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A B S T R A C T   

The precipitation behavior of M23C6 on random and coherent twin boundaries in aged 25Cr–20Ni–Nb–N steel 
was characterized. M23C6 on a random boundary has a cube-on-cube orientation relationship with a single-grain 
side and no orientation relationship with the other side. NbX was precipitated at the coherent interface on the 
random boundary. Two M23C6 particles were precipitated on both sides of the coherent twin boundary with a 
(111)M23C6-A//(111)M23C6-B and [110]M23C6-A//[110]M23C6-B orientation relationship, which is identical with 
that of the coherent twin boundary of austenite matrix. As a result, the M23C6 twin was formed at the original 
twin boundary. Both sides of the matrix/M23C6 interfaces satisfied a cube-on-cube orientation relationship with 
faceted interfaces parallel to (111)γ and (111)M23C6. NbX is precipitated at the M23C6 twin boundary.   

1. Introduction 

The 25Cr–20Ni–Nb–N steel (KA-SUS310J1TB, ASME TP310HCbN) is 
an austenitic stainless steel extensively used for boiler tubes in ultra- 
supercritical and waste-to-power plants [1–3]. However, this steel ma
terial exhibits poor creep ductility manifested by intergranular creep 
failure [4]. Therefore, microstructural control is desired to suppress the 
intergranular creep failure. 

M23C6 (M is mainly Cr) is a major precipitate in austenitic steels with 
a complex face-centered cubic structure. Recently, Hatakeyama et al. 
[5,6] revealed that M23C6 precipitated on a grain boundary during creep 
deformation reduced the creep rate of austenitic steels by grain 
boundary precipitation strengthening. More recently, Hatakeyama et al. 
[7] clarified that the coherent matrix/M23C6 interface along the (111) 
plane with cube-on-cube precipitation of M23C6 on the random bound
ary (RB) of 25Cr–20Ni–Nb–N steel has extensive crack propagation 
arrestability. This results in preferential crack propagation along the 
incoherent matrix/M23C6 interface on the other side. These authors also 
revealed that a sufficiently high area fraction of M23C6 on a grain 
boundary (~90 %), fragmented the crack propagation path (uncovered 
RB and incoherent matrix/M23C6 interface), disturbed the percolation of 
intergranular cracks, and resulted in enhanced creep strength and 
ductility. However, the rapid coarsening kinetics of M23C6 on RB is 
concerning as it may not preserve a sufficiently high area fraction of 
M23C6 on the grain boundary during long-term creep exposure. 

Polycrystalline austenitic steels contain coherent twin boundary 
(CTB) in addition to RB. CTB has an orientation relationship (OR) of 
(111)γ1//(111)γ2 and [110]γ1//[110]γ2 and is considered as an Σ3 
coincidence site lattice (CSL) boundary [8]. The frequency of CSL 
boundaries of austenitic steels can increase by grain boundary engi
neering (GBE) [9]. It is reported that plate-like M23C6 coherently grew 
on CTB [10]; therefore, both sides of the matrix/M23C6 interfaces are 
expected to have high-crack propagation arrestability and slower 
coarsening kinetics. However, to the best of our knowledge, the detailed 
precipitation behavior of M23C6 on the CTB has not been well under
stood. This study clarifies the precipitation behavior of M23C6 on the 
CTB to enhance further the creep properties through the synergy of GBE 
and coherent matrix/M23C6 interface on CTB. 

2. Experimental procedures 

The sample material was a 25Cr–20Ni–Nb–N steel tube. Its 
chemical composition was 0.06C–0.41Si–1.25Mn–0.018P–0.001S 
–19.84Ni–24.60Cr–0.46Nb–0.272 N (mass%) [4]. Processing details are 
described in [4]. As-received steel was aged at 973 K for 500 h and 
cooled in a furnace. The microstructure of the aged steel was charac
terized by scanning electron microscopy (SEM), SEM-electron back
scatter diffraction (SEM-EBSD), transmission electron microscopy 
(TEM), scanning TEM (STEM), and STEM-energy dispersive X-ray 
spectroscopy (STEM-EDS). 
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Fig. 1. (a) SEM image, (b) inverse pole figure, and (c) image quality maps of the aged steel.  

Fig. 2. (a) BF-STEM image, STEM-EDS map for (b) Cr and (c) Nb of the aged steel.  

Fig. 3. (a) BF-TEM image, (b) selected area diffraction patterns (SADPs) obtained from the circular region of interest in (a), (c) indexing, (d) BF-STEM image, (e) 
overlaid STEM-EDS maps of Cr and Nb, and (f) schematic of the precipitation behavior on RB. 
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3. Results and discussion 

Fig. 1(a) is a SEM image of the aged steel. Precipitates are observed at 
grain interior, RB, and CTB. Fig. 1(b) and (c) respectively show the in
verse pole figure and image quality maps obtained by SEM-EBSD. Σ3 
boundaries are highlighted by the red line in Fig. 1(c). The average grain 
diameter was approximately 130 μm when the grain tolerance angle was 
5◦ and twin boundary was ignored. The frequency of Σ3 boundary 
(=length of Σ3 boundary/length of the boundary with tolerance angle >
5◦) was 43 %. 

Fig. 2 shows the (a) bright field (BF)-STEM image and STEM-EDS 
maps for (b) Cr and (c) Nb. M23C6 and NbX (X is mainly C and N) are 
precipitated in grain interior, RB, and CTB by aging. M23C6 was nucle
ated on the coarse undissolved NbX particles. The size of the M23C6 
particles and Cr-depleted zone on RB are much larger than those on CTB, 
suggesting that precipitation of M23C6 on CTB is preferred to suppress 
the coarsening and sensitization by considering the inevitable precipi
tation of M23C6 during long-term creep exposure. Complete grain 
boundary “wetting” by M23C6 on CTB indicates the thermodynamic 
stability of the matrix/M23C6 interface on the CTB [11]. 

Fig. 3(a) is a BF-TEM image acquired around the RB. Fig. 3(b) and 3 
(c) are selected area diffraction patterns (SADPs) obtained from the 
circular region of interest in Fig. 3(a), involving both grain-A and M23C6 
and its indexing. M23C6 was coherently precipitated along (111) of 
grain-A with a cube-on-cube OR, even though the matrix/M23C6 inter
face was slightly serrated. Conversely, no OR was confirmed on the other 
side. Fig. 3(d) and (e) show the BF-STEM image and Cr + Nb map, 

respectively. NbX was observed at the coherent matrix/M23C6 interface 
side, and M23C6 was overhanging to the other side. These suggest that 
M23C6 preferentially grew toward the incoherent side of the grain, as 
shown in Fig. 3(f) [12,13], resulting in faster growth kinetics at RB. 

Fig. 4(a) is a BF-TEM image obtained around the CTB. The insets in 
the upper-right and lower-left are SADPs obtained from grains-A and B, 
respectively. Fig. 4(b) and (c) are SADP obtained from the circular re
gion of interest “b”, involving grains-A, B, and M23C6 on CTB, and its 
indexing, respectively. The diffraction from four grains, i.e., two 
austenite grains (grains-A and B) and two M23C6 grains (M23C6-A and B), 
were obtained. Not only grain-A vs. grain-B but also M23C6-A vs. M23C6- 
B satisfy the OR of CTB, i.e., (111)A//(111)B and [110]A//[110]B. In 
addition, both grain-A vs. M23C6-A and grain-B vs. M23C6-B satisfy the 
cube-on-cube OR. 

Fig. 4(d) is a BF-TEM image obtained around the CTB [indicated as 
“b” in Fig. 4(a)]. M23C6 precipitated on CTB (indicated by the dashed 
line) extend toward the sides of both grains-A and B. SADPs obtained 
from the circular areas “e” and “g” in Fig. 4(d) and their indexing out
comes are shown in Fig. 4(e)–(h). They revealed that the grain-A/M23C6- 
A and grain-B/M23C6-B interfaces are parallel to (111)γ and (111)M23C6 
and satisfy the cube-on-cube OR. In other words, they have high-crack 
propagation arrestability [7] and slower coarsening kinetics than 
those of the incoherent interface. This also indicates the formation of the 
“M23C6 twin” along the original CTB of the matrix. 

Fig. 4(i) and (j) are the BF-STEM image and Cr + Nb map, respec
tively. Faceted interfaces parallel to (111)γ and (111)M23C6 are recog
nized on both grains-A and B. NbX is densely embedded at the M23C6-A/ 

Fig. 4. (a) BF-TEM image, (b) SADP obtained from the “b” in (a), (c) indexing, (d) BF-TEM image, (e) and (g) SADPs obtained from the “e” and “g” in (d), (f) and (h) 
indexing, (i) BF-STEM image, (j) overlaid STEM-EDS maps of Cr and Nb, and (k) schematic of the precipitation behavior on CTB. 
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M23C6-B interface. This suggests that NbX is nucleated at the original 
CTB of the matrix (currently M23C6 CTB). Nevertheless, the OR between 
M23C6 and NbX is unclear. 

The precipitation behavior of M23C6 and NbX on CTB is schemati
cally summarized in Fig. 4(k). Both the matrix/M23C6 interfaces satisfy 
the cube-on-cube OR with a faceted interface parallel to (111)γ and 
(111)M23C6. The formation of M23C6 twin with (111)A//(111)B and 
[110]A//[110]B OR as in the austenite matrix was discovered. NbX are 
densely precipitated at the CTB of M23C6. Because all the interfaces of 
M23C6 on the CTB have good coherency, an increase in the frequency of 
Σ3 boundary is expected to fragment the crack propagation path and 
enhance the long-term creep properties. 

4. Conclusions 

The precipitation behaviors of M23C6 and NbX on RB and CTB of 
25Cr-20Ni-Nb-N steel were characterized. M23C6 on RB satisfied a cube- 
on-cube OR with coherent (111)γ//(111)M23C6 interface on a single side 
of the matrix. NbX were nucleated at the coherent matrix/M23C6 
interface and M23C6 grew toward the incoherent interface on the other 
side. M23C6 can nucleate and coarsen toward both grains belonging to 
CTB. Each M23C6 particles have (111)γ//(111)M23C6 faceted interface 
and satisfy a cube-on-cube OR with the matrix. As a result, coupled 
M23C6 particles on CTB satisfy (111)A//(111)B and [110]A//[110]B. 
The coarsening of M23C6 at CTB is much slower than that in RB because 
of the growth toward the coherent matrix/M23C6 interface. Therefore, 
an increase in the Σ3 CSL boundary (CTB) by GBE is expected to enhance 
the creep properties by fragmenting the crack propagation path because 
CTB can maintain its coherency even after the M23C6 precipitation. 
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