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1.	 Introduction

It is known that 9Cr ferritic heat-resistant steels, rep-
resented as ASME Gr. 91 steels, are commonly used as 
a material for boilers in ultra-supercritical thermal power 
plants; however, there is one issue in that the creep strength 
in the heat-affected zone of welded joints decreases.1–4) A 
decreased creep rupture ductility has also been reported for 
ASME Gr. 92 steels after long-term use.5) In recent years, a 
9Cr–3Co–3W–Nd–B steel was developed as a heat-resistant 
steel with improved long-term creep strength and creep rup-
ture ductility of its welded joints, which are the problems of 
the above-mentioned conventional 9Cr-based heat-resistant 
steels.6) The excellent long-term creep strength of 9Cr–3Co–
3W–Nd–B steel welded joints is achieved by tuning the 
amounts of added boron and nitrogen and maintaining the 
amount of grain boundary precipitates after welding and 
heat treatment using coarser prior austenite grains compared 
to a conventional steel.7) Furthermore, the excellent creep 
rupture ductility is realized by fixing the sulfur that is segre-
gated at the prior austenite grain boundaries as neodymium 
sulfide by adding neodymium.

Neodymium is used in various fields in the fabrication of 
neodymium magnets, which are rare-earth permanent mag-
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nets; however, there are few examples of its application in 
heat-resistant steels. Some research examples include a study 
that reported the precipitation of NdN and improvement in 
the creep strength of welded joints of a 0.1C–11Cr–3W–
3Co–V–Nb–Ta–Nd–N steel, which is one of the precursors 
for the development of 9Cr–3Co–3W–Nd–B steel at high 
temperatures (over 1 200°C).8) As another example, Shen 
et al. confirmed neodymium carbonitrides and neodymium 
in intermetallic compounds in normalized and tempered 
materials of 11Cr-based steels with 0.03 mass% neodymium 
addition.9) There have also been reports of improving creep 
rupture ductility by adding neodymium to 1.25Cr steels10) 
and 304-series stainless steels.11)

Thus, 9Cr–3Co–3W–Nd–B steel is the first practical heat-
resistant steel among the few research examples that con-
tains neodymium. In this paper, we describe the effects of 
neodymium content on the mechanical properties (including 
creep properties) of this steel and its microstructure. ASME 
Code Case 2839 specifies the amount of neodymium added 
in this steel as 0.010–0.060 mass%, and we investigated the 
addition of neodymium amounts in this range.

2.	 Experimental Methods

In the experiments, 9Cr–3Co–3W–Nd–B steel speci-
mens with different neodymium contents were melted 
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in a vacuum melting furnace in the laboratory, and steel 
plates with thicknesses of 15 mm were manufactured by 
hot forging and hot rolling. An obtained steel sheet was 
subjected to normalizing heat treatment at 1 070–1 170°C 
and tempering heat treatment at 750–790°C according to 
ASME Code Case 2839 to prepare a test material. Table 
1 lists the chemical composition analysis results of the 
test materials. The aim of this study was confirmed in that 
we manufactured Steels B and C with neodymium con-
tents of 0.015 mass% and 0.056 mass%, respectively; for 
comparison, Steel A, to which neodymium was not added, 
was also produced. Optical microscopy, scanning electron 
microscopy (SEM), and transmission electron microscopy 
(TEM) were conducted for observing the microstructure. 
The optical microscopy observations were conducted on 
materials corroded by a Vilella etch. The acceleration volt-
ages during the electron microscopy observations were 25 
kV and 200 kV. Crystal orientation maps were obtained 
using the electron backscatter diffraction (EBSD) method. 
TSL Solutions OIM Analysis 6 was used for the EBSD 
data analysis. The austenite grains prior to the martensitic 
transformation were also reconstructed from the EBSD 
data using the prior austenite reconstruction software12) 
developed by Hata et al. The amounts of the precipitates in 
the test materials were analyzed by electrolyzing the parent 
phase with a 10% acetylacetone–1% tetramethylammonium 
chloride–methanol solution and conducting high-frequency 
inductively coupled plasma emission spectroscopy on the 
extracted residues. The Vickers hardness at 20°C with a 
pressing load of 10 kgf was measured at five points, and 
the average value was calculated to evaluate the mechanical 
properties of each test material. The creep characteristics 
were evaluated by creep rupture tests at 110 MPa–200 MPa 
at 600°C and 650°C.

3.	 Experimental Results and Discussion

3.1.	 Heat-treated Material Evaluation
Figure 1 shows the optical microstructures at the center 

of the wall thickness of each test material and the five-point 

average value of each Vickers hardness measurement. All 
steels presented a typical lath martensite structure, and no 
delta ferrite was confirmed within the observation range. 
The Vickers hardness ranged from 237 to 241, and there was 
almost no effect of the neodymium content on the Vickers 
hardness.

Following this, the microstructure was confirmed by the 
SEM-EBSD method, to investigate the crystal grain size of 
a test material. Figure 2 shows the crystal orientation maps 
obtained from the SEM-EBSD tests of the test materials and 
the maps reconstructed from the crystal orientation maps 
to austenite grains prior to the martensitic transformation 
by the austenite reconstruction method. The black lines 
denote high-angle grain boundaries with a crystal orienta-
tion angle difference of at least 15° between adjacent pixels. 
Specifically, the crystal orientation maps show approximate 
block boundaries, packet boundaries, and prior austenite 
grain boundaries, whereas the reconstructed maps show the 
approximate austenite grain boundaries. The sizes of the 
austenite grains are uniform within the observation ranges 
of all test materials, and they are the same at approximately 
300 μm, regardless of the neodymium content. The condi-
tions of normalizing heat treatment to form the prior aus-
tenite grains were the same. Therefore, neodymium had a 
small effect on the prior austenite grain size.

Figure 3 shows the results of the extracted residue 
analysis conducted to confirm the precipitates of the test 
materials. The total residue amount was slightly higher in 
Steel B than those in Steels A and C, although the amounts 
of the constituent elements in all residues were the same. 
Chromium was the most abundant element in all residues, 
followed by iron, tungsten, niobium +  tantalum, and vana-
dium. A small amount of neodymium residue was also con-
firmed in Steels B and C, in which neodymium was added. 
Temperature changes of the equilibrium phase fraction of 
each phase were calculated using Thermo-Calc13) to discuss 
the type of residue. The Thermo-Calc version was 2020a, 
the database was FE6, the total amount of the calculated 
chemical composition was 1 mol, and the main elements 
such as iron and chromium were selected for the calcula-

Table 1.  Chemical compositions (in mass%) of Steels A, B, and C.

Steels C Si Mn P S Cr W Co Ni V Nb+Ta Nd B Sol.Al N O

A 0.07 0.25 0.51 0.014 0.001 9.06 3.0 3.03 0.10 0.18 0.08 <0.001 0.010 0.003 0.011 0.0080

B 0.08 0.22 0.51 0.015 0.001 8.95 3.0 2.98 0.10 0.19 0.08 0.015 0.010 0.005 0.011 0.0050

C 0.08 0.25 0.52 0.014 0.001 9.00 3.0 2.99 0.10 0.20 0.08 0.056 0.009 0.010 0.010 <0.001

Fig. 1.  Optical microstructures and Vickers hardness of tempered Steels (a) A, (b) B, and (c) C.
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tion. Neodymium does not have a thermodynamic database 
and is excluded from the calculated compositions. Figure 
4 shows the calculation results. The BCC phase is stable at 
1 230–1 490°C and below 860°C, and it is estimated that 
delta ferrite does not form in the normalizing temperature 
range of 1 070–1 170°C. BN and (Nb, Ta) C are the equi-
librium phases, in addition to the FCC phase of the parent 
phase, at the normalizing temperature. The (Nb, Ta) C, VN, 
BN, M6C, M23C6, and Laves phases are the equilibrium 
phases in addition to the BCC phase of the parent phase, 
at the tempering temperature of 750–790°C. Therefore, it 
is suggested that the (Nb, Ta) C, VN, BN, M6C, M23C6, 
and Laves phases precipitate as a result of the normalizing 
and tempering heat treatments, and it is considered that the 
detected residues in Fig. 3 are due to these precipitates.

Concurrently, with regards to the neodymium content, 
none was detected in Steel A, which did not contain any 
neodymium additions, and 0.017 mass% and 0.019 mass% 
of neodymium were detected in Steels B and C, respec-
tively. Comparing the neodymium amounts listed in Table 
1, the neodymium amount in the residue of Steel B is 0.002 
mass% higher than that of Steel C; however, if this is con-
sidered as a measurement error, then almost all neodymium 

in Steel B exists as a compound. Concurrently, in Steel 
C, the neodymium content in the residue is 0.019 mass% 
compared to 0.056 mass% in Table 1, which suggests that 
over half of neodymium is in a solid solution. It cannot be 
determined from Fig. 4 whether neodymium is a constituent 
element of the precipitates during heat treatment; however, 
it may exist as oxides and sulfides at high temperatures near 
the melting point. The free energies for the formation of 
neodymium oxides and sulfides are not found in the existing 
literature. However, the free energy for forming oxides of 
cerium, which is also a rare earth element as neodymium, is 
the lowest value following those of calcium and beryllium 
at 1 380°C which is the melting point in the calculations of 
this steel. Moreover, the free energy of sulfide formation 
is the lowest among those of the elements published in the 
literature.14) Cerium is a different element from neodymium; 
however, assuming that their free energies are equivalent 
because both are rare-earth elements, there is a possibility 
that a neodymium compound is formed an oxide or a sulfide 
during the melting of the steel and is detected as a residue. 
Furthermore, as reported by Shen et al., a residue may con-
tain Nd carbonitride.9)

3.2.	 Creep Characteristics
The creep rupture test results of Steels A–C at 600°C 

and 650°C obtained in this study are shown in Fig. 5 along 
with the average strength line (solid line) that is regressed 
with the Larson–Miller parameter using the data obtained 
for over 500 h for this steel and the lower limit of the 95% 
confidence interval (dashed line). All rupture data show a 
creep strength above the lower limit of the 95% confidence 
interval. Specifically, it can be considered that neodymium 
is present in Steels B and C, with Steel C also including neo-
dymium dissolved in the parent phase; however, it can be 
seen that both forms of neodymium have almost no effect on 
the creep rupture strength. Figure 6 displays the relationship 
between the creep rupture elongation and the rupture time. 
The creep rupture elongation showed values of 10–30% for 
all test materials; however, it tended to decrease as the creep 
time increased. Steel A, to which no neodymium was added, 

Fig. 2.	 Crystal orientation maps of the (a) martensite phase and (b) reconstructed prior austenite phase in tempered 
Steels A, B, and C.

Fig. 3.	 Quantitative analysis of the extracted residue from tem-
pered Steels A, B, and C.
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tended to have a slightly smaller elongation at rupture than 
Steels B and C; however, the relationship was ambiguous. 
Figure 7 presents the relationship between the reduction 
of area and the rupture time. Under the same conditions of 
650°C and 140 MPa, the reduction of are of Steel A was 
approximately 33%, whereas those of Steel B (which had a 
neodymium addition of 0.015 mass%) and Steel C (0.056 
mass% addition) were over 75%. Furthermore, Steel C 
showed a large reduction of area over 50% even after 30 000 
h. Therefore, it can be inferred that, at least, the added neo-
dymium has the effect of improving the rupture ductility of 

this steel when it is within the ASME control value range.
Figure 8 shows the creep curves of the test materials 

under the conditions of 650°C and 140 MPa. The rupture 
time was longest for Steel A, which did not include any 
neodymium addition, and shortest for Steel C, which had 
0.056 mass% neodymium; however, their difference was 
small. Concurrently, the rupture elongation was 13% for 
Steel A and approximately 23% for Steels B and C, which 
included neodymium. As shown in Fig. 8(a), the reduction 
of area is 33% for Steel A, which does not include any 
neodymium addition.; concurrently, the values are high 
at 75% and 89% in Steels B and C, respectively, which 

Fig. 4.	 Phase fractions of the Fe-9Cr-3Co-3W-B system as a function of temperature calculated by Thermo-Calc: (a) 
entire range of phase fraction, (b) phase fraction <  0.05, and (c) phase fraction <  0.0020.

Fig. 5.	 Creep rupture strengths of steels A, B, and C at 600°C and 
650°C. The solid and dashed lines represent the average 
strengths and 95% confidence limits of 9Cr-3Co-3W-Nd-B 
steel, respectively.

Fig. 6.	 Rupture elongations as a function of the rupture time in 
Steels A, B, and C at 600°C and 650°C.
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include neodymium. Comparison of the creep rates showed 
that all three steels had similar creep curves, with the mini-
mum creep rate at approximately 1 ×  10–6(h −1). The creep 
rate–creep strain curve in Fig. 8(c) shows that the strain rate 
of Steel B increases until just prior to rupture, after which 
rupture occurs, whereas those of Steels A and C sharply 
increase from the accelerated creep region, following which 
rupture occurs.

3.3.	 Microstructures of Creep Rupture Material
As mentioned in the previous section, the neodymium 

content had a small effect on the creep rupture time and the 
minimum creep rate, whereas it had a significant effect on 
the creep rupture ductility. Here, we present the observations 
of the microstructures of the creep rupture test materials at 

Fig. 7.	 Reduction of area as a function of the rupture time in 
Steels A, B, and C at 600°C and 650°C.

Fig. 8.	 Creep curves tested in Steels A, B and C at 650°C under a stress of 140 MPa: (a) time-strain curves, (b) time-
creep strain rate curves, and (c) strain-creep strain rate curves.

Fig. 9.	 Optical microstructures of the gauge portion after creep 
tests at 600°C under a stress of 180 MPa in Steels (a) A and 
(b) C. The loading direction is horizontal and the observa-
tion position is at least 10 mm away from the sample.

Fig. 10.	 TEM bright-field images of the gauge portion after creep 
tests at 600°C under a stress of 180 MPa in Steels (a) A 
and (b) C. The observation position is at least 10 mm 
away from the sample.
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600°C and 180 MPa of Steels A and C, which had the lon-
gest rupture time and presented differences in reduction of 
area. From the results, we discuss the relationship between 
the neodymium content and the creep characteristics.

Steel A, which did not include any neodymium addi-
tion, had a creep rupture time of 31 636 h, a creep rupture 
elongation of 11%, and a reduction of area of 26%. Steel C, 

Fig. 11.	 (a) TEM bright-field image, (b), (c) diffraction patterns of the Laves phase and M23C6 carbides, and (d), (e) EDS 
analysis of the Laves phase and M23C6 carbides after creep tests at 600°C under a stress of 180 MPa in steel A.

which had a 0.056 mass% neodymium addition, had a creep 
rupture time of 34 750 h, a creep rupture elongation of 12%, 
and a reduction of area of 54%. Figure 9 shows the optical 
microstructures of the gauge portion of the creep rupture 
test materials, and Fig. 10 presents their TEM bright-field 
images. The horizontal direction in Fig. 9 is the stress-load-
ing direction, and the observation position in both Figs. 9 

Fig. 12.	 (a) TEM bright-field image, (b), (c) diffraction patterns of the Laves phase and M23C6 carbides, and (d), (e) EDS 
analysis of the Laves phase and M23C6 carbides after creep tests at 600°C under a stress of 180 MPa in steel C.
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and 10 is approximately 10 mm from the rupture part. Both 
Steel A and C test materials exhibited no external changes 
in the martensite structure in the gauge portion, even after 
experiencing creep deformation for over 30 000 h. Further-
more, the lath structure maintained a plate-like shape with 
a large aspect ratio. Figures 11 and 12 show the electron 
diffraction pattern and EDS point analysis results of the 
precipitates of Steels A and C, respectively, from different 
fields of view than those of Fig. 10. The M23C6 and Laves 
phases were present at the lath boundaries in both cases, 
and the coverage of the lath boundary by these phases was 
high. M23C6 was also confirmed to exist in the lath regions. 
The above-mentioned microstructural characteristics were 
observed in both Steels A and C, and it can be inferred that 
the neodymium addition has a small effect on the coarsen-
ing and morphologies of the martensite structures and the 
precipitates. The Nd carbonitrides reported by Shen et al.9) 
were also not found in Steel C, which included a neodym-
ium addition, within the observation range.

Concurrently, there were clear differences in reduction 
of area; therefore, we compared the microstructures near 
the rupture parts of the creep rupture test materials. Figure 
13 shows the low- and high-magnification optical micro-
structures in the cross-sections near the fractured parts of 
the creep rupture test materials of (a) Steel A and (b) Steel 
C. Many cracks were observed near the rupture surface of 
Steel A, which had a small reduction of area. Furthermore, 
after confirmation of the martensite structure along the main 
crack that caused the rupture, no elongation of the structure 
was observed in the load-bearing direction. Concurrently, 
Steel C, which contains neodymium addition, exhibited a 

Fig. 13.	 Optical microstructures of the near-rupture portion after creep tests at 600°C under a stress of 180 MPa in 
Steels (a) A and (b) C.

low frequency of cracks near the rupture surface, and its 
martensite structure extended in the load-bearing direc-
tion. Figure 14 shows the crystal orientation maps near 
the ruptured parts of Steels A and C as well as their crystal 
orientation maps, the latter were reconstructed from the 
prior austenite grains. Steel A exhibited cracks, which were 
presumed to have been due to the creep deformation at 
the prior austenite grain boundaries approximately perpen-
dicular to the load-bearing direction, which is the horizontal 
direction in the figure. Furthermore, the martensite structure 
was maintained despite the closeness to the rupture surface, 
and no significant changes were observed in its shape. Con-
currently, Steel C presented no cracks at the grain boundar-
ies, showing only creep voids at the scale of a few dozen 
micrometers. Furthermore, the martensite structure was 
significantly elongated in the load-bearing direction, and 
the martensite structure was deformed in a ductile manner 
immediately before the creep rupture and area reduction 
of the test material. The above-mentioned microstructure 
observation results clarified that Steel A exhibited a rupture 
morphology with poor ductility compared with Steel C, 
in which cracks were preferentially generated at the prior 
austenite grain boundaries, which linked together to induce 
rupture. These differences in the rupture morphologies of 
Steels A and C, neodymium inclusions in Steel C, as shown 
in Fig. 3, and binding of sulfur to neodymium at the grain 
boundaries to form compounds and purify the grain bound-
aries, as reported by Nakashima10) and Okada11) suggest that 
the formation of neodymium inclusion reduced the sulfur 
that was segregated at the prior austenite grain boundaries 
and improved the creep rupture ductility.
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4.	 Conclusions

We investigated the effects of neodymium content on 
the creep properties and microstructure of 9Cr–3Co–3W–
Nd–B steels, which improved the creep strength of welded 
joints and creep rupture ductility of the base material. 
Neodymium was found to have a small effect on the creep 
rupture strength at contents up to 0.056 mass%. This is in 
good agreement with the fact that neodymium compounds 
and solid-dissolved neodymium have hardly any effect on 
the microstructure and creep deformation after normalizing 
and tempering heat treatments. Concurrently, neodymium 
contributed to the improvement in the reduction of area, 
regardless of the neodymium content. Steels without any 
neodymium addition exhibited a rupture morphology with 
poor ductility because of cracks preferentially forming and 
linking at the prior austenite grain boundaries. It could be 
inferred that the neodymium-induced desulfurization effect 
of the sulfur that was segregated at the prior austenite grain 
boundaries suppresses the formation of creep cracks and 
improves the rupture ductility.
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