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A B S T R A C T

Modified 9Cr-1Mo steel was manufactured using laser powder bed fusion (LPBF). The as-built LPBF-sample 
microstructure comprised columnar δ-ferrite grains and fine martensite grains. The δ-ferrite was a unique phase 
that formed under the significantly rapid LPBF-induced solidification. Creep testing was performed for the LPBF 
sample at 923 K for up to 10,000 h. The LPBF-sample time-to-rupture and minimum creep rate were at least 10 
times longer and 100 times smaller, respectively, than those of conventional modified 9Cr-1Mo steels at 923 K 
under 100 MPa. Microstructural characterization of the creep-ruptured samples revealed that creep deformation 
preferentially occurred in the martensite. Thus, the δ-ferrite contributed significantly to the enhanced creep 
strength. The intrinsic creep resistance of the δ-ferrite phase exceeded that of the martensite. The microstructural 
stability of the δ-ferrite grains (attributed to dense MX-phase precipitation at the grain boundary) was a likely 
strengthening factor. Overall, the modified 9Cr-1Mo steel creep strength was successfully improved via unique 
microstructural control through LPBF. This achievement is expected to extend LPBF application as a novel 
microstructural control process for steels and alloys, avoiding the diffusional transformation kinetics that occur 
in conventional heat-treatment processes.

1. Introduction

Laser powder bed fusion (LPBF) is a promising additive 
manufacturing technique for structural metallic components, and it has 
advantages such as near-net shaping of complex-shaped products and 
potential property enhancement through the formation of unique mi
crostructures [1]. However, the long-term reliability of LPBF materials 
(e.g., their creep properties) for standardization and practical 
high-temperature applications has not been sufficiently evaluated.

Modified 9Cr-1Mo steel (ASME Grade 91) is a ferritic/martensite 
heat-resistant steel widely used in boiler tubes and pipes in ultra- 
supercritical power plants [2]. The microstructure of the steel is 
controlled as a tempered martensite microstructure via normalization 
and tempering heat treatments, which yield excellent creep perfor
mance. This steel has likely application in next-generation nuclear 
power reactors owing to its excellent mechanical, corrosion, and irra
diation resistance properties [3]. Furthermore, the application of addi
tively manufactured ferrite/martensite steel in nuclear components is 
being discussed [4–8].

LPBF of ferritic/martensite heat-resistant steels has been attempted 
[7–14]. Hatakeyama et al. [14] investigated the microstructural devel
opment of LPBF-manufactured modified 9Cr-1Mo steel, reporting a 
δ-ferrite/martensite duplex microstructure in the as-built samples. They 
concluded that the significantly rapid cooling rate achieved via LPBF 
causes δ-ferrite solidification in the melt pool without diffusional 
transformation. The martensite is obtained through the δ-ferrite → 
austenite (γ) → martensite (α’) solid-state phase transformation in the 
heat-affected zone around the melt pool due to repeated laser scanning.

The mechanical properties of LPBF-manufactured as-built ferritic/ 
martensite heat-resistant steels with duplex microstructures have been 
investigated and compared with those of wrought steels. Jiang et al. [12]
achieved an outstanding tensile-strength/elongation combination at 
room temperature (RT) through process optimization for 
reduced-activation ferritic/martensitic steels. Eftink et al. [10] reported 
enhanced tensile strength for modified 9Cr-1Mo steel at RT, 573 K, and 
873 K. For a modified 9Cr-1Mo steel specimen with 13.3-mm gauge 
length, 3.1-mm width, and 3-mm thickness, Atwani et al. [9] obtained 
enhanced creep strength within 100 h at 923 K. However, to the best of 
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our knowledge, the longer-term creep properties of LPBF-manufactured 
ferritic/martensite heat-resistant steels have not been reported.

In the long term, conventionally manufactured modified 9Cr-1Mo 
steel experiences creep-strength degradation [15], one cause of which 
is preferential martensite recovery at the prior austenite grain boundary 
[16]. Microstructural degradation through coarsening of the subgrains 
or M23C6 (M is mainly Cr) or MX (M is mainly V and Nb) precipitate, and 
through phase transformation from the MX to Z phase, also reduce the 
creep resistance [17]. Owing to microstructural degradation, the stress 
exponent of the stress vs. time-to-rupture curve differs from the short to 
long term [18,19]. Thus, the long-term creep strength must be evaluated 
to optimize LPBF parameters of heat-resistant materials for 
high-temperature applications.

In this study, long-term creep testing of LPBF-manufactured modi
fied 9Cr-1Mo steel is performed for up to 10,000 h following the Na
tional Institute for Materials Science (NIMS) Creep Data Sheet 
procedures [20], for a standard specimen geometry with 6-mm gauge 
diameter and 30-mm gauge length. The creep strength is reliably eval
uated through comparison with the reference data for conventional 
modified 9Cr-1Mo steels in the NIMS Creep Data Sheet [15]. The mi
crostructures of the creep-ruptured specimens are analyzed, and the 
creep deformation behavior of the LPBF sample, which has a δ-ferrite 
and martensite duplex microstructure, is discussed.

2. Experimental procedure

A powder with a chemical composition corresponding to modified 
9Cr-1Mo steel specifications [21] was produced through gas atomization 
(Table 1). The average powder particle size (d50) was 40.9 μm. LPBF was 
performed on 100×100 mm2 base plate using an SLM 280 3D printer 
(SLM Solutions) under an Ar flow with the parameters shown in Table 2. 
Among the four suggested optimal parameter sets, this parameter yiel
ded the highest martensite volume fraction and Vickers hardness in the 
as-built sample with no porosity [14]. The energy density was calculated 
as E = P/vhd, where P, v, h, and d are the laser power, scan speed, hatch 
distance, and layer thickness, respectively. The specimen size was φ15 ×
90 mm (Fig. 1). These cylinders were removed from the base plate and 
machined to creep specimens with 6-mm gauge diameter and 30-mm 
gauge length in the longitudinal direction; the loading direction was 
parallel to the build direction. Chemical composition of the as-built 
sample was analyzed and listed in Table 1. Creep tests of the as-built 
sample were performed in air at 923 K under constant loads of 220, 
180, 120, and 100 MPa. Creep tests on ASME Grade 91 steel tubes (T91, 
NIMS reference code: MGA, MGB, MGC, MGD, MGF, and MGG) were 

also performed at 923 K for comparison. The chemical composition of 
the steels is listed in Table 1. The creep-test experiment details are given 
in NIMS Creep Data Sheet No. 43 A [15].

The sample surface parallel to the build direction (stress direction) 
were finished through chemical–mechanical polishing using colloidal 
silica for scanning electron microscopy (SEM), electron backscatter 
diffraction (SEM-EBSD), and Vickers hardness tests. SEM (Auriga Laser, 
ZEISS) was performed with 15 and 25 kV accelerating voltage using a 

Table 1 
ASME Grade 91 steel specifications [21], chemical composition of gas-atomized powder, LPBF sample, and reference T91 steel, MGD heat [15] (mass%).

C Si Mn P S Ni Cr Mo

ASME Grade 91 Steel Specification 0.07– 
0.14

0.20–0.50 0.30–0.60 ≦0.020 ≦0.010 ≦0.40 8.0–9.5 0.85–1.05

Powder 0.10 0.38 0.47 0.006 0.002 0.06 8.8 0.95
LPBF 0.09 0.37 0.42 0.006 0.003 0.07 8.86 0.95
MGA 0.10 0.38 0.40 0.015 0.001 0.12 8.53 0.96
MGB 0.09 0.34 0.45 0.015 0.001 0.20 8.51 0.90
MGC 0.09 0.29 0.35 0.009 0.002 0.28 8.70 0.90
MGD 0.10 0.29 0.41 0.010 0.001 0.10 8.41 0.90
MGF 0.11 0.25 0.42 0.013 0.001 0.06 8.41 0.91
MGG 0.10 0.38 0.37 0.018 0.002 0.12 8.60 0.95

Al Ti V Nb Zr Fe N O
ASME Grade 91 Steel Specification ≦0.02 ≦0.01 0.18–0.25 0.06–0.10 ≦0.01 - 0.030–0.070 -
Powder <0.01 <0.01 0.25 0.09 <0.01 Bal. 0.06 -
LPBF <0.01 <0.01 0.24 0.09 <0.01 Bal. 0.05 0.01
MGA 0.014 < 0.001 0.21 0.076 < 0.001 Bal. 0.050 -
MGB 0.016 0.001 0.205 0.076 < 0.001 Bal. 0.042 -
MGC 0.001 < 0.001 0.22 0.072 < 0.001 Bal. 0.044 -
MGD 0.016 0.001 0.185 0.07 <0.001 Bal. 0.048 -
MGF 0.001 0.006 0.20 0.08 < 0.001 Bal. 0.053 -
MGG 0.002 < 0.001 0.190 0.08 < 0.001 Bal. 0.0458 -

Table 2 
LPBF parameters.

Laser 
power, P 
[W]

Scan 
speed, v 
[mm/s]

Rotation 
angle 
[degree]

Hatch 
distance,h 
[mm]

Layer 
thickness, 
d [mm]

Energy 
density, 
E [J/ 
mm3]

300 800 67 0.1 0.03 125

Fig. 1. Appearance of the specimens manufactured by LPBF.
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secondary electron (SE) and external backscattered electron (BSE) de
tector, respectively. SEM-EBSD (Orion camera, EDAX) was performed 
with 15 kV accelerating voltage. Vickers hardness tests (HV-100, Mit
sutoyo) were performed under a 10-kgf load at five points. The 
maximum and minimum values were removed, and the average value 
for the remaining three points was used for evaluation. The sample 
surface parallel to the build direction were finished through mechanical 
polishing using alumina for time-of-flight secondary ion mass spectros
copy (TOF-SIIMS) and electron probe micro analyzer (EPMA). TOF-SIMS 
(TOF-SIMS5, ION-TOF) was performed using Bi1+ ion beams with 30 kV 
accelerating voltage. EPMA (JXA-iHP200F, JEOL) was performed with 
7 kV accelerating voltage. Thin foils for scanning transmission electron 
microscopy (STEM) were prepared from the as-built samples and gauge 
portions of creep-ruptured samples via electrochemical polishing. STEM 
and electron-dispersive spectroscopy (STEM-EDS; JEM-2800, JEOL and 
HD-2700, Hitachi High-Tech) were performed with 200 kV accelerating 
voltage.

3. Results

3.1. As-built microstructure

Fig. 2(a) is an SEM-BSE image of the as-built sample. The build di
rection is from bottom to top. No porosity was observed in the micro
structure; consequently, a relative density of approximately 100 % was 
achieved. Columnar δ-ferrite and fine martensite grains are visible 
(41 % and 59 % volume fractions, respectively [14]), which formed at 
the melt pool and heat-affected zone, respectively [14]. Fig. 2(b) is an 
inverse pole figure (IPF) map overlaid on an IQ map of the points 
indexed as bcc. The orientation parallel to the build direction is shown in 
the IPF map. The columnar δ-ferrite grains are recognizable but the fine 
martensite grains are unclear because of the poor IQ value at the 
martensite in this resolution. Fig. 2(c)–(e) are pole figures produced via 

orientation imaging microscopy (EBSD-OIM); the texture of the 
<001>// build direction was formed by the LPBF [14]. Fig. 2(f) and (g) 
are IQ+ IPF maps of the points indexed as bcc and fcc, respectively, 
obtained from the box labeled “f” in Fig. 2(b) with higher-magnification 
and resolution. A hierarchical lath martensitic structure can be recog
nized in Fig. 2(f). In addition, retained γ grains are observed at the 
interface between δ-ferrite and martensite in Fig. 2(g).

Fig. 3(a) is a high-magnification BSE image of the central view in 
Fig. 2(a). Fig. 3(b) is a higher-magnification image of the “b” region in 
Fig. 3(a). A striped contrast is notable in the δ-ferrite phase. These are 
dislocations visualized based on the electron channeling contrast 
[22–24], which appear to be elongated perpendicular to the melt pool 
boundary. Several spherical particles are visible along the brighter stripe 
contrast (Fig. 3(b), arrowheads). Orientation analysis for “c” in Fig. 3(a) 
was performed using SEM-EBSD. The IPF map (Fig. 3(c)) shows the 
orientation parallel to the build direction. The black-colored grains are 
retained γ grains formed by the LPBF thermal cycles [14]. Indexing of 
the Fig. 3(b) area failed because of the poor electron backscattered 
pattern (EBSP), which was due to significant contamination after 
long-term electron beam exposure. Fig. 3(d) shows the <001> stereo
graphic projection for “d,” the grain of which is identical to the Fig. 3(b) 
region; hence, the stripe is elongated parallel to the <001> direction 
(Fig. 3(b), arrow).

The STEM–bright-field (BF) image of the δ-ferrite phase (Fig. 3(e)) 
confirms a cellular dislocation structure similar to that of the SEM-BSE 
image. Fig. 3(f)–(h) are Cr, Si, and Nb STEM-EDS maps, respectively. 
Cr segregation at the high-dislocation-density region was confirmed 
(Fig. 3(e, f), arrows). Additionally, Si-, Mn-, and O- (not shown here) 
enriched particles were observed along the segregated region (Fig. 3(e, 
g, h)). These are considered to be Mn-enriched SiO2 [25] or MnSiO3 
rhodonite particles, [26] as observed in LPBF-manufactured austenitic 
steels. As shown in Table 1, O concentration of the as-built sample is 
0.01 mass%. The O was likely contaminated from the powder or 

Fig. 2. (a) BSE image, (b) IQ+IPF map of bcc grains, (c) 001, (d) 111, and (e) 110 stereographic projections, IQ+IPF maps of (f) bcc and (g) fcc grains of as- 
built sample.
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environment during LPBF [27]. Nevertheless, the oxide formation from 
contaminating O suggests potential for in-situ manufacturing of oxide 
dispersion strengthened steels or alloys [28].

The solidification direction in a melt pool is perpendicular to its 
boundary [1]. The columnar-grain solidification direction in the as-built 
sample was parallel to the <001> direction of the bcc lattice [14], 
indicating segregation and dislocation cell structures were formed dur
ing solidification. The formation of cellular structures with segregation 
along <001> has been observed in austenitic steels and is thought to 
contribute to strengthening [25,29,30].

Fig. 4(a) and (b) show a STEM-BF image and STEM-EDS map of Cr, 
respectively, around the δ-ferrite-phase triple junction of the as-built 

sample. δ-ferrite and martensite were identified based on their micro
structural morphologies. Precipitation of a Cr-containing phase with a 
diameter of tens of nanometers was observed at the grain boundary. This 
was likely due to high-temperature exposure in the heat-affected zone 
around the melt pool during LPBF. Spherical Si-rich oxide particles are 
visible in the grain interior (Fig. 3). Fig. 4(c) and (d) are a STEM-BF 
image and STEM-EDS map of Cr, respectively, on the martensite. The 
lath width was estimated to be on the order of hundreds of nanometers. 
No segregation or precipitation of Cr or other strengthening elements 
(Mo, V, or Nb) was observed. However, spherical Si-oxide particle pre
cipitation was confirmed, as for the δ-ferrite phase. This martensite was 
formed via the δ → γ → α’ phase transformation at the melt-pool heat- 
affected zone by the LPBF thermal cycle [14]. Therefore, the Si oxide 
observed in the martensite likely nucleated in the δ-ferrite and was 
preserved during the solid-state phase transformation.

Fig. 5(a) and (b) show a scanning ion microscope (SIM) image and a 
C- (m/z: 12) map obtained by TOF-SIMS of the as-built sample. A higher 
carbon concentration in the martensite and martensite/δ-ferrite inter
face than in the δ-ferrite was qualitatively confirmed. Fig. 5(c) and (d) 
show BSE images of the as-built sample. Line profiles of carbon con
centration along lines 1 and 2 in Fig. 5(c) and (d), obtained by EPMA, are 
shown in Fig. 5(e). Although martensite and δ-ferrite are difficult to 
distinguish from each other solely from the BSE image because of the 
poor channeling contrast owing to the surface and beam conditions 
optimized for EMPA analysis, it was suggested that higher and lower 
carbon concentrations correspond to martensite and δ-ferrite, respec
tively. This revealed that the carbon concentration in the δ-ferrite is 
approximately 0.04 mass%.

3.2. Creep properties

Fig. 6(a) shows the relationship between stress and time-to-rupture 
of the LPBF sample. Note that 100-MPa creep testing is currently in 
progress. The data for T91 steel tubes (NIMS reference code: MGA, MGB, 
MGC, MGD, MGF, and MGG heats) reported in the NIMS Creep Data 
Sheet [15] were also plotted for comparison. The LPBF-manufactured 
modified 9Cr-1Mo steel exhibited significantly enhanced creep 
strength compared to the conventional sample for at least 10,000 h. The 
LPBF-sample time-to-rupture exceeded that of the T91 steel by more 
than 10 times under 100 MPa at 923 K. Although the LPBF-sample stress 

Fig. 3. (a)(b) SEM-BSE images, (c) IPF map for bcc, (d) stereographic projection of “d” point in (c), (e) STEM image, and (f) Cr, (g) Si, and (h) Nb STEM-EDS maps for 
as-built sample.

Fig. 4. (a)(c) STEM-BF images and (b)(d) STEM-EDS maps of Cr taken (a)(b) 
around the δ-ferrite-phase triple junction and (c)(d) at the martensite of as- 
built sample.
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vs. time-to-rupture slope was steeper than that of the T91 steel, no 
remarkable premature failure was observed for the former until 10, 
000 h.

Fig. 6(b) and (c) show the elongation and reduction of area of the 
LPBF sample against the time-to-rupture, respectively. The values re
ported in the NIMS Creep Data Sheet [15] were also plotted for com
parison. The elongation of the LPBF sample on the short-term side was 
less than that of the conventional steel, but comparable at a time to 
rupture of ~4000 h. The reduction of area of the LPBF sample was 
comparable to that of conventional steel. Thus, the modified 
LPBF-manufactured 9Cr-1Mo steel had sufficient ductility, although 
some LPBF-manufactured steels and alloys exhibit poor creep ductility 

[31–33].
Fig. 7 shows the creep strain vs. time, creep rate vs. time, and creep 

rate vs. strain curves of the as-built sample obtained at 923 K under 220, 
180, 120, and 100 MPa. Creep testing at 100 MPa is currently in prog
ress. The curves for MGD with identical time-to-rupture at 923 K (110, 
100, 70, and 60 MPa) were drawn for comparison. Comparing the strain 
and creep-rate vs. time curves, the as-built sample had a lower creep rate 
in the transient stage, yielding a lower minimum creep rate compared 
with the MGD with an identical time-to-rupture. This was despite the 
higher stress applied to the as-built sample compared to the MGD. Thus, 
the LPBF sample exhibited a shorter time-to-rupture against its mini
mum creep rate, suggesting sudden acceleration and creep failure. Fig. 7
(k) shows the LPBF-sample creep rate vs. time curves under 100 MPa at 
923 K compared with MGD with an identical time-to-rupture and MGD 
with identical applied stress. Even though the LPBF-sample creep testing 
is in progress, a minimum creep rate of approximately 10− 6 h− 1 has been 
obtained. In contrast, the MGD minimum creep rate under the same 
creep conditions was approximately 10− 4 h− 1, suggesting a LPBF-sample 
creep resistance two orders of magnitude higher than that of the MGD. 
Comparing the creep rate vs. strain curves, the strain at the acceleration- 
creep onset was lower than that of the MGD.

Fig. 8(a)–(c) show creep-ruptured specimens crept at 923 K. As ex
pected from Fig. 7(c), significant necking is apparent. Fig. 8(d) and (e) 
show the sample fractography and an enlargement of the square box 
labeled “e” in Fig. 8(d), respectively. Dimples are apparent throughout 
the fracture surface, indicating ductile fracturing.

3.3. Microstructural changes during creep deformation

Fig. 9 shows the Vickers hardness of creep-ruptured specimen gauge 
and grip portions vs. the time-to-rupture. The gauge-portion hardness 
was measured ~10 mm from the fracture surface, where necking was 
negligible. The as-built sample hardness was closer to those of the as- 
normalized or as-quenched martensite in the conventional modified 
9Cr-1Mo steels (HV ~ 400 [34,35]) than that of the tempered martensite 
(HV ~ 220–235 [17,36]), as the as-built sample martensite was un
tempered. Dislocation strengthening in the δ-ferrite likely contributed to 
the enhanced hardness of the as-built sample (Fig. 3). Fig. 9 includes the 
hardness line of an LPBF sample tempered at 1053 K for 0.5 h for 
reference [14]. Tempering reduces the hardness to that of tempered 
conventional modified 9Cr-1Mo steels [14]. For the creep-ruptured 
specimens, the gauge- and grip-portion hardness decreased continu
ously with time-to-rupture. This is attributed to dislocation recovery, 
coarsening of the lath martensite structure, and precipitate [17]. The 
gauge-portion hardness reduction was considerably more significant, 
suggesting that applied stress or deformation enhances microstructural 
degradation during creep exposure.

Fig. 5. (a) SIM image, (b) C- (m/z: 12) map obtained by TOF-SIMS, (c)(d) BSE 
image, and (e) line profile of the carbon concentration along lines 1 and 2 in (c) 
and (d) measured by EPMA from as-built sample.

Fig. 6. (a)–(c) Stress, elongation, and reduction of area, respectively, vs, time-to-rupture of as-built sample. The T91-steel (MGA–MGG heats) reference data 
reported in the NIMS Creep Data Sheet [15] are plotted for comparison.
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Fig. 10(a) shows the IQ + IPF map obtained near the fracture surface 
of a specimen that ruptured after 4120.8 h at 923 K under 120 MPa. The 
orientation parallel to the build direction is shown in the IPF maps. The 
grains were significantly elongated in the longitudinal direction. The 
columnar grain structure of the as-built microstructure disappeared 
completely. In addition, creep voids were apparent in the map, indicated 
by low IQ values. Fig. 10(b)–(d) show stereographic projections of the 
001, 111, and 110 planes, which indicate a strong texture formation in 
the <110>//stress direction near the fracture surface, where necking 
was significant. This texture is identical to that of the α-fiber typically 
observed in rolled bcc steels [37]. Fig. 10(e) shows the IPF map of the 
box labeled “e” in Fig. 10(a). Black line indicates the high angle grain 
boundaries (HAGBs) with misorientation angles greater than 15 degrees. 
The grains 1 and 2 indicated by arrows are surrounded by HAGBs. 
Fig. 10(f) shows the standard stereographic triangle representing the 
crystallographic orientation along stress direction of the grains 1 and 2. 
This revealed these grains are not oriented in the <110>//stress di
rection. Fig. 10(g) shows the grain orientation spread (GOS) map. The 
grains which GOS was greater than 5 degrees are drawn by white in the 
map. This revealed that the GOS value of the grains 1 and 2 are signif
icantly lower than the other grains. Consequently, these grains are 
considered to be recrystallized grains generated in the latter 
creep-testing stage driven by the severe plastic deformation.

Fig. 10(h) is an IQ + IPF map taken ~7 mm from the fracture surface, 
where necking was less significant. In contrast to Fig. 10(a), the 
columnar grain structure of the as-built microstructure was preserved, 
and no creep voids were apparent. Furthermore, the texture of the 
<001>//build direction observed in the as-built condition was 

maintained (Fig. 10(g)–(i)), suggesting an insignificant microstructural 
change (coarsening or dynamic recrystallization) in the δ-ferrite grains 
in the homogeneously deformed region. The orientation information of 
martensite grains is apparent in Fig. 10(h) than that of the as-built 
sample (Fig. 2(b)) because of the improved IQ value, which is related 
to crystallographic defects such as dislocations and plastic strain [38]. 
Fig. 10(j) shows an enlargement of the square box labeled “l” in Fig. 10
(h). Even though a hierarchical lath martensitic structure is observed in 
the as-built sample (Fig. 2(f)), equiaxed fine grains are observed in the 
martensite region of the creep ruptured sample. These suggests that 
significant dynamic recovery occurred in the martensite region, 
consistent with the reduced hardness of the creep-ruptured specimens 
(Fig. 9).

Fig. 11 shows STEM-BF images and EDS maps for Cr, V, and Nb. The 
thin foil for STEM was sampled from the gauge portion, sufficiently far 
from the fracture surface and independent of necking. No precipitates 
were recognized in the as-built sample martensite (Fig. 4). However, 
M23C6- and MX-phase precipitation occurred in the martensite within 
200 h at 923 K (Fig. 11(a)–(d)). They nucleated at the prior austenite, 
packet, block, and lath boundaries. This microstructural change is 
identical to that observed in the martensite of conventional modified 
9Cr-1Mo steels. Comparison of Figs. 4(c), 11(a)–(d) and (e)–(h) in
dicates lath width coarsening from hundreds of nanometers to approx
imately 1 μm (dynamic recovery of martensite) and coarsening/reduced 
number density of the M23C6 and MX phases during creep exposure. 
Those of the M23C6 phase are considerably more significant than those of 
the MX phase. The number density of the M23C6 phase in creep-ruptured 
samples ruptured after 191. 0 and 4120.8 h, as measured from the Cr 

Fig. 7. (a)(d)(g)(j) strain vs. time curves, (b)(e)(h)(k) creep rate vs. time curves, and (c)(f)(i)(l) creep rate vs. strain curves of as-built sample crept at 923 K under 
(a)–(c) 220, (d)–(f) 180, (g)–(i) 120, and (j)–(l) 100 MPa (in progress). The curves for MGD with identical time-to-rupture are presented for comparison.
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maps (Fig. 11(b) and (f)) was 4.6 and 2.1 μm− 2, respectively. These 
values are higher than those observed in the as-tempered MGB heat 
(approximately 2 μm− 2) and that ruptured after crept for 27727.9 h at 
923 K (approximately 0.5 μm− 2) [36], suggesting an enhanced contri
bution of precipitation strengthening in the martensite of the LPBF 
sample compared to the conventional steel.

Fig. 11(i)–(l) show the δ-ferrite microstructure. In contrast to the 
martensite region, as suggested by the EBSD results, the δ-ferrite 
coarsening or dynamic recrystallization during creep deformation was 

negligible. The M23C6-phase area fraction was considerably smaller than 
that of the martensite region. Notably, although Cr enrichment is almost 
unrecognizable in Fig. 11(j), that at the grain boundary was confirmed 
by higher-magnification observation, suggesting M23C6-phase precipi
tation, as observed in the as-built sample (Fig. 4(b)). Further, the MX 
phase densely precipitated at the δ-ferrite grain boundary, with the grain 
boundary having a high area fraction of precipitates. MX-phase pre
cipitation in the grain interior was also observed. The δ-ferrite disloca
tion density was likely reduced from that of the as-built sample. The 
cellular structures of the dislocations observed in the as-built sample 
were not confirmed in this sample, suggesting recovery in the δ-ferrite 
during creep exposure.

Fig. 12(a) and (b) show STEM-BF images and STEM-EDS maps for Si 
taken from the martensite of a creep-ruptured specimen that ruptured 
after 4120.8 h creep under 120 MPa at 923 K. Coarse M23C6-phase 
precipitation was observed. Dispersion of the fine Si-oxide phase was 
confirmed (see arrowheads). Fig. 12(c) is the STEM-BF image of the 
δ-ferrite of the same specimen. The number of fine precipitates in the 
grain interiors was confirmed. Interactions between the dislocations and 
precipitates were observed, suggesting that these precipitates contrib
uted to precipitation strengthening. Some were identified as the MX 
phase (Fig. 12(c)), and others were likely the Si-oxide phase (Fig. 12(d)). 
The oxide was considerably smaller than the M23C6 and MX phases.

4. Discussion

In conventional high-Cr steels with martensite matrix, δ-ferrite phase 
formation is detrimental to the creep strength [39]. However, LPBF 
samples with ~40 % δ-ferrite volume fraction exhibit significantly 
enhanced creep strength (Fig. 6(a)). The δ-ferrite formed through the 
conventional process is stabilized by ferrite-former segregation in the 
final stage of the solidification process; thus, the δ-ferrite phase in 
conventional high-Cr steels contains more Cr and Mo (or W) than the 
surrounding martensite matrix [39–41]. The chemical composition 
gradients between the δ-ferrite and martensite enhance the micro
structural degradation of the adjacent martensite and reduce the creep 
strength [42]. However, this detrimental effect does not occur for an 
LPBF sample because no substitutional ferrite-former segregation is 
observed between the δ-ferrite and martensite [14].

Kimura et al. [43] investigated the long-term creep properties of 
0.5Cr-0.5Mo steel with different initial microstructures controlled by 
various heat treatments. The creep strength differed from the initial 
microstructure even for identical chemical compositions. Their annealed 
ferrite + pearlite microstructure (initial-microstructure HV = 114) had 
superior creep strength to that with martensite (initial-microstructure 
HV = 408) because of the lower mobile dislocation density in the ferrite 
than in the martensite in the initial microstructure. Thus, the high 
hardness of the initial microstructure barely contributes to the as-built 
sample creep strength. Therefore, the lower creep rate of the LPBF 
sample in the transient stage shown in Fig. 7 is attributed to its δ-ferri
te-containing microstructure, not the high hardness of the as-built 
microstructure (Fig. 9). However, it was suggested that high hardness 
in the initial microstructure results in the steeper stress vs. 
time-to-rupture slope in Fig. 6(a) by enhancing the microstructure 
degradation during creep deformation.

The results presented by Kimura et al. [43] also suggested potential 
improvement of steel creep strength using a ferrite rather than a 
martensite matrix. They demonstrated this using a series of 15Cr steels 
strengthened with precipitates in a ferrite matrix [44–46]. However, 9Cr 
steels with ferrite matrices are unavailable because of their excellent 
hardenability. Therefore, higher Cr concentrations, exceeding the 
Fe–Cr-system γ loop, have been used in alloy designs to obtain a 
ferrite-matrix microstructure. In contrast, in LPBF, the ferrite phase is 
obtained by suppressing the diffusional transformation from the δ-ferrite 
to γ during the 9Cr-steel solidification through the rapid cooling rate (of 
the order of 106 K/s) [13]. Thus, LPBF may provide a novel 

Fig. 8. Creep-ruptured specimens crept at 923 K under (a) 220, (b) 180, and (c) 
120 MPa. SEM images of creep-ruptured specimen fracture surfaces after 
560.4 h creep at 923 K under 180 MPa.

Fig. 9. Vickers hardness of creep-ruptured specimen gauge and grip portions 
vs. time-to-rupture. The hardness of the as-built and tempered samples manu
factured using the same parameter [14] and that of the conventional modified 
9Cr-1Mo steels [17,34–36] are presented for comparison.
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microstructural control process for steels and alloys, overcoming diffu
sional controlled transformation kinetics, which is unavoidable in con
ventional heat-treatment processes.

The M23C6 and MX phases are the major precipitates in the lath 
martensite of conventionally manufactured modified 9Cr-1Mo steels 
[47–49]. However, the M23C6-phase coarsening rate is considerably 
higher than that of the MX phase in 9Cr steel [50–52]. Taneike et al. [53, 
54] demonstrated that 9Cr-steel creep strength improves significantly 
with nanosized MX-phase dispersion instead of M23C6-phase precipita
tion by reducing the carbon concentration. In low carbon 9Cr steel, the 
MX phase densely precipitates on the prior austenite, packet, block, and 
lath boundaries [53,54]. The MX phase has sluggish coarsening kinetics; 
thus, its contribution to the precipitation strengthening is expected to 
exceed that of the M23C6 phase [53,54]. The microstructural charac
terization performed herein revealed dense MX-phase precipitation in 
the δ-ferrite grain boundary (Fig. 11(k)), suggesting that δ-ferrite grain 
boundary was stabilized by this MX phase. Thus, the δ-ferrite grain 
coarsening during creep deformation was disturbed. Additionally, these 
MX phases likely contribute to grain-boundary precipitation strength
ening [55,56]. Therefore, the MX-phase precipitation on the grain 
boundary is identified as a microstructural factor that potentially en
hances the LPBF-manufactured steel creep strength.

According to Taneike et al. [54], the M23C6- and MX-phase precipi
tation kinetics in 9Cr steel are influenced by carbon concentration. 
Although no partitioning of the substitutional alloying elements be
tween the δ-ferrite and martensite was recognized in the as-built sample 
[14], carbon depletion in the δ-ferrite (carbon enrichment in the 
martensite) was confirmed in the as-built sample (Fig. 5). This suggests 
that carbon atoms are partitioned into the γ phase transformed at the 
heat-affected zone during LPBF, and the enriched carbon atoms are 
preserved in the resulting martensite.

Furthermore, the Si oxide dispersed in the δ-ferrite and martensite 

grain interiors likely contributed to the LPBF-sample creep strength 
(Fig. 12). That is, oxide dispersion strengthening is another micro
structural factor that potentially enhances LPBF-manufactured steel 
creep strength. Because the oxides remain extremely fine (~10 nm), 
even after creep exposure, they likely contribute to the creep strength, 
even in the longer term. However, the contribution of oxide dispersion 
strengthening is expected to be less than the other factors by considering 
the smaller amount of O in the steel (0.01 mass%) is than that of the 9Cr 
ODS steels (0.1–0.2 mass%) [57]. This minor contribution of the oxide is 
evident by the identical hardness of the tempered and normalized +
tempered LPBF samples [14] compared with that of the conventional 
modified 9Cr-1Mo steels [17,36].

Kushima et al. [58] discovered the preferential recovery at the vi
cinity of prior γ grain boundary of creep ruptured T91 steel in the 
long-term side. This microstructural inhomogeneity promotes the 
localization of creep deformation, which lowers the amount of strain at 
the accelerating-creep onset and creep rupture elongation due to the 
reduced contribution of the grain interior deformation to the overall 
creep strain of the specimen [58]. As suggested in Figs. 10 and 11, the 
δ-ferrite microstructural stability exceeded that in the martensite in the 
LPBF-sample duplex microstructure, and recovery preferentially 
occurred in the martensite during creep deformation. Thus, the creep 
deformation was inhomogeneous and locally concentrated at the 
martensite, further enhancing its dynamic recovery. This inhomogeneity 
owing to the duplex microstructure explains the smaller strain at the 
acceleration-creep onset and creep rupture elongation of the LPBF 
sample shown in Figs. 6 and 7.

It was revealed that the creep strength of modified 9Cr-1Mo steel was 
successfully improved via unique microstructure control through LPBF. 
However, anisotropy in the creep strength and ductility has been re
ported in various alloys manufactured through LPBF [32,59–64]. Since 
only the creep properties of vertical build direction were investigated in 

Fig. 10. (a)(h)(l) Cross-sectional IQ + IPF map, stereographic projections of (b)(i) 001, (c)(j) 111, (d)(k) 110 of bcc grains, (e) IPF + high angle grain boundary 
(HAGB) map, (f) crystallographic orientation along stress direction of grain 1 and 2 in (e), and (g) grain orientation spread (GOS) map of creep-ruptured specimens 
ruptured after 4120.8 h at 923 K under 120 MPa. (a)–(g) Near and (h)–(l) ~7 mm from fracture surface.

T. Hatakeyama et al.                                                                                                                                                                                                                           Additive Manufacturing 93 (2024) 104445 

8 



Fig. 11. (a)(e)(i) STEM-BF images and EDS maps for (b)(f)(j) Cr, (c)(g)(k) V, and (d)(h)(l) Nb of creep-ruptured samples ruptured after (a)–(d) 191.0 h under 
220 MPa and (e)–(l) 4120.8 h under 120 MPa at 923 K. (a)–(h) Martensite, (i)–(l) δ-ferrite.

Fig. 12. (a)(c) STEM-BF images and (b)(d) STEM-EDS maps for Si of creep-ruptured specimen ruptured after 4120.8 h under 120 MPa at 923 K. (a)(b) Martensite and 
(c)(d) δ-ferrite.
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this study, it is necessary to examine the effect of build direction in 
future work.

5. Conclusions

The microstructural and creep deformation behaviors of LPBF- 
manufactured modified 9Cr-1Mo steel were investigated. The as-built 
microstructure comprised δ-ferrite and martensite. A cellular disloca
tion structure with segregation was observed in the δ-ferrite grains. The 
creep strength significantly exceeded that of conventionally manufac
tured steel. The LPBF-sample creep ductility was comparable to those of 
conventional steels. Based on microstructural characterization, the su
perior intrinsic creep resistance of the δ-ferrite phase compared to that 
of the martensite and the microstructural stability of the δ-ferrite due to 
the dense precipitation of the MX phase at the grain boundaries were 
suggested as the LPBF-sample strengthening microstructural factors. 
The beneficial δ-ferrite phase only arises through the rapid solidification 
of the LPBF process, which permits suppression of the solid-state phase 
transformation during the solidification. Therefore, this result demon
strates the potential of the LPBF process as a novel microstructural 
control process.
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