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ABSTRACT 

An experimental characterization of grain boundaries using field-emission Auger electron spectroscopy has 
been carried out for Ni2M-stabilized alloy (where M mainly corresponds to Cr) and Alloy 690, which have 
duplex and non-duplex grain sizes, respectively, in order to determine the relationship between grain-boundary 
precipitates and the grain structure. Thermodynamic calculations based on the Scheil-Gulliver model with and 
without back diffusion of the C solute in the solid phase were also performed in order to investigate the 
solidification process in both alloys. Chromium carbide precipitates, with a predicted composition of M23C6, 
were observed at grain boundaries in both the Ni2M-stabilized alloy and Alloy 690. The M23C6 precipitates in 
the Ni2M-stabilized alloy were considerably coarser than those in the Alloy 690. A small number of coarse 
titanium carbonitride precipitates were also observed on the fracture surfaces of both alloys at intergranular and 
intragranular positions. The simulations predicted that the M23C6 precipitates are likely to be formed during the 
final stages of solidification, and it is thought that this occurs more readily in the Ni2M-stabilized alloy. The 
results indicate that the duplex grain structure observed in the Ni2M-stabilized alloy is most likely due to the 
presence of undissolved coarse M23C6 grain-boundary precipitates. 
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1.  Introduction 
 

A duplex grain structure is one in which both relatively coarse and fine grains are present, and 
has been investigated for over half a century. In 1957, Masuko reported the effect of a duplex 
austenite grain structure on the mechanical properties of steel, and categorized the grain size 
distribution as either “uniform” or “non-uniform” in which fine grains disperse homogeneously or 
locally (it sometimes shows a banded microstructure), respectively [1,2]. He pointed out that the 
strength and ductility of steel were strongly influenced by the grain size distribution. In particular, 
steel with a non-uniform duplex grain structure was found to exhibit lower strength and ductility than 
other types of steel. He also showed that a non-uniform duplex grain structure was formed as a result 
of primary segregation of grain-growth inhibitors, and that it also occurred in hyper-eutectoid steel 
due to primary segregation of carbides [3,4]. 

Duplex grain structures are sometimes observed in Ni-base superalloys, which are often used as 
structural materials in nuclear power plants. Mills et al. reported that Alloy 600 plate exhibited such a 
duplex grain structure, containing both fine grains with a mean diameter of ~20m and coarse grains 
with a mean diameter of ~120m, together with intergranular and intragranular M7C3 carbides and 
MC-type inclusions [5]. Hyatt et al. reported that a banded duplex grain structure with segregated 
carbide regions was found in electron beam welded Alloy 625 plate [6]. Shen summarized recent 
studies on the effect of cold working on stress corrosion cracking (SCC) in Alloy 690 [7]. He reported 
that a duplex grain structure was found in some Alloy 690 plates, in which the larger and smaller 
grains formed clear bands with linear streaks of TiN inclusions along the bands of smaller grains. 
These Alloy 690 plates with a duplex grain structure were found to exhibit higher crack growth rates, 
whether the banded microstructure was present or not [8,9]. Shen also reported that there was no clear 
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relationship between the inhomogeneous microstructure due to banding and crack growth rates, and 
that the presence of such banding did not guarantee higher crack growth rates. Alloy 690 was 
introduced as a replacement material for Alloy 600, and SCC in Alloy 690 has not yet been observed 
except in accelerated laboratory tests. However, from the above discussion, it is clear that many 
uncertainties remain with regard to the formation and characteristics of duplex grain structures in 
Alloy 690. From the viewpoint of proactive materials degradation management, it is therefore 
essential to form a fuller understanding of the duplex grain structure in Alloy 690, especially with 
regard to grain boundaries. 

The authors have recently developed a Ni2M-stabilized alloy by deliberately removing Fe from 
standard Alloy 690 in order to promote long-range ordering of intermetallic Ni2M (where M mainly 
corresponds to Cr) [10,11]. This was performed for the purpose of investigating the influence of such 
ordering on SCC, which will be carried out in the near future. A duplex grain structure was found only 
in the Ni2M-stabilized alloy, and not in the original Alloy 690. In the present study, the grain structure 
in both alloys was experimentally investigated with a particular focus on grain-boundary precipitates. 
Thermodynamic calculations based on the Scheil-Gulliver model [12,13] were also carried out in 
order to determine the solidification process for the alloys. 
 
2.  Experimental and Calculation Procedure 
 
2.1. Experimental Procedure 
 

The chemical compositions of the Ni2M-stabilized alloy and Alloy 690 used in the present study 
are shown in Table 1 [10]. The Fe content in the Ni2M-stabilized alloy is extremely low, which places 
it beyond the specifications for Alloy 690 [14]. Although the Cu content is relatively high, it is still 
within the Alloy 690 specifications. The Alloy 690 was melted in a commercial size, while the 17 kg 
of the Ni2M-stabilized alloy was laboratory melted in a vacuum induction furnace. They were 
subsequently hot forged and hot rolled. Simulated mill annealing (MA) was then carried out for 45 
min at 1050°C for the Ni2M-stabilized alloy and at 1075°C for the Alloy 690, followed by quenching 
in water. Subsequently, both alloys were subjected to a thermal treatment (TT) at 700°C for 15 h, 
followed by cooling in air. Test specimens were cut and polished, and were electrolytically polished 
using a potentiostat in an aqueous solution of phosphoric acid. Microstructural observations were 
carried out using an optical microscope, and Vickers hardness measurements were performed with an 
indentation load of 98 N. In addition, cylindrical specimens with a gauge diameter of 1.0 mm and a 
gauge length of 4.7 mm were cut for grain-boundary analysis. The specimens were electrolytically 
polished to remove surface alteration layers formed during the machining process, and were then 
subjected to electrolyzation in an aqueous solution of sulfuric acid and thiourea at a current density of 
5 mA/cm2 for up to 500 h for hydrogen charging. They were then ruptured under a constant strain rate 
of 5.0×10-7 /s in a high vacuum of less than 10-7 Pa. Finally, the fracture surfaces of the specimens 
were characterized by field-emission Auger electron spectroscopy (FE-AES; ULVAC-PHI PHI 680) 
when still connected to the constant-strain-rate testing device under a high vacuum. 
 
2.2. Calculation Procedure 
 

The following conditions are assumed in the Scheil-Gulliver model [12,13]: (1) no diffusion 
occurs in the formed solid, (2) instantaneous diffusion occurs in the liquid, (3) phase equilibrium  
 
 

Table 1 Chemical compositions of Ni2M-stabilized alloy and Alloy 690 (wt%) [10] 
 

 C Si Mn Cr Fe Cu Ti Ni 

Ni
2
M-stabilized alloy 0.020 0.3 0.3 29 0.1 0.4 0.24 bal. 

Alloy 690 0.019 0.3 0.3 30 9.4 0.04 0.23 bal. 
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exists at the solid-liquid interface and (4) the solidus and liquidus lines are straight segments. Further 
details about the model are beyond the scope of the present study, and are available in the literature 
[15,16]. Thermodynamic calculations for the solidification process were performed using the 
Thermo-Calc software package (Ver. S) [17] with the Ni-DATA (Ver. 8) thermodynamic database by 
Thermotech [18]. The chemical compositions used were those listed in Table 1, and a pressure of 105 
Pa was assumed. Calculations were also performed in which the effect of back diffusion of the C 
solute in the solid phase was considered. Thermodynamic phase equilibrium calculations were carried 
out based on the calculated chemical compositions of the liquid phase during the final stages of 
solidification in order to investigate any differences between the solidification process for the 
Ni2M-stabilized alloy and Alloy 690. 

 
3.  Results and Discussion 

 
3.1. Experimental Results and Discussion 

 
Figure 1 presents optical micrographs of the Ni2M-stabilized alloy and Alloy 690 following the 

TT process. The measured Vickers hardness is also indicated. Although there is no significant 
difference in Vickers hardness between the alloys, the Ni2M-stabilized alloy exhibits a somewhat 
banded microstructure with a duplex grain size; similar results were obtained following the MA 
process [10]. 

FE-AES secondary electron images (SEIs) of the fracture surface of the Ni2M-stabilized alloy 
after constant-strain-rate testing are shown in Fig. 2; it can be seen that some of the fracture is 
intergranular. Similar results were obtained for the Alloy 690 sample. Figure 3 and 4 show SEIs and 
elemental maps for Ni, Cr, C, P, Fe, Ti and B at grain boundaries of smaller grains in the 
Ni2M-stabilized alloy and Alloy 690, respectively. In each map, the intensity indicates the 
concentration of that particular element. It should be noted that for both alloys, the Cr and C are 
concentrated in regions associated with particles or surface asperities in the corresponding SEI. The 
results of FE-AES spot analyses indicated that these regions are chromium carbide precipitates, with a 
predicted composition of M23C6 based on previous thermodynamic equilibrium calculations [11]. As 
can be clearly seen, the coarse precipitates with a diameter of ca. 1m are found only in the 
Ni2M-stabilized alloy. Since it seems quite unlikely that such coarse precipitates were formed during 
the TT or MA process, it is reasonable to assume that they were formed during the solidification 
process. 

As shown in Figs. 3 and 4, although P shows a tendency to segregate at grain boundaries, Fe, Ti 
and B do not. In fact, for both alloys, only a few coarse titanium carbonitride precipitates are observed 
on either intergranular or intragranular fracture surfaces. Moreover, based on a FE-AES analysis of 
the intragranular fracture surfaces, no localization of any of the analyzed elements occurs inside 
grains. Thus, it can be concluded that the main microstructural difference between the Ni2M-stabilized 
alloy and the Alloy 690 is the presence of coarser chromium carbide precipitates at the grain 
boundaries of the Ni2M-stabilized alloy. This may have a significant influence on the formation of the 
duplex grain structure in this alloy. The coarse chromium carbide precipitates will be discussed in the 
next section in terms of the solidification process for both alloys. 

 
3.2. Calculation Results and Discussion 

 
The results of thermodynamic equilibrium calculations carried out in our previous study [11] 

indicate that M23C6 would precipitate at around 1000°C in both the Ni2M-stabilized alloy and the 
Alloy 690. Figure 5 shows the calculation results for the solidification process for the two alloys using 
the Scheil-Gulliver model. Here, “fcc” indicates a matrix with a face-centered cubic crystal structure. 
The results indicate that for both alloys, almost all of the M23C6 is crystallized directly from the liquid 
during the final stages of solidification, rather that being formed by precipitate growth in the solid 
phase. 

Table 2 lists the calculated chemical compositions of the liquid phase during the final stages of 
solidification for both alloys, and Fig. 6 shows the calculated phase equilibrium diagrams using these 
compositions. It can be seen that crystallization of M23C6 is expected to occur from the liquid. The 
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mole fractions of M23C6 at the end of the solidification process are about 11% and 7% for the 
Ni2M-stabilized alloy and the Alloy 690, respectively, implying that it forms more easily in the 
Ni2M-stabilized alloy. The essential difference between the two phase equilibrium diagrams in Fig. 6 
is that TiC is expected to crystallize from the liquid only in the Alloy 690. This may be because the 
solubility of titanium in the Alloy 690 matrix is lower than that in the Ni2M-stabilized alloy matrix, 
which results in a higher titanium concentration in the liquid phase for the Alloy 690, as shown in 
Table 2, thus enhancing the stability of TiC. 

Figure 7 shows the calculation results for the solidification process for the two alloys using the 
Scheil-Gulliver model with back diffusion of the C solute in the solid phase taken into consideration. 
The results indicate that only the matrix is expected to be solidified, with no M23C6 formation during 
the solidification process for either alloy. The chemical compositions of the liquid phase during the 
final stages of solidification are shown in Table 3, and the calculated phase equilibrium diagrams 
based on these compositions are shown in Fig. 8. Formation of M23C6 is expected only for the 
Ni2M-stabilized alloy, which implies that M23C6 carbide is more likely to form in the Ni2M-stabilized 
alloy during the solidification process. In addition, a relatively large amount of TiC is expected to 
form in the Alloy 690 compared to the Ni2M-stabilized alloy. This is again thought to be due to the 
lower solubility of titanium in the Alloy 690 matrix, as discussed earlier. 

Fig. 1 Optical micrographs of (a) Ni2M-stabilized alloy and (b) Alloy 690 following TT process [10]. 
 The Vickers hardness for each alloy is indicated. 

Fig. 2 SEIs of fracture surface of Ni2M-stabilized alloy following TT process. Image (b) is a magnified
 version of (a). 
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Fig. 3 SEI and elemental maps by FE-AES for Ni, Cr, C, P, Fe, Ti and B at grain boundaries of 
 smaller grains in Ni2M-stabilized alloy following TT process. 
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Fig. 4 SEI and elemental maps by FE-AES for Ni, Cr, C, P, Fe, Ti and B at grain boundaries in 
 Alloy 690 following TT process. 
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Table 2 Calculated chemical compositions (wt%) of liquid phase during final stages of solidification based 
 on Scheil-Gulliver model 
 

 C Si Mn Cr Fe Cu Ti Ni 

Ni
2
M-stabilized alloy 0.59 0.6 1.7 37 0.05 2.3 1.5 bal. 

Alloy 690 0.58 0.8 1.5 40 5.1 0.2 2.0 bal. 
 
 
 
 

Fig. 5 Calculated solidification results based on Scheil-Gulliver model for (a) Ni2M-stabilized alloy 
 and (b) Alloy 690. 
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Fig. 6 Calculated phase equilibrium diagrams based on chemical compositions of liquid phase during
final stages of solidification shown in Table 2 for (a) Ni2M-stabilized alloy and (b) Alloy 690. 
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Table 3 Calculated chemical compositions (wt%) of liquid phase during final stages of solidification based 
 on Scheil-Gulliver model with back diffusion of C solute in solid phase taken into consideration 
 

 C Si Mn Cr Fe Cu Ti Ni 

Ni
2
M-stabilized alloy 0.20 0.9 2.4 35 0.04 2.3 2.2 bal. 

Alloy 690 0.27 1.1 2.1 39 4.3 0.2 3.2 bal. 
 
 
 
 

Fig. 7 Calculated solidification results based on Scheil-Gulliver model with back diffusion of C 
 solute in solid phase taken into consideration for (a) Ni2M-stabilized alloy and (b) Alloy 690. 
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Fig. 8 Calculated phase equilibrium diagrams based on chemical compositions of liquid phase during
final stages of solidification shown in Table 3 for (a) Ni2M-stabilized alloy and (b) Alloy 690. 
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Although the results shown in Fig. 7 indicate that M23C6 is not predicted to form using the 
Scheil-Gulliver model with back diffusion of the C solute in the solid phase taken into consideration, 
there is still room for improvement of the simulations. For example, the effect of N on phase stability 
could be considered. Regardless, the present simulation results indicate that the Ni2M-stabilized alloy 
is more likely to contain M23C6 than the Alloy 690, despite the fact that the C and Cr contents are the 
same, as shown in Table 1. Since M23C6 precipitates formed during the solidification process are 
expected to be much coarser than those formed during the TT process, it is considered that the coarse 
chromium carbide precipitates observed at grain boundaries in the Ni2M-stabilized alloy shown in Fig. 
3 are M23C6 carbides crystallized directly from the liquid and are not dissolved during the subsequent 
MA process. The existence of such residual coarse precipitates is not only likely to have a detrimental 
effect of the mechanical properties, but would also suppress the formation of fine coherent chromium 
carbide precipitates, which are considered to prevent intergranular fracture [19,20], during the TT 
process. In addition, the presence of M23C6 precipitates is expected to give rise to the presence of 
some smaller grains in the matrix due to grain-boundary pinning, which would lead to a duplex grain 
structure. This is supported by the fact that both the experimental and calculation results indicated no 
clear correlation between the presence of titanium carbonitride precipitates and the duplex grain 
structure, as shown in Figs. 3, 6 and 8. Since the presence of the coarse M23C6 precipitates may also 
increase the susceptibility of the material to SCC, methods for eliminating this need to be considered. 
This could be achieved either by reducing the initial C content, which would decrease the 
thermodynamic stability of M23C6, or by heavy forging before the MA process, which would promote 
dissolution of the coarse precipitates. Further investigation is required in order to clarify the effect of 
the duplex grain structure on the SCC susceptibility, and this will be carried out in the near future. 

 
4.  Conclusion 

 
Grain boundaries in Ni2M-stabilized alloy and Alloy 690 with and without a duplex grain 

structure, respectively, were experimentally characterized in order to determine the relationship 
between grain-boundary precipitates and the grain structure. Thermodynamic calculations based on 
the Scheil-Gulliver model were also performed in order to clarify the solidification process for the two 
alloys. The main conclusions of the present study are as follows. 
(1) FE-AES elemental mapping indicated that chromium carbide precipitates, which are predicted to 

be M23C6, are present in both alloys, but are considerably coarser in the Ni2M-stabilized alloy. 
(2) Although Fe, Ti and B show no tendency to segregate at grain boundaries, P segregation does 

occur. For both alloys, only a few coarse titanium carbonitride precipitates are observed on the 
fracture surfaces, and all the analyzed elements exhibit a uniform distribution on intragranular 
fracture surfaces, which indicates that no localization occurs inside grains. 

(3) Simulation of the solidification process predicts that M23C6 is likely to be crystallized from the 
liquid during the final stages of solidification, and this occurs more readily in the Ni2M-stabilized 
alloy. 

(4) The duplex grain structure in the Ni2M-stabilized alloy is likely to be caused by the coarse M23C6 
precipitates, which suppress the growth of some grains. Such precipitates are not only likely to 
degrade the mechanical properties but may also increase the susceptibility of the material to 
SCC. 
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