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ABSTRACT

Under the Advanced Materials and Manufacturing Technologies program, two Ni-based alloys fabricated
by laser powder bed fusion (LPBF) have been evaluated: y'-strengthened Haynes 282 and solution-
strengthened Inconel 625. Large printing defects were observed in the LPBF 282 alloy fabricated using a
Renishaw AM250 machine, likely due to particle spattering during printing. Annealing at 1,180°C for 1 h
followed by 4 h at 800°C in a high density of 50 nm y’-strengthening precipitates as well as partial
recrystallization resulted in a bimodal grain distribution. Creep testing performed at 750°C revealed lower
creep life and ductility for the LPBF 282 compared with wrought 282. X-ray computed tomography
combined with optical and scanning electron microscopy microstructural characterization revealed crack
formation during creep testing, initiated either from printing defects or from creep cavitation at grain
boundaries. Printing defects were the likely reason for the lower creep performance of LPBF 282 and
could be suppressed by optimizing the build configuration.

Printing 625 on an EOS M290 machine using the recommended EOS parameters resulted in a very low
defect density. Superior creep strength at 725°C was observed for the as-printed LPBF 625 along the
build direction when compared with wrought 625. No defect larger than ~50 um could be detected by X-
ray computed tomography in the as-printed conditions and after creep testing for 1,000 h at 725°C and
150 MPa. Small, needle-like 3-phase precipitates were observed after creep testing for 100 h at 725°C and
200 MPa. The rapid formation of the y phase is directly related to the initial Nb and Mo segregation in the
LPBF 625 cell walls, and its effect on the alloy’s high-temperature performance will be evaluated.
Solution annealing was carried out at 1,150°C for 1 h and led to full recrystallization of the alloy. A
decrease in strength and increase in ductility were observed after solution annealing, and the alloy
recrystallization resulted in isotropic tensile properties at room temperature, contrary to what was
observed for the as-printed LPBF 625.

1. INTRODUCTION

A key attribute of additive manufacturing (AM) techniques, such as laser powder bed fusion (LPBF), is
the ability to fabricate complex, near net shape components [1]. Combinations of sensor outputs and
health monitoring streams collected during LPBF can be used to create an Al-powered advanced
diagnostic tool to elevate the position of AM for component qualification [2-3]. The US Department of
Energy’s Advanced Materials and Manufacturing Technologies (AMMT) program is taking advantage of
this unique opportunity using AM for rapid qualification of new materials for light-water reactors and
advanced reactor concepts [4]. Although stainless steel 316H fabricated by LPBF has been a key focus of
the AMMT program [5-7], Ni-based alloys exhibit exceptional mechanical and corrosion properties at
operational temperatures needed for high-performance advanced reactor concepts [8]. Oak Ridge National
Laboratory (ORNL) and Idaho National Laboratory (INL) have been investigating AM fabrication and
using several Ni-based alloys considering three key potential applications: (1) low-Co alloys to be used
close to the reactor core, which has a high temperature; (2) high-strength alloys, enabling a higher
operating temperature; and (3) low-Cr alloys compatible with fluoride and chloride molten salts [9].
Previous work concluded that LPBF Inconel 625 (abbreviated 625 in this report) was of particular interest
as a printable, low-Co alloy with satisfactory high-temperature mechanical and corrosion resistance [10—
11]. As a major alloy in the gas turbine and aerospace industries, extensive studies have been conducted
on LPBF 625, from detailed microstructure characterization to performance evaluation and fabrication of
complex geometries [12—24]. Additionally, wrought 625 is also being considered for various nuclear
energy applications, and a road map for a code case involving several industrial partners has been
proposed [26]. The alloy Haynes 282 (abbreviated 282 in this report) was also studied extensively in 2024
because of its very high strength at temperature up to 800°C [10, 11, 26, 27]. Although large printing
defects were observed in the LPBF 282 creep specimens, the material was used to demonstrate that



advanced characterization techniques such as x-ray computed tomography (XCT) and micrograph image
analysis can be used to assess the effect of LPBF process-induced flaws and limiting defects on the creep
performance [28, 29]. The aim of this report is to summarize current knowledge on LPBF 282 and LPBF
625, discuss how the methodology developed for LPBF 282 to correlate process—microstructure—creep
properties can be used for low-defect LPBF 625, and determine a path forward to deploy LPBF 625 in
various nuclear reactors.

2. DEFECT ANALYSIS AND CREEP PERFORMANCE OF 282

2.1 FABRICATION AND MICROSTRUCTURE OF ANNEALED LPBF 282

Figure 1a shows the LPBF 282 build fabricated at the ORNL Manufacturing Demonstration Facility using
a Renishaw AM250 machine. Process parameter optimization has been described elsewhere [9], and the
following optimized printing parameters were used for building mechanical test specimens: laser power
of 200 W, layer thickness of 60 pm, hatch spacing of 86 um, point spacing of 70 um, and exposure time
of 80 ms. The powder chemistry provided by the manufacturer was as follows in weight percent: Ni—
19.37Cr-10.24C0-8.33M0-2.11Ti-1.54A1-0.05C—-0.03Si—0.010. The Renishaw AM250 was equipped
with three imaging modalities—a 20 megapixel visible light camera, a 4.2 megapixel near-infrared
camera, and a long-wave infrared camera—and examples of the generated in situ images are shown in
Figure 2b. Spatter particles were observed during printing, more frequently for the C-specimen rods, and
the formation of these spatter particles is illustrated in Figure 2c. The orientation of the build with respect
to the Ar flow is the likely explanation for the higher density of spatter particles in the C-specimen region.
The resulting microstructure is shown in Figure 2, with the presence of a high density of printing defects
in the C1 specimen, as observed for all C specimens. The electron backscatter diffraction (EBSD) map
presented in Figure 2c highlights the presence of a bimodal grain size distributed in the specimens
annealed for 1 h at 1,180°C plus 4 h at 800°C (later referred to as HT), with very limited texture but
elongated along the build direction (BD). Additional information can be found elsewhere [10, 11, 28, 29].

Figure 1. (a) LPBF 282 build fabricated using a Renishaw 250 machine, (b) in situ imaging during printing,
and (c) Al-generated rendering of spatter particle formation during printing.

Scanning transmission electron microscopy characterization was conducted on the heat-treated TS5 and C5
rods before creep testing. A high density of spherical, strengthening y’ precipitates, ~50 nm in diameter,
was observed for both the T5 and C5 specimens. Characterization was performed in the large-grain and
small-grain areas for the T5 specimens, and no difference in y’ size or dispersion was observed. The size



and distribution of y’ precipitates are consistent with values reported for wrought 282 after the two-step or
one-step heat treatments and should result in high creep strength [26, 27, 30, 31] up to ~800°C.
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Figure 2. LPBF 282 microstructure and optical micrographs of rods (a) T1 and (b) C1 annealed for 1 h at
1,180°C. (c) EBSD map showing a bimodal grain size distribution. (d—f) Scanning transmission electron microscopy
micrographs: (d) large-grain area, HT T5 rod; (e) large-grain area, HT C5 rod; and (f) small-grain area, HT C5.

2.2 CORRELATION BETWEEN CREEP PERFORMANCE AND DEFECTS

Figure 3a displays creep curves generated at 750°C, with applied stresses of 300 and 350 MPa for the T
and C specimens. The measured lifetimes were about half what would be expected for wrought 282 and
had significantly lower ductility, which was expected to be >20% for wrought 282 [27]. The C specimens
exhibited lower ductility and slightly lower creep lifetimes compared with the T specimens.
Nondestructive XCT was performed using a ZEISS Metrotom system with an x-ray source of 200 kV,

and advanced deep learning—based algorithms were used in the 3D reconstruction, resulting in the
detection limit of ~50 um [11, 28, 29, 32]. The XCT reconstruction shown in Figure 3b of the C3 and T3
creep specimens before and after testing confirmed the higher density of printing defects in the C3
specimen compared with the T3 specimen [29]. A clear increase in measurable defects by XCT was
observed for both specimens after creep testing. An additional XCT analysis of the T5 creep specimen is
presented in Figure 4. Careful examination of the specimen before creep testing as well as after creep
testing but before failure identified one large defect in the area where fracture will take place. A
significant increase in the defect size was observed in the interrupted specimen after 546 h of testing and a
deformation of 2.6%. The extent of the defect density translated to the reason for the rapid failure of the
specimen once the test was restarted, with a strain to rupture of only 3%. Figure 4c shows the evolution of
defects in the entire T5 specimen, revealing again a significant increase in defect density during creep.
The red circles highlight an area where new defects were formed, some initial defects increased in size,



and some defects were barely affected by creep testing. Quantification of the defect size and shape
evolution is ongoing.
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Figure 3. (a) Creep curves for the LPBF 282 at 750°C and applied stress of 300 or 350 MPa, (b) 3D XCT
rendering of the C3 and T3 specimen before and after creep testing, and (c) optical mosaic micrographs of the
as-polished and etched C3 specimens after creep testing.
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Figure 4. XCT data for the TS specimen. (a) Precreep, critical defect; (b) interrupted creep test, critical defect

evolution; and (c) full reconstruction of the TS5 specimen, precreep, interrupted, and postcreep testing.
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Analysis of over 100 optical images for each specimen in the gage and head using image analysis led to
the conclusion that only two types of creep damage were observed: cavitation leading to cracking at grain
boundaries (GBs) and cracks initiating from lack of fusion defects. Examples of these creep damages are
shown in Figure 5a, with the extent of cracking from printed defects varying significantly from one defect
to the other.

As shown in Figure Sb—Figure 5c, a simple classification based on defect circularity, with three
categories—linear, circular, and irregular defects—demonstrated a significant increase in the linear
defects due to cracking at GBs and irregular defects corresponding to cracks developing from LPBF
process-induced defects. The complex shape of these cracks resulted in the Python code counting some of
them as new irregular defects. This miscounting is the reason why an increase in both defect size and
frequency is captured in Figure 5d, which were observed in the XCT reconstruction.
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Figure 5. (a) Optical micrographs highlighting two types of creep damages in LPBF 282. Comparison of the
defect density and type in the T3 and C3 specimens: (b) head and (c) gage. (d) Comparison of the defect population
in the head and gage of the C3 specimen.

3. FABRICATION AND PERFORMANCE OF LPBF 625

3.1 PRINTABILITY AND DEFECT ANALYSIS

Several authors have demonstrated that 625 can be fabricated by LPBF with defect density lower than
99.9% [14]. This was confirmed by the authors’ studies comparing the microstructure and room-
temperature tensile properties of three solution-strengthened alloys—625, 230, and 617—fabricated using
an LPBF Renishaw 250 machine [10, 11]. Although hot cracking was observed over a large window of
printing parameters for the latter two alloys, crack-free LPBF 625 was produced with a low defect
density. Extensive characterization of the three alloys can be found elsewhere [33], and LPBF 625 was
selected for further investigation.

3.2 FABRICATION AND PEREGRINE ANALYSIS OF THE LPBF 625 BUILD

As shown in Figure 6, a large LPBF 625 build was printed on an EOS M290 with recycled Praxair
Inconel 625 laser-cut powder and was designed with 15 cylindrical blanks with an outer diameter of

16 mm and height of 130 mm, alongside two blocks with dimensions of 130 x 13 x 130 mm. The EOS
standard 625 parameters shown in Table 1 were used and melted with a flow optimized striping pattern
rotating at 47° per layer and restriction angles of 30°. The powder chemistry was as follows: Ni-21.56Cr—
8.81Mo—4Fe-3.73Nb—0.07Mn-0.06C0-0.02C-0.0150.



Figure 6. LPBF 625 build fabricated using an EOS M290 machine used for microstructure characterization
and mechanical testing.

Table 1. Laser processing parameters for 625

Parameter Value

Power 285 W
Velocity 960 mm/s
Hatch spacing 0.11 mm
Layer thickness 0.040 mm

Stripe width 10 mm

The EOS M290 was equipped with a 1 megapixel, grayscale, visible-light camera and a 5 megapixel
thermal emissions near-infrared camera, both of which capture two images per layer. The visible-light
camera captures one image after the layer has fused and one image after the subsequent layer has been
recoated with powder. The thermal camera captures one time-integrated image and one maximum
intensity value image during printing.

Peregrine is ORNL-developed software designed for powder bed fusion AM processes and allows users
to collect, analyze, and visualize in situ sensor and ex situ characterization data to assist engineers when



making build or part quality determinations during or after printing [34]. For the EOS M290 system, data
are collected and analyzed using a user-trained dynamic multilabel segmentation convolutional neural
network (DMSCNN), which points operators to regions of interest within the build. Each pixel is given a
label from a list of user-defined labels to classify each pixel—for example, Powder or Printed.

Figure 7 shows a heat map of Printed class detections through build height normalized by each part’s
volume within the build. Note that P1 does not appear because it is the plate label. All the parts appear at
100% detection, indicating they were perfectly printed. A second heat map for every class detection
except Powder and Printed is presented in Figure 8. P18 exhibited a large number of flaws, but further
analysis revealed many of these detections were false positives. This issue will be improved by further
training of the DMSCNN.
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Figure 7. Heat map of Printed class detections normalized by each part’s volume within the build. Note that
P1 does not appear because it is the plate label.
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Figure 8. Heat map for every class detection except Powder and Printed normalized by each part’s volume
within the build.

4. CHARACTERIZATION OF AS-PRINTED AND ANNEALED LPBF 625

4.1 MICROSTRUCTURE OF LPBF 625

Many studies have assessed the effect of heat treatment on the microstructure and properties of LPBF
625. Two categories of heat treatments were considered in this study: stress relief between 600°C and
900°C [16—20] and solution annealing above 1,000°C [15-17, 22]. Although 870°C is a typical stress
relief treatment recommended by industry for LPBF 625 [19, 35], several authors have observed the rapid
formation of the brittle 6 phase; temperature—time—transformation (TTT) diagrams for the 6 phase
formation in LPBF 625 have been generated, finding considerable deviation from similar TTT curves for
wrought material [21]. Due to the segregation in the interdendritic zone inherent to the rapid solidification
during LPBF, studies found that the formation of the & phase was two orders of magnitude faster for
LPBF 625 compared with wrought 625. Successful homogenization of the LPBF 625 microstructure and
grain recrystallization were achieved after exposure for 1 or 2 h at 1,150°C [15-17]. Because the
optimized stress relief heat treatment for LPBF 625 has not been clearly established yet, the focus in this
study was on the as-printed and solution-annealed LPBF 625.



EBSD maps of the LPBF 625 alloy in the conditions of as-printed and annealed at 1,150°C for 1 or4 h
are compared in Figure 9. The as-printed material exhibited elongated, textured grains along the BD with
an average diameter of 15.8 um [14, 16, 18, 24]. The kernel average misorientation and grain orientation
spread maps revealed a significant decrease in overall dislocation density and strain within the grains after
solution annealing at 1,150°C. Texture became more randomized, and the presence of £3 annealing twins
and the microstructural changes indicate full recrystallization occurred after 1 h at 1,150°C [15-17, 22].
Moreover, a statistically significant difference was not present in grain areas (not including the twins)
between 1 and 4 h of annealing. As shown in Figure 10, after solution annealing for 1 h at 1,150°C, the
cellular structure disappeared, and small precipitates (~0.003 pm?*) formed along the GBs. After 4 h of
solution annealing, the precipitates coarsened and increased to an area of approximately 0.5 um?. In the
as-printed condition, the energy-dispersive X-ray spectroscopy (EDS) elemental maps reveal segregation
of Mo and Nb at the cellular structure level [15, 17-19]. However, after 1 h of solution annealing, the Mo
and Nb segregation in the cell walls disappeared, and precipitates enriched in Mo and Nb were only
observed at GBs (Figure 11).
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Figure 9. EBSD orientation, kernel average misorientation, grain orientation spread, and texture maps for
LPBF 625 in the as-printed condition and solution annealed at 1,150°C for 1 and 4 h.

1 hr 1180%G

Figure 10. Backscattered electron—scanning electron microscopy micrographs of LPBF 625 in the as-printed
condition and solution annealed at 1150°C for 1 and 4 h.
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Figure 11. Backscattered electron—scanning electron microscopy micrographs and the corresponding EDS
elemental maps for LPBF 625 in the as-printed condition and solution annealed at 1,150°C for 1 h.

4.2 ROOM-TEMPERATURE TENSILE PROPERTIES

Tensile testing was conducted at room temperature on small-scale dog bone specimens with a gage
section of 2 x 2 mm and a gage length 7.62 mm. The size of the specimens prevented the use of an
extensometer, and the yield strength (YS), ultimate tensile strength (UTS), and plastic deformation were
calculated from the crosshead displacement. Tensile curves for the as-printed and 1 h, 1,150°C annealed
specimens are shown Figure 12 for specimens machined along and perpendicular to the BD. These curves
were used to calculate the YS, UTS, and plastic strain at rupture, presented in Table 2. Anisotropic tensile
properties were observed for the as-printed LPBF 625 with lower strain at rupture but higher YS and UTS
for the specimen tested perpendicular to the BD. Annealing for 1 h at 1,150°C resulted in a significant
decrease in YS, consistent with the disappearance of dislocations reported in Figure 9. Interestingly,
recrystallization after 1 h at 1,150°C resulted in isotropic tensile properties at room temperature, as
illustrated by the very similar tensile curves along and perpendicular to the BD after 1 h at 1,150°C.
Tensile testing was also conducted on two specimens machined along the BD and annealed for 4 h at
1,150°C. A very slight decrease in YS and UTS was observed compared with the results for the 1 h,
1,150°C specimens, consistent with the limited grain grown measured after 4 h at 1,150°C compared with
1 h exposure. Many studies have looked at the effect of heat treatments on the LPBF 625 tensile
properties [14, 20, 22, 24], and data from Marchese et al. [16] are summarized in Table 3. The present
study’s results are consistent with the published results in the conditions of as-printed and annealed for

2 h at 1,150°C, but this study found more elongation at rupture. The solution anneal appeared to have
homogenized the LPBF 625, as demonstrated by similar tensile behavior both parallel and perpendicular
to the BD; this was also reported by Kreitcberg et al. [24] after solution annealing or hot isostatic
pressing, but temperature and pressure were not communicated to protect proprietary information. Trends
between Kreitcberg et al. [24] and the current work were similar at room temperature, but again, strains at
rupture were lower than that measured in the present study. Surprisingly, Kreitcberg et al. [24] reported a
drastic decrease in ductility at temperatures >650°C for both the as-printed and solution-annealed
materials, which was not observed for wrought 625. Testing of the present study’s LPBF 625 material
will therefore be conducted at high temperature in the coming weeks.
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Figure 12. Tensile curves at room temperature for LPBF 625 specimens in the as-printed and 1,150°C
annealed conditions machined along and perpendicular to the BD.

Table 2. Room-temperature mechanical properties of the LPBF 625 specimens along and perpendicular to
(Perp.) the BD in the as-printed and 1,150°C annealed conditions

Condition Orientation YS (MPa) UTS (MPa) Plastic strain (%)
As-printed BD 640.3 884.6 533
As-printed BD 641.7 880.2 59.2
As-printed Perp. BD 695.6 989.7 459
As-printed Perp. BD 705.5 1003.8 45.7
1 h, 1,150°C BD 389.56 870.08 78

1 h, 1,150°C BD 387.4 864.17 78.29
1 h, 1,150°C Perp. BD 399.72 886.37 73.28
1 h, 1,150°C Perp. BD 399.23 888.99 78.06
4 h, 1,150°C BD 379.7 854.5 77.5
4 h, 1,150°C BD 381.2 856.29 77.27
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Table 3. Room-temperature mechanical properties of the LPBF 625 specimens along and perpendicular to
(Perp). the BD in the as-printed; 1 h, 870°C annealed; and 2 h, 1,150°C annealed conditions from Marchese et

al. [16]
Conditions  Orientation YS (MPa) UTS (MPa) Plastic strain (%)
As-printed BD 618 £33 891<+5 40.7+0.5
As-printed Perp. BD 783 £23 1,041 + 36 33.1+£0.6
1 h, 870°C BD 6217 900 +£2 409+ 1.7
1 h, 870°C Perp. BD 667 +3 996 £+ 3 358 +1.8
2 h, 1,150°C BD 379+ 9 851+3 545+1.1
2 h, 1,150°C Perp. BD 396+ 9 883+ 15 549+1.2

5. CREEP TESTING AT 725°C

Creep testing was conducted at 725°C because a broad range of data were generated at that temperature
on LPBEF stainless steel 316H, and this temperature is close to the maximum temperature considered for
the wrought 625 code case (i.e., 750°C). Two tests were initiated on as-printed standard cylindrical
specimens machined along the BD with a gage length of 32 mm and a gage section 0.63 mm in diameter.
The goal of these experiments was to assess the possibility to follow damage evolution via XCT
measurements every 1,000 h. The 150 and 125 MPa were selected to reach estimated lifetimes of 2,500
and 5,000 h, respectively, based on wrought 625 data. The ongoing creep curves shown in Figure 13a
exhibit very low creep rates after 1,600 h, suggesting that the lifetimes are likely to exceed the original
2,500 and 5,000 h estimates. XCT renderings of the specimen tested at 150 MPa in the as-printed
condition and after creep testing for 1,000 h are displayed in Figure 13b. In both cases, no defect could be
detected, in contrast with previous characterization of the LPBF 282 specimens. The next creep test
interruption will take place after 3,000 h, and measurements will be conducted on a Zeiss Versa XCT
system with an expected resolution of approximately 7 pm to be compared with the 17 um resolution for
the Metrotom system.

Three creep tests were initiated at 725°C and 200 MPa using small-scale dog bone specimens with a
geometry similar to the geometry used for tensile testing. Testing was conducted on specimens machined
parallel to the BD in the as-printed and 1 h, 1,150°C annealed conditions, and the ongoing creep curves
are displayed in Figure 14a. In both cases, a long, complex primary creep stage was observed, resulting in
continuously decreasing creep rates after approximately 100 h of exposure. One as-printed specimen
polished to a 1 um finish was tested in vacuum for 100 h in the same condition (i.e., 725°C, 200MPa),
and scanning electron microscopy surface characterization is presented in Figure 14b and Figure 14c. The
cellular structure was still present with an increase in the carbide volume fraction at the GBs and in the
cell walls. Fine, needle-like precipitates rich in Nb were also observed, consistent with the formation of o-
phase precipitates reported by many authors for LPBF 625 after heat treatment at 700°C-900°C. These
precipitates were also observed by Son et al. [36] for the solution-annealed LPBF 625 after short-term
creep testing at 800°C and by Pasiowiec et al. [37] after creep testing at 600°C and 700°C for 2,000 h,
750°C for 520 h, and 800°C for 240 h and for LPBF 625 stress relief for 1 h at 980°C. They concluded
that the high density of 6 phase strengthened the LPBF 625 at 700°C—750°C compared with wrought 625,
but at 800°C, coarsening of the 6 phase, carbides, and Laves phase at GBs led to GB cavitation and
resulting low ductility.
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Figure 13. (a) Ongoing creep curves for as-printed LPBF 625 specimens tested at 725°C and 125 or 150 MPa

and (b) XCT 3D rendering of the specimens tested at 150 MPa in the as-printed condition and after creep

testing for 1,000 h.
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Figure 14. (a) Ongoing creep curves at 725°C and 200 MPa for the as-printed and 1 h, 1,150°C annealed
LPBF 625, (b) micrographs of a specimen creep tested in vacuum at 725°C and 200 MPa for 100 h; and
(c) EDS maps highlighting Nb- and Mo-rich precipitates in (b).
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6. CONCLUSION

Because of their relevance to the nuclear energy industry, this study examined alloys 282 and 625
fabricated by LPBF. Although a high density of strengthening &' precipitates was achieved after heat
treating the LPBF 282 at 1,180°C for 1 h and 800°C for 4 h, the alloy exhibited lower lifetime and
ductility compared with wrought 282 because of the presence of large printing defects. Using XCT and
microstructural characterization combined with data analytics, two types of creep damage could be
quantified at 750°C, as well as cracks initiated at printed defects and cavitation followed by cracking at
GBs. Contrary to the results for LPBF 282, a very low defect density was achieved for LPBF 625, and no
defects were detected in creep specimens using an XCT system with a resolution of ~50 pm. Creep
testing conducted at 725°C on as-printed 625 revealed creep strength superior to the creep strength of
wrought 625, but a longer testing duration is needed to evaluate the alloy creep ductility. Rapid formation
of small, needle-like d-phase precipitates were observed after creep testing for 100 h at 725°C, consistent
with the literature and likely due to the initial Nb and Mo segregation in the LPBF 625 cell walls.
Solution annealing for 1 h at 1,150°C resulted in full recrystallization of the alloy and led to isotropic
tensile properties at room temperature, with a significant decrease in Y'S but an increase in ductility
compared with the as-printed LPBF 625.
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