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ABSTRACT 
 
The Advanced Materials and Manufacturing Technologies (AMMT) program is aiming at the 
accelerated incorporation of new materials and manufacturing technologies into nuclear-related 
systems. Complex Ni-based components fabricated by laser powder bed fusion (LPBF) could 
enable operating temperatures at T > 700°C in aggressive environments such as molten salts or 
liquid metals. However, available mechanical properties data relevant to material qualification 
remains limited, in particular for Ni-based alloys routinely fabricated by LPBF such as IN718 (Ni-
19Cr-18Fe-5Nb-3Mo) and Haynes 282 (Ni-20Cr-10Co-8.5Mo-2.1Ti-1.5Al). Creep testing was 
conducted on LPBF 718 at 600°C and 650°C and on LPBF 282 at 750°C, finding that the creep 
strength of the two alloys was close to that of wrought counterparts, with lower ductility at rupture.  
Heat treatments were tailored to the LPBF-specific microstructure to achieve grain 
recrystallization and form strengthening gʹ precipitates for LPBF 282 and gʹ and gʺ precipitates for 
LPBF 718. In-situ data generated during printing and ex-situ computed tomography scans were 
used to correlate the creep properties of LPBF 282 to the material flaw distribution. In-situ data 
revealed that spatter particles are the potential causes for flaws formation in LPBF 282, with 
significant variation between rods based on their location on the build plate. XCT scans revealed 
the formation of a larger number of creep flaws after testing in the specimens with a higher initial 
flaw density, which led to a lower ductility for the specimen. 
 
 
INTRODUCTION 
 
The U.S. Department of Energy, Office of Nuclear Energy’s AMMT program aims at accelerated 
qualification of new materials and manufacturing technologies into complex products and systems 
[1]. Additive manufacturing (AM) is among the advanced manufacturing techniques of interest, 
enabling the fabrication of complex, near-net-shape components and thus reducing the need for 
processing steps such as machining, welding, and brazing [2]. While the use of Ni-based alloys is 
currently limited to a few alloys in current nuclear reactors [3,4], the harsh environments expected 
in Gen IV reactors necessitate high temperature Ni-based components [5]. The AMMT program 
has been evaluating the potential of various Ni-based alloys to be produced by additive 
manufacturing and in particular laser powder bed fusion (LPBF) [6]. Three categories were 
identified, low Co bearing Ni-based alloys for potential use close to the reactor core, high 
temperature high strength Ni-based alloys allowing operating temperature >~700°C, and low Cr 
bearing alloys with superior compatibility with molten salt. Several Ni-based alloys were 
processed via LPBF and characterized with this paper presenting a summary of the results for 
LPBF 718 and LPBF 282.   
Alloy 718 is the most used Ni-based alloy in the aerospace industry, with superior strength due to 
the presence of gʹ and gʺ precipitates. Moreover, LPBF 718 has been extensively studied [7-14]. 
Literature reviews on LPBF 718 can be found elsewhere [6,14]. Due to the unique, often 
heterogenous, microstructure found in LPBF 718, numerous studies have been focused on heat 
treatment to achieve recrystallization and homogenize the microstructure [8-12]. Tensile testing 
has been extensively conducted on LPBF 718 as discussed by Hosseini and Popovich in their 
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review paper [14], but publicly available fatigue and creep data are rather limited [14-20]. The 
LPBF 718 data often showed lower creep strength and ductility compared to wrought 718, both in 
the as-build and annealed conditions. Creep testing was therefore conducted on as-printed and 
annealed LPBF 718 on material that exhibited great tensile properties [11].  
The g’ strengthened 282 alloy was also fabricated by LPBF for creep testing evaluation. Due to a 
relatively low g’ volume fraction, ~20% [21], the alloy is quite printable [22] and has been 
considered for various high temperature applications requiring complex geometries, such as heat 
exchangers [23,24]. As for the LPBF 718, available data on the long-term properties of LPBF282 
are very limited [25,26]. Non-destructive X-ray computed tomography (XCT) was carried out 
before and after creep testing to establish correlation between the specimen flaws and the LPBF 
282 creep behavior, while in situ data generated during printing was analyzed to understand 
possible causes of flaw formation.  
 
 
EXPERIMENTAL METHODS 
 
Materials & specimens 
 
Figure 1 shows the LPBF 718 and 282 materials used for creep specimens machining. A large 
block of alloy 718 was fabricated by LPBF using a Concept X-Line 2000R at the Oak Ridge 
Manufacturing Demonstration Facility (MDF). Printing parameters and powder chemistry are 
summarized below: 
A laser power of 370 W, spot size of 0.3 mm, scanning speed of 500 mm/s, hatch spacing of 0.16 
mm, scan rotation between layers rotation of 67◦, powder chemistry: Ni-18.22Fe-18.99Cr-5.15Nb-
3Mo-0.93Ti-0.5Al-0.1Co-0.04Si-0.04C-0.012N-0.016O.  
The printed piece was sectioned into four identical pieces, each 59mm×18mm×15mm in size. One 
sample was exposed to the following heat treatment: homogenization at 1174 °C for 2h and 
1204 °C for 6h, solution anneal at 1093 °C for 1h and aging at 718 °C and 621 °C, both for 8h. 
Additional information on the selection of the heat treatment can be found elsewhere [11], and the 
grain structures before and after annealing are shown in Figure 2a and 2b, respectively. While 
elongated grains along the build direction were observed in the as-printed condition, with an 
average equivalent grain diameter of 8.3 ±.22μm, annealing resulted in an equiaxed grain structure 
with an average grain size of 37.9. ± 2.6 μm [11]. 
Small scale SS3-type dog bone specimens with a gage section of 1mm×2mm and a gage length of 
7.62mm were machined with a 600grit finish from as-printed and annealed ~9mm×29mm×15mm 
blocks (Figure 1a and 1b). Small creep specimens such as the one shown in Figure 1c were 
machined along the build direction for the annealed specimens and both along and perpendicular 
to the build direction for those machined in the as-printed condition. The annealed material was 
not tested perpendicular to the build direction as the recrystallized microstructure is expected to 
result in isotropic mechanical properties. 
As can be seen in Figure 1d plates and rods of Haynes 282 were fabricated using an LPBF 
Renishaw AM250 machine (pulsed laser) with the following optimized printing parameters and 
powder chemistry provided by the manufacturer: laser power of 200W, layer thickness of 60µm, 
hatch spacing of 86µm, point spacing of 70µm, exposure time of 80µs and powder chemistry: Ni-
19.37Cr-10.24Co-8.33Mo-2.11Ti-1.54Al-0.05C -0.03Si-0.01O in wt%. The Renishaw AM250 
was equipped with three imaging modalities connected to an edge computing system at the 
machine. These sensors include a 20 megapixel visible light camera, a 4.2 megapixel near-infrared 
(NIR)-sensitive camera, and a long-wave infrared camera. 
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Figure 1: a) and b) LPBF 718 blocks used for specimens machining, a) as printed, b) annealed, c) 
small scale creep specimen, d) LPBF 282 build and e) standard creep specimen machined from 
one of the rods. Black arrows in a) show rods from which creep specimens have been machined. 
Black arrows in b) highlight groves for deformation measurement. White arrow in b) shows 
leftover after specimen machining used for microstructure characterization 
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Figure 2: Electron Backscatter Diffraction (EBSD) maps, a) LPBF 718, as-printed (AsP), b) LPBF 
718, annealed, c) LPBF 282, as-printed, d) LPBF 282, annealed. 
 
 
Rods C1, C3, C5, T1, T3 and T5, highlighted in Figure 1d were heat treated for 1h at 1180°C in 
Ar and cooled in air as recommended by the Idaho National Laboratory (INL) based on heat 
treatment experiments using LPBF 282 material provided by EOS GmbH. The heat treatment was 
designed to obtain nearly full recrystallization with limited grain growth [6]. As can be seen in 
Figure 2c and 1d, elongated grains were observed in the as-printed conditions with an average 
equivalent grain diameter of 11.6µm ±  11.2µm. Only a slight increase in average grain size was 
measured after annealing, 13.8µm ±  13.6µm for the T1 specimen, and 12.5 µm ± 12.2µm for the 
C1 specimen, indicating that most of the small grains did not recrystallize.  
Full size standard creep specimens with a cylindrical gage section of 0.63mm in diameter and a 
gage length of 32mm (Figure 1e) were machined from the annealed rods and a final one step heat 
treatment of 4h at 800°C was performed in vacuum for gʹ precipitate formation [27].  

 
 
Microstructure characterization 
 
X-ray Computed Tomography (XCT) 
 
Industrial XCT is a nondestructive method that captures radiographic images of objects from 
various angles, and these images are then used to algorithmically reconstruct 3D representations 
of the scanned objects. For all XCT, a ZEISS Metrotom system with an X-ray source of 200kV, 
with a short-scan strategy with 145 views between (0 and 197degrees), each view was average of 
8x1second acquisition, resulting in a scan time of 18minutes scans. Using advanced deep learning-
based algorithms developed in [28], a reconstruction of the samples was performed for XCT scans 
before and after creep testing, with a detection limit of ~50µm. 
 
Electron microscopy 
 
A Tescan Mira model 3 scanning electron microscope (SEM), equipped with energy dispersive X-
ray spectroscopy (EDS) and EDAX Velocity Plus EBSD camera and operated at 20 kV with APEX 
software was used to characterize the LPBF 718 before and after creep testing. The inverse pole 
figure (IPF) maps were processed using MTEX for the LPBF 718 and an EDAX OIM analysis 
software version 8 for the LPBF 282. The specimens for scanning transmission electron 
microscopy (STEM) analysis were prepared using a Hitachi focused ion beam (FIB) operated at 
40 kV. The STEM-EDS analysis was carried out using an FEI Talos FX200 STEM operated at 200 
kV. The microscope was equipped with an extreme field emission gun (X-FEG) electron source 
and a Super-XEDS (energy dispersive spectroscopy) system with four silicon drift detectors 
(SDD). 
 
Creep testing 
 
Creep testing was conducted in air using a dead load machine for small scale LPBF 718 specimens 
at 600°C or 650°C and stress varying from 600 MPa to 700 MPa. Two thermocouples attached to 
the top and bottom grips were used to control the temperature within ±3°C. Semi-quantitative creep 
curves were generated using two linear variable differential transformer (LVDT). These LVDT 
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followed the displacement of two rods clamped to the top and bottom specimen grips. Lever arm 
machines were used for creep testing of the full size LPBF 282 specimens and testing was 
conducted according to ASTM standard E139. Thermocouples were attached to the gage section 
and the rods connected to the LVDT were clamped to the specimen head using the grooves 
highlighted in Figure 1b. Testing was conducted at 750°C with applied stresses of 300MPa or 
350MPa. 
 
RESULTS 
 
Creep testing of LPBF 718 
 
Creep results are summarized in Table 1, and the LPBF 718 creep lifetimes are compared in Figure 
3 with wrought 718 creep data [29] using a Larson Miller plot according to the equation:  
 
𝐿𝑀𝑃 = 𝑇	(°𝐾) 	 ∙ 	.𝐶 +	 log 𝑡! (ℎ)6 (1) 
 
Where C =20, T is the testing temperature, and tr is the time to rupture.   
The creep strength for the LPBF 718 in the annealed condition was similar to the wrought 718 
creep strength, with the longest test, still ongoing, reaching 7,100h. Lifetimes for the as-printed 
specimens were only slightly lower than the lifetimes for the annealed specimens and limited 
impact of the specimen orientation with respect to the build direction was noticed for the as-printed 
LPBF 718. The main concern highlighted in Figure 3b is the limited ductility at rupture measured 
for the LPBF 718, consistent with data published in the literature on LPBF 718 [17-20]. Wrought 
718 is expected to exhibit strain at rupture of ~20% [30], but the alloy ductility is dependent on the 
both the heat treatment and testing conditions [31,32].  
 
Table 1: Summary of LPBF 718 creep results 
  

 
 
 

Condition Orientation Temp. (°C ) Stress (MPa) lifetime (h) LMP
As Fabricated BD 650 650 385 20850
As Fabricated BD 600 750 724 19960
As Fabricated Per. To BD 650 650 357 20819
As Fabricated Per. To BD 600 750 524 19837

Annealed BD 650 650 18 19622
Annealed BD 650 650 463 20924
Annealed BD 600 750 991 20079
Annealed BD 650 600 536 20982
Annealed BD 600 650 7625 ongoing 20853
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Figure 3: a) Larson Miller plot comparing the creep strength of LPBF 718 and wrought 718, b) 
example of creep curves for the annealed and as-printed LPBF 718 at 650°C. Per. to BD = 
perpendicular to build direction 
 
 
SEM and STEM micrographs of the ruptured creep specimen tested in the annealed condition at 
650°C, 650MPa for 463h is shown in Figure 4. The SEM micrographs highlight the presence of 
large precipitates and cracks at grain boundaries. The EDS compositional maps revealed that these 
precipitates were likely brittle (Nb,Ti )-rich carbides. In addition, STEM micrographs and the 
corresponding EDS maps highlighted the presence of a high density of nano precipitates. Two 
populations of precipitates could be identified, very fine 10-30nm in size, likely gʹ precipitates, and 
larger elongated precipitates, likely gʺ , ~150nm in length.  
The microstructure of the as-printed ruptured specimen tested at 650°C, 650MPa for 385h was 
quite different with the presence of the typical cell structure observed in LPBF 718 (Figure 5). The 
Nb rich precipitates are consistent with Taller et al. [11] observation of d precipitate and laves 
phase in the as-printed LPBF 718.  Similar to what was observed in the annealed specimen, 
cracking took place at grain boundaries with the presence of creep cavitation voids. Very fine nano 
precipitates were observed, 10 to 30nm in size, very similar to the as fabricated specimens observed 
in the as-printed condition by Taller et al. [11]. Further analysis is needed to quantify the gʹ to the 
gʺ precipitates in the as-printed and annealed creep tested specimens. 
 
 
 
 

b)a)
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Figure 4: Annealed LPBF 718 specimen creep tested at 650°C, 650MPa, a) and b) BSE-SEM 
micrographs in the rupture area highlighting cracking at grain boundary, c) high-angle 
annular dark-field (HAADF) STEM and associated composition maps 
 

 
Figure 5: As-printed LPBF 718 specimen creep tested at 650°C, 650MPa, a) and b) BSE-SEM 
micrographs in the rupture area highlighting the presence of a cell structure and voids at grain 
boundaries, c) HAADF STEM micrograph and associated composition maps 
 
Creep testing of LPBF282 
 
As can be seen in Figure 6, optical micrographs of the LPBF282 specimens revealed a low volume 
fraction of flaws for the T1, T3 and T5 specimens, but a high-volume fraction for the C1, C3 and 
C5 specimens. Analysis of the in-situ images generated during printing (Figure 6e) indicated that 
particle spattering might explain such a variation in flaw density with spatter particles being 
detected more frequently in the Cs specimens compared to the Ts specimens. 3D visualization of 
the XCT scans of the C3 and T3 specimens before and after testing are shown in Figure 7a. The 
higher volume fraction of flaws for the C3 specimen compared to the T3 specimen was confirmed 
over the entire gage section with flaw volume fractions of 0.14% and 0.01%, respectively. Flaw 
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numbers with respect to their size are given in Figure 7b. Only 42 flaws between 50µm -250µm in 
size were detected in T3 versus 881 for C3. Creep curves are shown in Figure 7d for LPBF 282 
specimens tested at 750°C with an applied stress of 300MPa or 350MPa. Similar creep rates were 
measured for the Cs and Ts specimens, but the tertiary stage started earlier and ductility at rupture 
was lower for the high-flaw C specimens, leading to slightly lower lifetime. The C5 and T5 
specimens were interrupted after 546h to perform XCT scans before failure. Overall, the LPBF282 
specimens exhibited slightly lower lifetime and significantly lower ductility compared with 
wrought 282 [33].  
As can be seen in Figure 7a, XCT scans after creep testing for the C3 and T3 specimens revealed 
a significant increase in the number of flaws less than 250µm in size compared to the XCT scans 
before testing. This increase was more significant for the C3 specimen, from 881 to 2377 flaws 
counted for C3 compared to an increase from 42 to 230 for the T3 specimen. These creep cavitation 
flaws might be linked to flaws too small to be detected before testing, with their size increasing 
during creep testing. The number of these small flaws is likely higher in the Cs specimens 
compared to the Ts specimens. Another plausible explanation for the formation of a higher number 
of flaws in C3 compared to T3 is that other microstructural differences exist between the two 
specimens leading to more creep cavitation nucleation sites for the C3 specimen. Microstructure 
characterization is ongoing to assess this hypothesis.  
While the number of large flaws did not increase significantly, Figure 7c highlights a significant 
increase in flaw size for flaws >250µm in equivalent diameter. A few of the initial large flaws were 
located close to the rupture area for both the C3 and T3 specimens and ongoing work is aiming at 
the registration of each initial flaw to track its shape change after creep testing and assess the impact 
of each flaw on specimen failure. The main goal is to correlate the flaw distribution with the alloy 
creep behavior to improve creep lifetime modeling. 

 
 

 
Figure 6: a) to d) Optical micrographs of the LPBF282 alloy after annealing for 1h at 1180°C, a) 
T1 specimen, along the BD, b) C1 specimen, along the BD, c) T3 specimen, perpendicular to the 
BD, C3, specimen, perpendicular to the BD, e) in situ images acquired during printing 
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Figure 7: 3D visualization of the flaws detected by XCT before and after creep testing,  a)C3 
specimen  b) T3 specimen, c) number of flaws  in the C3 and T3 specimens before and after creep 
testing, d) Creep curves for the LPBF282 tested at 750°C with an applied stress of 300 or 350MPa. 
C5 and T5 were interrupted after 546h. 
 
 
CONCLUSIONS 
 
To selected Ni-based alloys relevant to the AMMT program and the NE community, work was 
performed on low Co 718 alloy, high strength high temperature 617, 230, 625 and 282 alloys, and 
low Cr molten salt compatible Hastelloy N and 244 alloys. The high creep strength of the LPBF 
718 alloy in the annealed and as printed conditions was attributed to the formation of g’ and g’’ 
precipitates. These precipitates can form during printing, after heat treatment or during creep 
testing at 600-650°C. Formation of brittle s at grain boundaries resulted in low ductility for all the 
creep tested specimens. Printing of crack free 617 and 230 by LPBF could not be achieved due to 
hot tearing and composition change would like be needed. While alloy 230 exhibited great room 
temperature tensile properties, along the build direction with very high yield strength, ductility was 
significantly reduced perpendicular to the build direction due to the presence of cracks. As 
expected, the fabrication of crack-free LPBF 625 using similar printing parameters was achieved, 
highlighting the excellent printability of the alloy. The growing interest in alloy 625 from the NE 
community and the acceptable high temperature strength and corrosion resistance in addition to 
the alloy printability make LPBF 625 an exciting Ni-based alloy for the AMMT program that will 
be further characterized. The g’ strengthened alloy 282 was fabricated by LPBF and creep tested 
at 750°C. Flaws did not impact the alloy secondary creep rates but likely played a role in low 
ductility and slightly reduced lifetimes of the LPBF 282 specimens. XCT scans were used to 
corelate specimen flaws with creep properties, and ongoing analysis will pro 
 
Two Ni-based alloys of interest for the nuclear industry, alloys 718 and 282, were fabricated by 
laser powder bed fusion for creep evaluation at 600°C and 650°C. LPBF 718 exhibited creep 
strength similar to the creep strength of wrought 718 in the annealed condition, and slightly lower 
creep strength in the as-printed condition, with no effect of the specimen orientation with respect 
to the build direction. Low ductility at rupture was, however, observed for all the LPBF 718 
specimens.  The alloy creep strength was attributed to the formation of nano g’ and g’’ precipitates 
both in the as-printed and annealed specimens, and formation of brittle precipitates at grain 
boundaries led to preferential grain boundary cracking and low ductility. For annealed LPBF 282, 
variation in the initial flaw volume fraction from one specimen to another did not impact creep 
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rates at 750°C but resulted in lower creep ductility and slightly lower creep lifetime for the higher 
flaw specimens. In situ data generated during printing highlighted particles spattering that might 
explain variation of flaws within the same build. XCT scans before and after creep testing revealed 
different creep cavitation behavior between the specimen with high and low initial flaw volume 
fraction. 
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