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Hastelloy X was fabricated using Laser Powder Bed Fusion (LPBF). Creep tests of the as-built samples were
conducted at 1173 K under conditions in which the build direction was parallel or perpendicular to the stress
axis. The creep rupture time for samples with the stress axis parallel to the build direction was comparable to that
of conventionally manufactured Hastelloy X. However, for samples with the stress axis perpendicular to the build
direction, the creep rupture time was shorter by one order of magnitude. To elucidate the cause of this anisot-
ropy, the microstructure of the creep-ruptured samples was analyzed using scanning electron microscopy-
electron backscatter diffraction (SEM-EBSD). Precipitates were classified using EBSD pattern matching, suc-
cessfully and more efficiently revealing the precipitation sites of four types of precipitates compared to tradi-
tional methods such as SEM-energy dispersive spectroscopy (SEM-EDS) and transmission electron microscopy-
selected area diffraction pattern (TEM-SADP) analysis. The specific precipitates did not influence the forma-
tion of creep voids and cracks. Crack propagation occurred at high-angle grain boundaries, which were pref-
erentially aligned parallel to the build direction and exhibited a significant deviation in the Taylor factor between
adjacent grains. The anisotropy in the creep strength was attributed to the distribution of high-angle grain
boundaries formed during the LPBF process, as these boundaries facilitated crack propagation when the stress
axis was perpendicular to the build direction.

1. Introduction conventional Hastelloy X, whereas when the building direction was

perpendicular to the stress direction, a significant reduction in the creep

Laser powder bed fusion (LPBF) is an additive manufacturing tech-
nique that enables the fabrication of complex geometries and achieves
rapid solidification, resulting in unique microstructural development
[1] and improved material properties [2]. Despite its advantages, there
is a lack of comprehensive creep data for LPBF-processed materials,
including those tested for thousands of hours, highlighting the need for
further investigation into their long-term creep behavior.

Hastelloy X is a solid-solution strengthened Ni-based alloy renowned
for its excellent strength and oxidation resistance, making it suitable for
high-temperature applications [3]. Extensive research has been con-
ducted on LPBF-processed Hastelloy X, motivated by its
high-temperature capabilities and favorable mechanical properties
[4-12].

Sawada et al. conducted long-term creep tests of LPBF-processed
Hastelloy X at temperatures ranging from 973 to 1273 K [13]. Their
findings indicated that when the building direction was parallel to the
stress direction, the creep strength was comparable to that of
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strength was observed. This anisotropic creep behavior is believed to be
related to the differences in fracture morphology: zigzag cracks were
observed when the building direction was parallel to the stress direction,
whereas straight cracks were observed when it was perpendicular.
However, the reasons for these different fracture morphologies have not
been fully elucidated. To elucidate the origin of the anisotropic creep
behavior, it is essential to characterize the microstructure of
LPBF-processed Hastelloy X in detail.

One of the fucus of this study is the grain boundaries characterized
by scanning electron microscopy-electron backscatter diffraction (SEM-
EBSD) because the microstructural anisotropies in the LPBF-processed
samples are featured by the grain boundary distribution owing to the
elongated grains along the build direction.

Another focus of this study was the precipitation behavior during the
creep exposure. Both conventionally processed and LPBF-processed
Hastelloy X exhibited complex precipitation behavior during long-
term exposure to elevated temperatures. Previous studies have

Received 17 February 2026; Received in revised form 14 April 2026; Accepted 21 April 2026

Available online 22 April 2026

0921-5093/© 2026 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0002-2904-8177
https://orcid.org/0000-0002-2904-8177
https://orcid.org/0000-0001-7780-1648
https://orcid.org/0000-0001-7780-1648
https://orcid.org/0000-0002-5064-9583
https://orcid.org/0000-0002-5064-9583
mailto:hatakeyama.tomotaka@nims.go.jp
www.sciencedirect.com/science/journal/09215093
https://www.elsevier.com/locate/msea
https://doi.org/10.1016/j.msea.2026.150303
https://doi.org/10.1016/j.msea.2026.150303
http://creativecommons.org/licenses/by/4.0/

T. Hatakeyama et al.

revealed the precipitation of Mo- and Cr-rich phases during creep at
1073 K [5]. Energy dispersive spectroscopy in an SEM (SEM-EDS) sug-
gested that the Mo-rich phases were MgC and p phases, whereas the
Cr-rich phases were M23Cg and ¢ phases. However, the evidence for this
distinction remains insufficient, and the classification of these pre-
cipitates is challenging. Recently, topologically close packed (TCP)
phases, such as the P and R phases, have been identified using selected
area diffraction patterns (SADP) obtained by transmission electron mi-
croscopy (TEM) [12]. Owing to their similar chemical compositions,
these precipitates cannot be distinguished by SEM-EDS; therefore, the
relationship between the precipitation species and the macroscale
microstructure remains unclear. Sawada et al. performed phase identi-
fication of precipitates in the grip portion of creep-ruptured specimens
by X-ray diffraction (XRD) analysis of extracted residues, which detected
M23Ce, R, p, and MgC phases at 1173 K [13]. Although Cr-rich pre-
cipitates recognized in SEM-EDS were identified as My3Cg, distinguish-
ing between Mo-rich R, i, and MgC phases remains a challenge.

Table 1 summarizes the previously reported precipitates in wrought
and LPBF-processed Hastelloy X [3,5,11-14]. The precipitation of two
types of carbides (My3C¢ and MgC) and four types of intermetallic
compounds (o, {1, P, and R) was confirmed after exposure at 1073-1223
K. Their identification was based on SADP in TEM, chemical composi-
tion analyzed by SEM-EDS, or XRD of the extracted residue.

The advantages and disadvantages of these phase-identification
techniques are summarized in Table 2. For example, SADP is suitable
for structural analysis with geometrical information on the precipitation
site in the microstructure. However, these analyses are restricted to
small, localized regions. In addition, it may miss the spatial heteroge-
neity of precipitation behavior. Furthermore, sample preparation and
manual acquisition of the SADP from each precipitate are costly.
Nevertheless, understanding the spatial distribution of these precipitates
is crucial for elucidating mechanical properties, particularly with
respect to the anisotropy induced by the relationship between the
building direction and stress direction. This underscores the necessity of
an identification technique that distinguishes precipitate types and maps
their distribution over a large area, which is impractical with TEM-based
methods but feasible with SEM-based approaches.

Because EBSD pattern (EBSP) contains information on the crystal
structure, this study applied phase identification methods using SEM-
EBSD. Commercially available SEM-EBSD software automatically ac-
quires the EBSP from a specified region at arbitrary intervals. These
features are expected to overcome the disadvantages of phase identifi-
cation methods using SADP, SEM-EDS, and XRD, as summarized in
Table 2. Another advantage of using SEM-EBSD is that the EBSD data are
also applicable to grain boundary characterization. However, the
traditional indexing method of EBSP through Hough transformation [15,
16] sometimes has difficulties when two or more phases with complex
crystal structures are selected as candidates because of the duplication of
the diffracted lattice planes.

Recently, “Spherical Indexing” was developed as a novel indexing
procedure of EBSP, which uses the pattern matching of experimental
EBSP and simulated EBSP [17,18]. Because Spherical Indexing uses
entire patterns, an accurate classification of precipitates based on the

Table 1
Review of precipitates observed in wrought and LPBF-processed Hastelloy X.
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Table 2
Comparison of identification methods for precipitates. Rating of the methods:

excellent (***), good (**), poor (*), and impossible (—).

Methods® SADP EDS XRD SEM-EBSD
Structure analysis kk -

Convenience * e .
Statistical analysis ok ok s
Geometrical information wkk ke - o

2 SADP: SADP in TEM, EDS: SEM-EDS, XRD: XRD of extracted residue.

differences in EBSPs is expected. In other words, as summarized in
Table 2, the SEM-EBSD-based identification of precipitates combined
with Spherical Indexing encompasses all the advantages of SADP,
SEM-EDS, and XRD. Please note that the spatial resolution of EBSD is
expected to be less than 100 nm [19], which is sufficient for the analysis
of precipitates observed in the LPBF-processed Hastelloy X
creep-ruptured at 1173 K [13].

In summary, although previous studies have identified several pre-
cipitate phases in LPBF-processed Hastelloy X, a clear distinction and
spatial mapping of these precipitates at the macroscale remain insuffi-
cient. Nevertheless, understanding the contribution of each precipitate
to the creep deformation behavior is important, as it has been reported
that the coherent interface between the matrix and precipitate has high
crack propagation arrestability [20], and the effective use of positive
precipitates is expected by controlling the precipitation kinetics. To
address this gap, we utilized a novel electron backscatter diffraction
(EBSD) indexing method based on pattern matching with simulated
master patterns (Spherical Indexing [17,18]). This enables the efficient
and comprehensive identification and spatial mapping of precipitate
types based on their crystal structures, in contrast to conventional
TEM-based analyses. This approach will facilitate a greater under-
standing of precipitation behavior and anisotropy in LPBF-processed
Hastelloy X. In addition, because SEM-EBSD mapping provides grain
boundary information, we investigated and discussed the effect of the
grain boundary misorientation angle on the precipitation and fracture
behavior.

2. Experimental procedures

The chemical composition of the gas-atomized powder (Amper-
print®0228.074, Hoganas AB) is listed in Table 3. The powder particle
size ranged from 15 to 45 pm. Cylindrical specimens with a diameter of
15 mm and a length of 90 mm were manufactured by LPBF using an SLM

Table 3
Chemical composition of gas atomized powder (mass%).

Element Cr Fe Mo Co w C Al B

Powder 21.8 18.6 8.9 1.6 0.5 0.05 0.09 <0.002

Element Mn N (0] P S Si Ti

Powder <0.0 0.006 0.018 <0.002 0.002 <0.1 <0.01

Reference Process Testing Temperature (K) Time (h) Evidence® Identified precipitates
Zhao et al. [14] Wrought Aging 1123 100 SADP 6, M23Cs, McC, jt
Zhao et al. [14] Wrought Aging 1173 100 SADP 6, M23Cs, McC, jt
Yoshioka et al. [3] Wrought Aging 1173 1000-10000 XRD McC, p

Agrawal et al. [5] LPBF Creep 1073 170 EDS 6, M23Cs, MeC, p
Agrawal et al. [11] LPBF Tensile 1173 - EDS M23Cs, MgC,

Agrawal et al. [12] LPBF Aging 1073 500 SADP Ma23Ce, M

Agrawal et al. [12] LPBF Aging 1223 500 SADP P,R

Sawada et al. [13] LPBF Aging 1173 5319.3 XRD M33Cs, R, p, MC

2 SADP: SADP in TEM, EDS: SEM-EDS, XRD: XRD of extracted residue.
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280 3D printer (SLM solutions) under an argon flow. The processing
parameters were a laser power of 300 W, scan speed of 909 mm/s, hatch
distance of 0.1 mm, and layer thickness of 0.03 mm. A chessboard scan
strategy with a 5 x 5 mm? square was employed. The laser scan direc-
tion was rotated by 90° in the neighboring squares and rotated by 67° at
each layer.

The longitudinal direction of the cylinder was set as either parallel or
perpendicular to the building direction to investigate the anisotropy of
the creep strength. Specimens with parallel and perpendicular directions
are referred to as PiHA and PiHC, respectively. The cylinders were
machined into creep specimens with a gauge diameter of 6 mm and
gauge length of 30 mm; the longitudinal direction of the cylinders was
aligned with the stress direction. Creep tests were performed on the as-
built specimens in air at 1173 K under constant loads of 60, 50, 40, and
30 MPa for PiHA and 50, 30, 20, and 15 MPa for PiHC [13] in accor-
dance with JIS Z 2271 [21].

Both the as-built and gauge portion of creep-ruptured specimens that
crept with time to rupture for several thousand hours at 1173 K—PiHA
(30 MPa, tr = 5319.3 h) and PiHC (15 MPa, tr = 2949.5 h)—were
sectioned along the longitudinal direction and embedded in the resin.
The surfaces were carefully polished using SiC paper, diamond slurry,
and colloidal silica for subsequent examination by scanning electron
microscopy (SEM: Auriga Laser, ZEISS), electron backscattered diffrac-
tion (SEM-EBSD: Digiview, EDAX), and energy dispersive spectroscopy
(SEM-EDS, Octane Super, EDAX). SEM observations were conducted at
accelerating voltages of 5 or 15 kV. SEM-EDS and EBSD analyses were
performed at 15 kV. All EBSD patterns (EBSPs) were saved and re-
indexed using Spherical Indexing [17,18] with OIM Analysis 9 and
OIM Matrix (EDAX).

3. Results and discussion
3.1. As-built microstructure and creep properties

Fig. 1(a) shows the inverse pole figure (IPF) map of the as-built PiHA
with a step size of 1 pm. The normal direction of the sample surface is
displayed in the IPF maps throughout this study. The building direction
was from the bottom to the top of the images. A columnar grain structure
elongated along the building direction was observed. This is a typical
microstructure of LPBF-processed samples formed by the epitaxial
growth along <001> direction [22,23]. Fig. 1(b) and (c) are IPF and
kernel average misorientation (KAM) maps taken from the region indi-
cated by the box in Fig. 1(a) with a step size of 200 nm. Minor misori-
entation in the grain interior was clearly visualized in the KAM map
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owing to the improved angular resolution by Spherical Indexing [24,
25]. Fig. 1(d) and (e) are the SE image and Mo map obtained by
SEM-EDS taken from the region indicated by the larger dashed boxes in
Fig. 1(b) and (c). Parabolic lines with Mo depletion/enrichment were
recognized in the microstructure, suggesting segregation at the melt
pool boundaries. However, no precipitates were observed in the as-built
samples. Fig. 1(f) shows the SE image taken from the region indicated by
the smaller dashed boxes in Fig. 1(b)—(e). A submicron cellular structure
was observed in the grain interior [26]. As indicated by the arrows, the
longitudinal direction of the cellular structure changes at the melt pool
boundary, even though the crystallographic orientation is preserved
across the melt pool boundary (Fig. 1(b)) by epitaxial grain growth [27].
A comparison of Fig. 1(c) and (f) suggests that KAM is enhanced along
the cell boundaries. Please note that the as-built PiHC has an identical
microstructure to that of PiHA. No marked defects (e.g., pores, cracks)
were observed in both as-built PiHA and PiHC.

Fig. 2(a) shows the relationship between the stress and time to
rupture of PiHA and PiHC obtained at 1173 K. The data for the con-
ventional Hastelloy X [28,29] are attached for comparison. The creep
strength of PiHA was identical to the conventional Hastelloy X. In
contrast, the creep strength of PiHC was significantly lower than that of
the conventional Hastelloy X. Such anisotropic mechanical properties of
LPBF-processed Hastelloy X at elevated temperatures have already been
reported by shorter-term creep tests [5] or slow strain rate tensile testing
[10]. Fig. 2(b) and (c) show the elongation and reduction of area of PiHA
and PiHC as a function of time to rupture, respectively. The data for the
conventional Hastelloy X [28,29] are attached for comparison. Fig. 2(b’)
and (c’) are enlarged views of Fig. 2(b) and (c), respectively. They
revealed that the creep rupture ductility of PiHA and PiHC are signifi-
cantly lower than that of the conventional Hastelloy X. Nevertheless, no
marked anisotropy on the creep rupture ductility was observed at 1173
K.

3.2. Precipitation behavior of creep-ruptured samples

Fig. 3 shows the crystal structure, space group, lattice parameter, and
simulated spherical master patterns for the Ni matrix, M23Cs, R, M¢C,
and p phases [13]. Sawada et al. reported the existence of these pre-
cipitates in the extracted residue of the grip portion of PiHA ruptured
after 5319.3 h at 1173 K [13]. While a dynamical simulation technique
of the EBSP has been established, a kinematical simulation was applied
to the precipitates to reduce the calculation costs of the complex crystal
structure. The difference in the simulated master patterns of the five
phases permits us to distinguish the phases via Spherical Indexing.

Fig. 1. (a)(b) Inverse pole figure (IPF) maps, (c) Kernel average misorientation (KAM) map obtained by SEM-EBSD, (d)(f) Secondary electron (SE) images and (e) Mo

map obtained by SEM-EDS taken from as-built PiHA.
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Fig. 2. (a) Stress vs. time to rupture, (b) elongation vs. time to rupture, and (c) reduction of area vs. time to rupture of the PiHA, PiHC, and conventional Hastelloy X
[28,29] obtained by creep tests at 1173 K. (b’) and (c¢’) are the enlarged views of (b) and (c).

Phase Ni M,,Cq R (Fe;Mo,) M;C u (Fe,Mog)
Structure Cubic Cubic Hexagonal Cubic Hexagonal
Space group| Fm-3m, 225 Fm-3m, 225 R-3, 148 Fd-3m, 227 R-3m, 166
Lattice _ _ a=1.098 nm _ a=0.477 nm
parameter &=0.356'nm a=10i c=1.948 nm =l (N ¢=2.577 nm
Simulation Dynamical Kinematical Kinematical Kinematical Kinematical
Spherical
Master
pattern

Fig. 3. Crystal structure, space group, lattice parameter and simulated spherical master patterns for Ni matrix and identified precipitates in extracted residue by
Sawada et al. [13].

Fig. 4(a) shows the SE image of creep-ruptured PiHA. Creep voids
and precipitates can be recognized as having darker and brighter con-
trasts, respectively. Fig. 4(b) shows the phase map obtained by EBSD

reindexed by Spherical Indexing with a step size of 150 nm taken from
the same area of Fig. 4(a). Precipitates recognized in the SE image were
successfully indexed as My3Cs, R, p, and MeC phases by Spherical
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Fig. 4. (a) SE image, (b) phase map, IPF map for (c) Ni, (d) M23Cs, (e) R, (f) MeC, and (g) p phases, IPF map for (c’) Ni, (d’) M23Cq, (') R, (f)) MgC, and (g’) p phases
overlaid on low angle (5-15°) and high angle (>15°) grain boundaries of Ni identified by Spherical indexing of EBSD patterns of PiHA creep-ruptured after 5319.3 h

at 1173 K under 30 MPa.

Indexing. The pixels with poor image quality (IQ) values less than the
threshold are assumed to be voids. It was revealed that the creep voids
were preferentially located on the precipitates. This was attributed to
strain accumulation in the vicinity of the precipitates [30].

Fig. 4(c)—(g) are IPF maps of the Ni matrix, My3C¢, R, p, and MeC
phases. Low-angle (rotation angle: 5-15°) and high-angle (>15°) grain
boundaries of the Ni matrix are also drawn for reference in Fig. 4(c’)-
(g’). From these images, the major precipitation sites of the precipitates
were evaluated and classified into grain interior (GI), low-angle grain
boundary (LAGB), and high-angle grain boundary (HAGB), as summa-
rized in Table 4. Notably, as can be seen in Fig. 4(f) and (g), MgC is

Table 4
Major precipitation sites of the M»3Cg, R, MgC, and p phases.

Phase GI LAGB (5-15 deg.) HAGB (>15 deg.)
M23Ce [ J

R [ [ ]

MeC [ ] [ ]

B [ ] [ ] [ ]

agglomerated on the lower right side of the image, and the precipitated
region has fewer p phases. This suggests that segregation of Mo along the
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melt pool boundaries, as revealed in Fig. 1(e), influences the precipita-
tion behavior of the MgC and p phases.

Fig. 5(a) shows the phase map of creep-ruptured PiHA, which is an
enlarged view of the bottom-left region of Fig. 4(b). Fig. 5(b) and (c)
present the IPF maps of Ni matrix and M33Cg, respectively, for the same
area as in Fig. 5(a). The EBSP acquired from grain A, grain B, and M33Ce-
A, as defined in Fig. 5(a)-(c), are shown in Fig. 5(d), (e), and (f),
respectively. As shown in Fig. 3, both the Ni matrix and My3Cg phase
exhibit the same crystal structure (Fm-3m). The bands generated by
diffraction on the (111) plane of the Ni matrix and M33Cg are indicated
by dashed lines. Because the band positions of the EBSPs obtained from
grain B and My3Cs-A are identical, it is suggested that M23Cs-A has a
cube-on-cube orientation relationship with grain B, whereas there is no
orientation relationship with grain A [20,31].

Fig. 5(g) shows the pole figure for the (111) plane of grains A, B, and
M33Cs-A. The orientations of grain B and M33Ce-A were in good agree-
ment, consistent with a cube-on-cube orientation relationship, whereas
no orientation relationship was observed between grain A and My3Cg-A.
Fig. 5(h) presents the SE image taken around M33Cg-A. The pole figures
shown in Fig. 5(g) suggest that the interface between grain B and M23Ce-
A exhibits an orientation relationship of (111)yi//(111)M23ce. In other
words, creep voids were preferentially formed at the interface between
grain A and M33Cg-A, where there was no orientation relationship, as
reported in austenitic steels [20]. Please note that no definitive orien-
tation relationship between the Ni matrix and other precipitates was
identified based on the EBSD data obtained in this study.

To confirm the accuracy of the phase identification by EBSD and

(9)

® GrainA
O GrainB
B M,,Co-A

111
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Spherical Indexing, SEM-EDS analysis was performed for creep-ruptured
PiHA on the same area of Fig. 4. Fig. 6 shows (a) SE image and (b) C (c)
Cr, (d) Mo, (e) Fe, and (f) Ni maps obtained by SEM-EDS. Please note
that to avoid the effect of contamination attached during EBSD, the
surface was re-polished by colloidal silica for 5 min. Therefore, the
distribution of the tiny precipitates does not entirely match the EBSD
results shown in Fig. 4.

As indicated in Fig. 6(b), the carbon concentration in the vicinity of
the voids was enhanced. This was considered contamination that was
not removed by polishing and subsequent ultrasonic cleaning. The Cr
map (Fig. 6(c)) and Mo map (Fig. 6(d)) revealed the existence of Cr-rich
and Mo-rich precipitates. Nevertheless, further distinguishing the Mo-
rich precipitates into R, p, and MgC was difficult solely from the map.

Scatter diagram analysis is effective for classifying multiple phases
with similar chemical composition [32-34]. Fig. 7(a)-(f) shows the
scatter diagram of the characteristic X-ray intensities of Mo-L, Fe-K,
Cr-K, and C-K obtained from the maps in Fig. 6. The region with the
highest plot density is the Ni matrix. Fig. 7(g) shows an enlarged view of
the scatter diagram of Mo-L vs. Cr-K. As highlighted in black, the
Mo-poor data points are voids. The plot cluster extended to the Cr- and
Mo-rich side, highlighted in green in Fig. 7(g), is considered as M23Cg. In
addition, there is another plot cluster extended to the Mo-rich side. The
cluster had two enriched regions at the tip, suggesting the existence of
(at least) two types of precipitates. Slightly Cr-rich and Cr-poor phases
are suggested to be R and p phases, respectively. The carbon-enriched
region, highlighted in yellow in Fig. 7(g), is the contamination vicinity
of the voids.

Fig. 5. Enlarged view of (a) phase map, IPF map of (b) Ni, and (c) M23Ce of those shown in Fig. 4. EBSD pattern taken from (d) grain A, (e) grain B in (b) and (f)
M13Cs-A in (c). (g) Pole figure of grains A, B, and M,3C¢-A and (h) SE image of PiHA creep-ruptured after 5319.3 h at 1173 K under 30 MPa.
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referred to the Web version of this article.)

The plots with colors identified as precipitates were converted to the
x-y coordinates as the phase map in Fig. 7(h). The distribution behavior
of the relatively coarse M33Cg, R, and p phases showed good agreement
with that obtained via EBSD (Fig. 4(b)). Therefore, the reliability of
EBSD-based phase classification with Spherical Indexing was confirmed.
However, the small R and p phases in the grain interior, which corre-
spond to the plots between the Ni matrix and R/p phases in Fig. 7(g),
could not be clustered because of their minor difference in the scatter
diagram. Furthermore, the MgC phase could not be identified via the
scatter diagram of the EDS map because its size was much smaller than
the interaction volume of the characteristic X-rays. In other words, EBSD
was advantageous for analyzing smaller precipitates in terms of the
smaller interaction volume of the signal. Fig. 6(i) shows the chemical
compositions of the R and p phases obtained from the point analysis of

the precipitates indicated by arrows in Fig. 7(h). This revealed that the p
phase is slightly richer in Mo than the R phase.

Fig. 8(a) and (b) show the EBSD-based phase maps of creep-ruptured
PiHA and PiHC, respectively. EBSD was performed with a step size of 1
pm; indexing of precipitates with a size much less than 1 pm was not
successful. As previously reported, zigzag and straight crack propaga-
tion were observed in PiHA and PiHC, respectively.

Fig. 9 shows the relationship between the number density of the four
types of precipitates and the frequency of precipitates observed on voids
(= number of precipitates observed on voids/number of voids) for creep-
ruptured PiHA and PiHC. This was evaluated from the EBSD-based phase
map in Fig. 7(a) and (b). As the step size of the EBSD map was 1 pm, the
precipitate, which was much smaller than the step size, was not evalu-
ated. Fig. 9 reveals that the number density of precipitates and the
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Fig. 8. EBSD-based Phase maps of (a) PiHA creep-ruptured after 5319.3 h at
1173 K under 30 MPa and (b) PiHC creep-ruptured after 2949.5 h at 1173 K
under 15 MPa.
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Fig. 9. Relationship between number density of precipitates and frequency of
precipitates appearing in voids.

frequency of precipitates observed on voids have linear relationships.
Therefore, it was suggested that there were no specific precipitates that
preferentially contributed to creep void formation. In other words, the
precipitation behavior contributes less to creep strength anisotropy.

3.3. Grain boundary characterization of creep-ruptured samples

Fig. 10(a) and (b) show the IPF map of the Ni matrix overlaid on the
IQ map of all data of creep-ruptured PiHA and PiHC, respectively. Black
pixels represent creep voids and cracks, where they have poor IQ values.
Creep voids and cracks were formed on the grain boundaries.

Fig. 11(a) shows the frequency of the grain boundary misorientation
angle of the as-built PiHA and the frequency of creep voids and cracks
for each grain boundary misorientation angle bin (= number of grain
boundaries in the misorientation angle bin with voids or cracks/number
of grain boundaries with voids or cracks) in creep-ruptured PiHA and
PiHC. The former value was obtained by analyzing the length of the
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grain boundaries using the EBSD map data shown in Fig. 1(a), and the
latter values were obtained by measuring misorientation angles of
approximately 40 grain-pairs sandwiching voids or cracks appearing in
Fig. 10. It was revealed that while the frequency of LAGB with a
misorientation angle of 5-15° was the highest, cracks frequently formed
at HAGB with a misorientation angle of >15°. The trend in the crack
frequency was slightly different between PiHA and PiHC. In other
words, the voids and crack densities were remarkable in the misorien-
tation angles of 25-45° for PiHA and 25-55° for PiHC in the observed
area. It was considered that this difference was attributed to the rela-
tionship between the texture and the stress direction.

Fig. 11(b) shows the relationship between the grain boundary fre-
quency of the as-built sample and the crack frequency of creep-ruptured
PiHA and PiHC. This clearly revealed the preferential formation of voids
and cracks at the HAGB and the higher void and crack formation resis-
tance of the LAGB. This can be explained by the higher grain boundary
energy [35] and susceptibility to grain boundary sliding [36] of HAGB
compared to those of LAGB.

Fig. 12(a) and (b) show the LAGB and HAGB maps of the Ni matrix of
creep-ruptured PiHA and PiHC, respectively. It was confirmed that
zigzag cracks (PiHA) and straight cracks (PiHC) preferentially propa-
gated at the HAGB perpendicular to the stress direction.

Fig. 13(a) shows the LAGB and HAGB maps of the as-built PiHA. The
HAGB in Fig. 13(a), in which the rotation angle is greater than 15°, is
shown in Fig. 13(b). To investigate the anisotropy of the HAGB distri-
bution, a fast Fourier transform (FFT) was performed for Fig. 13(b), and
the result is shown in Fig. 13(c). Please note that the contrast and color
of the FFT-processed image have been optimized for better visibility.
The region with high intensity was extended horizontally. This indicates
that the HAGB is preferentially elongated along the building direction.
In other words, effective grain size of the PiHA is much larger than that
of the PiHC. This would be one of the reasons for the anisotropic creep
strength.

Because creep voids preferentially form HAGB perpendicular to the
stress direction, the anisotropy of the grain boundary distribution could
affect creep behavior. In PiHA, there were fewer grain boundaries
perpendicular to the stress direction. This results in zigzag crack

THC St‘res's J_ B.D.)E

Fig. 10. IQ map of all data + IPF maps of Ni matrix of (a) PiHA creep-ruptured
after 5319.3 h at 1173 K under 30 MPa and (b) PiHC creep-ruptured after
2949.5 h at 1173 K under 15 MPa.
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Fig. 11. (a) Frequency of the grain boundary and crack in PiHA creep-ruptured after 5319.3 h at 1173 K under 30 MPa and PiHC creep-ruptured after 2949.5 h at
1173 K under 15 MPa vs misorientation angle of grain boundary. (b) Relationship between grain boundary frequency and crack frequency in creep-ruptured PiHA
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Fig. 12. Grain boundary maps of Ni matrix of (a) PiHA creep-ruptured after
5319.3 h at 1173 K under 30 MPa and (b) PiHC creep-ruptured after 2949.5 h at
1173 K under 15 MPa.
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propagation, which is advantageous for a better creep life. In contrast, in
PiHC, most of the grain boundaries are aligned perpendicular to the
stress direction. This permits crack propagation with minimum energy,
resulting in a lower creep strength. In other words, the anisotropy of the
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creep strength of the as-built LPBF-processed Hastelloy X was attributed
to the anisotropic distribution of HAGB.

There are several intergranular creep fracture mechanisms, such as
wedge cracks (w-type) and cavitation (r-type) [37]. Wedge cracks
typically occur at the triple junction of grain boundaries, whereas
cavitation occurs at the grain boundaries perpendicular to the stress
direction. The voids and cracks observed in the creep-ruptured PiHA and
PiHC were considered cavitation. The number density of grain boundary
cavitation increases with creep strain [37]. Therefore, it was suggested
that the preferential cavitation at the HAGB perpendicular to the stress
direction was explained by localized creep deformation. Nevertheless, as
shown in Fig. 12, there were HAGB perpendicular to the stress direction
without voids and cracks. This heterogeneous cavitation mechanism
needs to be discussed.

Fig. 14(a) and (b) show the Taylor factor maps of the Ni matrix of the
creep-ruptured PiHA and PiHC, respectively. The Taylor factor was
determined by considering the slip system of {111}<1-10> in the fcc
grains. There were no marked differences in the Taylor factor between
the creep-ruptured PiHA and PiHC. Fig. 14 reveals that creep voids and
cracks were predominantly formed at the grain boundaries, where there
was a significant deviation in the Taylor factor between adjacent grains.
Therefore, the different deformability of adjacent grains owing to the
Taylor factor mismatch enhanced the localized creep deformation,
resulting in the preferential formation of creep voids and cracks on the
HAGB [38].

4. Conclusions

The effect of building direction on the creep strength of LPBF-
processed as-built Hastelloy X was investigated at 1173 K for up to
several thousand hours. The creep rupture time was one order of
magnitude shorter when the stress direction was perpendicular to the
building direction than when it was parallel to the building direction.

i L l!' b

g 7Rotation
) analeoa High
[ |
Low

Fig. 13. (a) Grain boundary map with rotation angle of 5-15° and >15° of as-built PiHA, (b) Grain boundary map with rotation angle of >15°, and (c) fast Fourier

transform (FFT) of (b).
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Fig. 14. Taylor factor maps of Ni matrix of (a) PiHA creep-ruptured after
5319.3 h at 1173 K under 30 MPa and (b) PiHC creep-ruptured after 2949.5 h at
1173 K under 15 MPa.

The origin of this strong anisotropy in creep strength was investigated in
terms of precipitation behavior and grain boundary characteristics. The
wide-area distributions of four precipitate phases—M33Cs, R, p, and
MgC—in creep-ruptured specimens were efficiently elucidated using
SEM-EBSD combined with Spherical Indexing. However, specific pre-
cipitate phases are unlikely to contribute significantly to anisotropy in
creep strength. In contrast, creep voids were preferentially formed along
the high-angle grain boundaries, where there was a significant deviation
in the Taylor factor between adjacent grains and perpendicular to the
stress axis. As the high-angle grain boundaries in the as-built sample
predominantly aligned along the building direction, our results suggest
that the anisotropy in creep strength is attributable to the anisotropic
distribution of high-angle grain boundaries, resulting in reduced creep
resistance when the stress direction is perpendicular to the building
direction. This indicates that controlling of the grain boundary structure
through LPBF process is expected to enhance creep strength and reduce
the anisotropy of LPBF-processed Hastelloy X.
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