occurring in the
chromium depletion regions contacting to the testing solution.
Therefore, the DOS values in this study were calculated using
the ratio of the charge of reactivation (Qr) to the charge of
activation (Qa):

Rr ¼ Qr=Qað Þ � 100% ðEq 1Þ

The value of Qr/Qa was calculated automatically by using
integral area under the reactivation/activation curves in the DL-
EPR testing software of Autolab PGSTAT30 advanced poten-
tiostat. Working surface of the sample was observed by SEM
after the test. All the experiments were repeated four times to
ensure reproducibility.

Table 1 Chemical composition of Super304H steel (wt.%)

C Si Mn Cr Ni S P Cu Nb N Mo Al Fe

0.104 0.02 0.59 18.15 8.51 < 0.005 0.030 3.04 0.42 0.11 0.25 0.012 Bal.

Table 2 The parameters of heat treatments and shot peening treatment

Sample name Solution treatment Shot peening Aging treatment

Solution-trea-
ted sample

1150 �C 9 0.5 h + water quenched … 650 �C 9 (0, 0.02, 0.05, 0.1, 1, 4, 24, 48, 96, 168 h) + water quenched

NG-50 lm
sample

… 0.6 MPa/15 min

NT-200 lm
sample
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3. Results

3.1 Microstructures

In this paper, the primary microstructure varies from nano-
twins to nano-grains with increasing strain level, which resulted
in the distinct thermal stability in two kinds of nano-structured
samples. Moreover, main precipitates transformed from the
nano-scale M23C6 carbide in the NT-200 lm sample to the
coarsening r-phase plus some M23C6 carbides in the NG-
50 lm sample after aging at 650 �C for different time. The
evidence of these transformations would be elaborated in
following subsections.

3.1.1 Nano-grains in NG-50 lm Sample and Nano-twins
in NT-200 lm Sample. Figure 1(a) shows the depth-depen-
dent gradient microstructure of the deformation layer on the
shot-peened sample, which could be observed by SEM after
etching the cross-section surface. The grains in the region at a
depth of 50 lm are mainly ultrafine grains, as shown in
Fig. 1(b). On the contrary, the region at a depth of 200 lm
shows a great number of intersected shear bands with main
spacing much less than 1 lm, as shown in Fig. 1(c). A
remarkable distinction between microstructures formed at 50
and 200 lm depth from the surface of the SPed sample
indicates that the refinement mechanism varies with the strain
levels.

To distinguish more clearly the microstructures of the NG-
50 lm and NT-200 lm sample, TEM was adopted for analysis,
as shown in Fig. 2. Twinning is the main mechanism for grain
refinement of Super304H SS at the beginning and early stage of
the high-rate SP process. Hence, a mixed microstructure of
nano-scale twin with large numbers of dislocations and
austenite lamellae were formed on the surface of NT-200 lm
sample (Fig. 2a), indicated by the corresponding selected-area
electron diffraction (SAED) pattern shown in Fig. 2(b). Statis-
tical TEM measurements demonstrated that the thickness of
twin/matrix lamellar ranges from a few nano-meters to 55 nm,
with an average value of 30 nm. At the high-strain level, when
the twinning reaches a certain volume fraction, it becomes

saturated due to strain hardening, and the deformation is
controlled by dislocation slip. A similar situation in AISI-304
stainless steel has already been reported and the mechanism of
deformation has been discussed by other researcher (Ref 32).
Therefore, in contrast to the nano-twinned structure of the NT-
200 lm sample, the NG-50 lm one possesses more complex
nano-scale dislocation structure (Fig. 2c), which is mainly
austenite and a small fraction of a¢-martensite, indicated by the
inset corresponding SAED pattern in Fig. 2(d). Figure 2(d) is
the TEM dark-field image of Fig. 2(c), showing the equiaxed
grains of c-austenite with a mean grain size of 22 nm.
Therefore, the main microstructure varies from the NT in the
NT-200 lm sample to the NG in the NG-50 lm sample with
the increase of strain level, following the grain refinement
mechanism changes from twinning to dislocation slip.

3.1.2 Microstructures of the Aged NG-50 lm
and NT-200 lm Samples. Subsequent aging of the NT-
200 lm sample at 650 �C for 1 h resulted in the formation of a
large number of ultra-fine precipitates along deformation bands
and original GBs, as shown in Fig. 3(a). Compared to the aged
NT-200 lm sample, a more homogeneous and greater number
of precipitates can be observed in the aged NG-50 lm sample
in Fig. 3(b). With increasing aging time to 24 h, the amount of
precipitate along TB is much greater than that of original GBs
in aged NT-200 lm samples, as shown in the Fig. 3(c).
Meanwhile, the twin/matrix lamellar spacing slightly thickens
after aging. Moreover, the volume fractions of the NT bundles
and dislocation structures are little changed in this process.
However, besides the M23C6 carbides, some larger precipitates
r-phase appeared in the aged NG-50 lm samples, as shown in
the Fig. 3(d). More detailed observations on the microstructures
and precipitates of the NT-200 lm and NG-50 lm samples
after aged for 24 h were made by TEM, as shown in Fig. 4 and
5, respectively.

Figure 4(a) shows a TEM bright-field image of the lath-
shaped M23C6 carbide along TBs. The SAED pattern of
Fig. 4(a), indexed in Fig. 4(b), shows composite diffractions of
M23C6 carbide, c-austenite and deformation twins with the zone
axis: [011]M23C6//[011]c//[011]twins. Figure 4(c) and (d) are the

Fig. 1 Cross-sectional SEM images of (a) a shot-peened sample and microstructures at depths of (b) 50 lm and (c) 200 lm
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Fig. 2 TEM images of the NT-200 lm sample: (a) bright-field image; (b) selected-area electron diffraction (SAED) pattern of the area in (a)
showing austenite and deformation twins with a zone axis of [011]. Nanostructure of the NG-50 lm sample: (c) bright-field image; (d) dark-field
image of (c) and the corresponding SAED pattern (inset)

Fig. 3 SEM images of the NT-200 lm sample after aging at 650 �C for (a) 1 h and (c) 24 h. SEM images of the NG-50 lm sample after
aging at 650 �C for (b) 1 h and (d) 24 h
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TEM dark-field images from the diffraction spots ‘‘e’’ and ‘‘f’’
in the SAED pattern of Fig. 4(b), showing the morphologies of
NT and M23C6 carbide, respectively. The NT (in Fig. 4c) was
slightly thickened after aging with an average thickness of

35 nm in comparison to that of NT-200 lm samples before
aging, as shown in Fig. 2(a). The lath-shaped M23C6 carbide
with about 120 nm in length and 45 nm in width is shown in
Fig. 4(d). This lath shape of the M23C6 carbide may be

Fig. 4 The microstructure of the NT-200 lm sample after aging at 650 �C for 24 h. (a) Bright-field TEM image of the aged NG-200 lm
sample; (b) SAED pattern of the area shown in (a); TEM dark-field images of (c) nano-twins and (d) Cr23C6 carbides

Fig. 5 Microstructure of the NG-50 lm sample after aging at 650 �C for 24 h. (a) Bright-field TEM image of the aged NG-50 lm sample.
Inset: SAED pattern of grain �A�. (b–d) Cr, Fe and C elemental maps of the area within the red rectangle in (a)
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attributed to the limitation of stationary TBs. It can be
concluded that the boundaries of deformation twins with
massive structural defects not only provide a large number of
nucleation active sites for M23C6 carbides, but also limit the
carbides to the lath shape in the Super304H SS.

In addition, Fig. 5(a) shows the TEM images of partially
static recrystallization of the nano-structures and two sizes of
precipitates in the aged NG-50 lm sample at 650 �C for 24 h.
The larger precipitates at interfaces of recrystallized and
severely deformed grains (in the red rectangular zone of
Fig. 5a) are Cr-rich type precipitates, indicated by the mappings
of Cr, Fe, and C elements in Fig. 5(b), (c), and (d).
Furthermore, the Cr-rich type precipitate (the grain ‘‘A’’ in
Fig. 5a) is identified as the sigma phase by SAED pattern
analysis (upper inset in Fig. 5a) and EDS results in Table 3.

Over a longer hold time (to 168 h), the M23C6 carbides
nucleated in the form of spots (Fig. 3a) and grew into chains
along the TBs in the aged NT-200 lm samples (Fig. 6a), but

still in a nano-scale size. In contrast, the size of the sigma phase
increased significantly, and many nano-scale M23C6 carbides
particles are dispersed in the aged NG-50 lm samples, as
shown in Fig. 6(b). Moreover, a TEM image shows that the
nano-scale deformed grains completely recrystallized into ultra-
fine austenite grain with several coarsened sigma phases
precipitated at the triple junctions of recrystallized grain in
the aged NG-50 lm samples in Fig. 6(c). The chromium
content of sigma phase (the grain ‘‘B’’ in Fig. 6c) increases
with aging time according to EDS results in Table 3. The above
observations show that the precipitates transformed from the
nano-scale M23C6 carbide in the NT-200 lm sample to the
coarse r-phase plus some M23C6 carbides in the NG-50 lm
sample during aging at 650 �C for more than 24 to 168 h,
which will be discussed later in ‘‘Effect of Nano-structured
Thermal Stability on the Intergranular Corrosion Behavior’’
section. The evolution of the nano-structure and formation
mechanism of precipitates might influence the IGC behavior of
Super304H SS, which would be elaborated in following
sections.

3.2 IGC Behavior

3.2.1 DL-EPR Test. Figure 7(a), (b), (c), and (d) shows
the DL-EPR curves of the solution-treated, NG-50 lm and NT-
200 lm samples after aging at 650 �C for 0.1, 1, 24, and 168 h,
respectively. The peak values of the activation current density
(ia) in the DL-EPR are almost remained constant during aging
at 650 �C with aging time for three types of samples, while the
peak values of the reactivation current density (ir) vary with
aging time, indicating that the consumption of Cr around the

Table 3 The constituent of precipitation phase in
Fig. 5(a) and 6(c)

Precipitation code

Chemical composition, wt.%

Cr Ni Mo Si Fe

The grain ‘‘A’’ in Fig. 5(a) 25.86 6.15 0.66 0.43 Bal.
The grain ‘‘B’’ in Fig. 6(c) 28.16 6.54 0.73 0.48 Bal.

Fig. 6 The microstructures of the NG-50 lm and NT-200 lm samples after aging at 650 �C for 168 h. (a, b) The SEM images of the aged NT-
200 lm and NG-50 lm samples, respectively; (c) the TEM bright-field image of the aged NG-50 lm sample
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Cr-rich precipitate has changed. After being aged at 650 �C, the
typical DL-EPR curves are seen with the significant activation
current density peaks and the reactivation current density peaks
in the aged samples, which could be attributed to the
appearance of Cr-depleted zones, as shown in Fig. 7(a), (b),
(c), and (d). Notably, double reactivation current density peaks
(Fig. 7a and b) are observed in the DL-EPR in the aged NG-
50 lm and NT-200 lm samples because the Cr-depletion
regions are caused by two different Cr-rich phases (Ref 18, 33).
In such a case, the charge ratio (Qr/Qa) is a more accurate
formula for indicating dissolution occurring in all Cr-depleted
regions (Ref 31).

3.2.2 Intergranular Corrosion Morphologies. The sur-
face morphologies of the aged solution-treated, NG-50 lm and
NT-200 lm samples after the DL-EPR tests were observed by
SEM to obtain the details of IGC, as shown in Fig. 8. For the
solution-treated sample, week IGC is seen at GBs on the early
stages of sensitization (Fig. 8a), and as the aging time
increases, some evident attacks occur at the GBs with
characteristic �ditch� structure as shown in Fig. 8(b) and (c),
respectively. When the NT-200 lm sample was aged for 1 h,
severe corrosion was observed at the TBs as well as GBs (as
shown in Fig. 8d) since the formation of massive Cr23C6

carbides at these boundaries. As the aging time was extended to
24 h, some narrow ditches were observed at the TBs and GBs
in Fig. 8(e). Compared to the NT-200 lm sample aged for 1 h,
the corrosion of the sample aged for 24 h (Fig. 8e) has shrunk.

Moreover, very light attacks are observed along the TBs or GBs
after aging for 168 h in Fig. 8(f). The above observations
indicate that the Cr-depleted zones in the aged NT-200 lm
sample are self-healing during aging. For the aged NG-50 lm
sample aged for 1 h, more severe IGC (compared to the NT-
200 lm sample) was observed on the newly formed GBs, as
shown in Fig. 8(g). When the aging time reaches 24 h, multiple
IGC (pointed by white arrows) occurs near the r-phase, as
shown in Fig. 8(h), which may be induced by Cr-depleted
zones adjacent to the r-phase. Furthermore, several large
corrosion pits (pointed by white arrows) were observed in the
NG-50 lm sample (Fig. 8i) aged for 168 h, which were much
larger than that in the sample as shown in Fig. 8(h). These SEM
results are accordance those of the above DL-EPR tests.

Figure 9 shows the DOS values of three types of samples as
a function of aging time, where both NG-50 lm and NT-
200 lm samples were aged at 650 �C for 0.1 to 168 h,
however, the solution-treated sample was aged at 650 �C for
more than 4500 h (Ref 34). The DOS values of both NG-
50 lm and NT-200 lm samples increase drastically and reach a
maximum after aging for 1 h (the solution-treated sample needs
almost 1000 h). Afterward, the DOS values of the NT-200 lm
samples decreased rapidly when the time increased from 1 to
168 h. The above result indicates the healing of Cr-depleted
zones after 1 h for both NG-50 lm and NT-200 lm samples.
However, the trend of the DL-EPR results of the NG-50 lm
sample is quite complicated. With the aging time from 1 to

Fig. 7 DL-EPR curves of the solution-treated, NG-50 lm and NT-200 lm samples after aging at 650 �C for various times: (a) 0.1 h; (b) 1 h;
(c) 24 h; (d) 168 h. All curves started at the lowest potential (� 0.5 V) and swept up to the top potential (0.3 V) and then back to � 0.5 V
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10 h, the DOS values of the NG-50 lm samples decrease to the
lowest level of 9% at 10 h, which is faster than those of the NT-
200 lm samples. Afterward, the DOS values turn to increase
again, reaching 10.2 and 18.1% at 24 and 168 h of aging,
respectively. The difference in the IGC behavior between the
two SPed samples is mainly due to their different nano-
structures with different character grain boundaries, which will
be discussed later in ‘‘Discussion’’ section.

4. Discussion

4.1 Effect of Nano-structured Thermal Stability
on the Intergranular Corrosion Behavior

According to the literature (Ref 34), the main strengthening
phases are Nb(C,N), NbCrN and Cu-rich phase in the
Super304H SS. In this research, the refinement of Super304H
SS into nano-structures by high-rate SP will inevitably bring
many defects, including high density of dislocations (Ref 35,
36) which act as the diffusion channels for Cr atoms, newly
formed GBs of deformation twins (Ref 37), a¢-martensite and

Fig. 8 SEM morphologies of IGC attacks after DL-EPR tests of the solution-treated samples (a–c), NT-200 lm samples (d–f) and NG-50 lm
samples (g–i) aging at 650 �C for 1, 24 and 168 h, respectively

Fig. 9 Dependence of the DOS values on the aging time of NG-
50 lm and NT-200 lm samples after aging at 650 �C, in
comparison to that of the Super304H SS aging at 650 �C for more
than 4000 h (Ref 34)
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subgrains (Ref 38), which are active sites that facilitate the
precipitation of carbides. As a result, they could accelerate the
precipitation of massive chromium carbides during the subse-
quent aging (see Fig. 3a and b), thereby deteriorating the IGC
resistance of nano-structured Super304H after aging at 650 �C
for 1 h, as indicated in Fig. 8(d) and (g). In addition, the
increase of strain level will increase the number of high-energy
interfaces and provide more active sites for chromium carbides
precipitation, which will lead to a higher IGCS of the NG-
50 lm sample than that of the NT-200 lm sample during the
sensitization period, as demonstrated in Fig. 9.

The healing of Cr-depletion zones in the nano-structured
Super304H SS also could be effectively accelerated because the
Cr-depletion zones can quickly obtain Cr atoms from the
adjacent nano-structure matrix owing to its high-diffusion rate
in the nano-structures. Therefore, the DOS values of the NG-
50 lm and NT-200 lm samples reach their peak at the aging
time of 1 h, and then begin to decline because the Cr atoms
diffuse from the adjacent nano-structure to the Cr-depletion
regions. As the aging time increases from 1 to 10 h, the higher
dislocation density due to higher strain level in the nano-
grained structure (NG-50 lm) sample results in a relatively
rapid decrease of DOS value (Fig. 9). However, the DOS value
of the NG-50 lm sample is again positively correlated with the
aging time of 10 to 168 h, which may be due to the nucleation
and growth of the Cr-rich intermetallic r-phase.

Note that aging the NG-50 lm sample for more than 10 h
induced the recrystallization of nano-grained structures and the
nucleation of r-phases. However, for the solution-treated
Super304H SS, no r-phase was found in the available long-
term creep (over 4500 h at 650 �C) samples (Ref 34). The
precipitation of r-phase in AISI-304 stainless steel requires not
only high-energy interfaces, but also enhanced chemical
driving force of Cr atoms (Ref 39, 40). According to the
literature (Ref 41), the lowest nucleation energy of r-phase in
the highly deformed austenitic stainless steel is supposed at the

interfaces between deformed grains and recrystallizing domains
(recrystallizing interfaces) during aging. This interface can also
offer a high-diffusion rate of the solute atoms from the
deformed austenitic matrix to promote the nucleation growth.
Hence, the recrystallizing interfaces are preferential sites for the
nucleation and growth of r-phases in the deformed austenite
steel, and the fast precipitation of r-phases in the nano-
structured Super304H SS should be closely related to its
recrystallization process.

In this research, NG structures are unstable and prone to
recrystallize during the aging process, which would offer great
numbers of preferential sites for the precipitation of r-phases.
Figure 10 shows the TEM images of partially static recrystal-
lization of the nano-structures and the size of r-phases are still
at the nano-meter level in the aged NG-50 lm sample.
Meanwhile, the r-phases are mostly observed at recrystallizing
interfaces (indicated by red line) but scarcely at the only
deformed grain boundaries. This is because it is at an early
stage of recrystallisation-induced r precipitation. Over a longer
hold time (to 168 h), the size of the r-phases increased
significantly to several microns by absorbing or encircling the
recrystallized grain during recrystallization, as shown in
Fig. 6(c). Moreover, the sigma phase is chromium-rich phase
(Fig. 5b), which can bring about chromium depletion regions
after precipitation at the interfaces, and then IGC is prone to
occur under some conditions. Hence, IGC occurred near the r-
phase in the NG-50 lm sample after aging at 650 �C for a
shorter time as shown in Fig. 8(h). During aging at 650 �C for a
longer time, the r-phases become coarsen (the Fig. 3d and 6b)
and lead to form wider chromium depletion regions around the
r-phases. However, the recrystallized domains with low
dislocation density have no enough channels to transfer Cr
atoms to restore the chromium depletion regions. Therefore, the
DOS value of the NG-50 lm sample rises again with aging
time, as demonstrated in Fig. 9. In a word, the NG structure
with poor thermal stability during the aging process would
seriously reduce the IGC resistance of nano-structured
Super304H SS.

4.2 Enhanced Thermal Stability and IGC Resistance
in the Nano-twinned Super304H SS

The above analysis shows that the thermal stability of the
microstructure is the key factor to the IGC behavior of nano-
structured Super304H SS during aging. If the nano-structure is
thermal stable and hard to recrystallize, Cr-depletion zones
could rapidly obtain Cr atoms diffused from the adjacent matrix
because of the high-diffusion rate in nano-structure during
aging. As the diffusion rate of Cr atoms from the nano-
structured matrix to the Cr-depletion zones is higher than the
Cr-depletion rate induced by the precipitation of Cr-rich phases,
the Cr-depletion zones will be replenished gradually and IGC
resistance of the material will be restored (Ref 16).

As shown in Fig. 2(a) and 4(a), the NT structures in the NG-
200 lm samples almost remain unchanged during aging at
650 �C. The experimental results show that the thermal stability
of the NT structures is superior to that of the NG structures in
the nano-structured Super304H SS. This difference in thermal
stability results from the difference between the excess energy
stored in GBs of the NG structures and that in TBs of the NT
structures. According to the literature (Ref 42), TBs are usually
believed to be a special coherent boundary with a very low
excess energy, and the energy stored at TBs is an order of

Fig. 10 The microstructure of the NG-50 lm samples after aging
at 650 �C for 24 h. The magnification of the red rectangular zone in
Fig. 5(a)
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magnitude lower than at high-angle GBs. Although the excess
energy of TBs induced by plastic deformation at high-strain
rates could be increased by introducing high density of
dislocations, the excess energy of deformed TBs is still far
lower than that of high-angle GBs (Ref 21, 26). Hence, the
excess energy stored in the NT structures is far lower than that
in the NG structures. Moreover, other studies have found that
the deformed NT in AISI-304 stainless steel can even withstand
heat treatment up to 800 �C (Ref 27). Therefore, the nano-
twinned Super304H SS exhibits a high thermally stable during
aging at 650 �C.

It should be mentioned that a larger amount of M23C6

precipitates formed along deformed TBs (Fig. 3a) at the
beginning of aging and leaded to an increase in the DOS
value. This is contradictory to the percolation theory (Ref 43)
that annealing twins in grain boundary engineering (GBE) have
better resistance to IGC due to low energy of coincident site
lattices and low probability of precipitates nucleation, and the
other research work (Ref 22) found that high density deformed
TBs networks in the twinned 304 stainless steel can inhibit the
precipitation of M23C6 carbides. Such contradictory results may
be due to two special functions of the nano-twinned Super304H
SS. The first is the carbon content, which is a dominant factor.
High-carbon content can improve the precipitation kinetics of
chromium-rich carbides in the early stage of sensitization (Ref
44). The Super304H SS was based on the 304H SS, which was
developed by increasing the content of carbon and adding
elements such as copper, niobium, and nitrogen (Ref 1). Hence,
the carbon content of Super304H SS (> 0.10% in this work)
can significantly promote the precipitation of M23C6 carbides in
the NT structure. The second is the ledge of the deformation
twins, which is an active site with respect to the regular crystal
structure. It contains a lot of structural defects caused by
deformation, which is conducive to the precipitation of
chromium carbide (Ref 37, 38). The deformed TBs are thereby
providing a large number of active sites for nucleation of
carbides and accelerating the precipitation of massive M23C6

carbides during aging in 1 h.
However, the nano-twinned Super304H SS not only pro-

motes the precipitation of M23C6 carbides, but also restricts the
growth of the precipitate, as shown in Fig. 3(a), (c) and 6(a).
Hence, as the increasing of aging time, the superior thermal
stability and high Cr diffusion rate in the NT structure would
result in the fast healing of the Cr-depleted zones during aging
at 650 �C, and ultimately recovering the IGC resistance of the
nano-structured Super304H SS, as shown in Fig. 9. Therefore,
the NT structure with superior stability during the aging process
could enhance the IGC resistance of nano-structured
Super304H SS, following the self-healing mechanism instead
of inhibiting carbide precipitation.

The above results reveal that the surface NT structure is a
promising way to eliminate the high IGCS of the high-carbon
Super304H SS but its working temperature (650 �C) could
promote r-phase nucleation happening at the recrystallizing
NG structure, which must be inhibited in practical applications
because of its deteriorative effect on the IGC resistance of
Super304H SS. Therefore, the high-rate SP strain levels must
be controlled to be lower than the saturation value, which could
result in the transformation of the grain refinement mechanism
from twinning to dislocation slip, to develop an ideal NT
structure to further enhance thermal stability and IGC resistance
as well as to avoid recrystallization-induced r-phase precipi-
tation in the Super304H SS.

5. Conclusions

(1) The primary microstructure varies from the nano-twins
to the nano-grains following the grain refinement mech-
anism changes from twinning to dislocation slip with
increasing strain level, which resulted in the main pre-
cipitates transformed from the nano-scale M23C6 carbide
in the NT-200 lm sample to the coarsening r-phase
plus some M23C6 carbides in the NG-50 lm sample
after aging at 650 �C for various times.

(2) The NG structures with poor thermal stability in the sur-
face of the NG-50 lm samples can accelerate the pre-
cipitation of the r-phase at the recrystallizing interfaces,
thereby deteriorating the IGC resistance of nano-struc-
tured Super304H SS after long-time aging at 650 �C.

(3) The IGC behavior of the NT-200 lm sample is con-
trolled by the formation of nano-scale M23C6 and then
fast healing of Cr-depletion region around M23C6 pre-
cipitation during the aging process. Therefore, the NT
structure with superior thermal stability could enhance
the IGC resistance of nano-structured Super304H SS,
followed the self-healing mechanism instead of inhibit-
ing carbide precipitation.

(4) The high-rate SP strain levels must be controlled to be
lower than the saturation value, which results in the
transformation of the grain refinement mechanism from
twinning to dislocation slip, to develop an ideal NT
structure to further enhance thermal stability and IGC
resistance as well as to avoid recrystallization-induced
r-phase precipitation in the Super304H SS.
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