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This study presents the characteristics of a modified boron-enhanced Inconel 718 for elevated mechanical
strength and excellent optical properties for the next generation of solar receiver tube applications. While the
standard in industry to produce high absorptive surfaces is through utilizing coatings, it becomes more chal-
lenging to maintain for high-temperature applications (>800 °C) for a long duration. The present study intends
to directly increase the absorptivity of the Inconel 718 and bypass the need for coatings via Additive
Manufacturing (AM) using boron-enhanced Inconel 718 powders. The effects of post-heat treatment and thermal
cycling on microstructure, mechanical, and optical properties were analyzed systematically. The laser powder
bed fusion (LPBF) technique enabled the boron content in Inconel 718 to increase up to 5000 ppm without
microstructural defects (i.e., process defects). Increased boron content induced a larger amount of eutectic y
phase (involving Laves phases) development, leading to enhanced tensile strength and microhardness.
Furthermore, it is observed that after heat treatment and thermal cycling, with high boron concentration the
Laves phase morphology changed to a more interconnecting web-like structure. Thus, it is important to study the
possible concentration of boron that can be added to the alloy using the LPBF process. A specially designed post-
heat treatment was applied to remove the Laves phase with a long-striped shape and produce a smaller, granular-
shaped Laves phase. Compared to pure Inconel 718, the boron-enhanced Inconel 718 showed that its micro-
hardness increased to 36.6 % at the as-printed stage and up to 9.2 % after a proper heat treatment. Boron-doped
Inconel 718 altered the optical properties by demonstrating that reflectance decreased by 10 %. This approach
could lead to the development of more resilient and high-performance receiver tubes capable of withstanding
extreme operating conditions, reducing maintenance costs, and extending the lifespan of CSP components. This
study aims to remove the reliance on coatings with limited lifetimes by directly increasing the absorptivity of the
utilized alloy. It is expected that limiting downtime that would otherwise be utilized for recoating solar absorber
tubes could provide a more reasonable return on investment after considering operational expenses.

1. Introduction

Concentrated solar power (CSP) technologies transform thermal ra-
diation into high-temperature thermal energy for various applications
(e.g., heating and cooling, processing heat, material processing, elec-
tricity production, and chemical processes) [1]. The advantageous fea-
tures of CSP technologies include almost zero greenhouse gas emissions,
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high potential in lower production costs compared to photovoltaic, and
higher flexibility in thermal energy storage (TES) [2-4].

Increasing the operating temperatures of heat transfer fluid (HTF)
can enhance the thermal efficiency of a CSP system. Manzolini et al. [5]
developed optimized hydraulic configurations and tube diameters of
solar receivers that can operate at elevated temperatures up to 715 °C,
and their results showed that the levelized cost of energy (LCOE) could
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potentially be lowered to $151/MWh while the US Department of
Energy’s Sunshot initiative is aiming to a $30/MWh or $0.03/kWh [6].
Parabolic trough CSP systems typically operate at temperatures ranging
from 300 °C to 400 °C, while molten salt-based solar tower CSP systems
can achieve temperatures between 500 °C and 700 °C [7].

In solar tower CSP plants, the receiver is a critical component
exposed to extreme operating conditions, which can significantly limit
its lifespan [8-10]. Therefore, selecting appropriate materials is crucial
for developing high-temperature CSP systems. For tubular receivers
operating with temperatures above 700°C, the major technical chal-
lenges include: 1) severe tube deformation and fatigue due to uneven
heat flux distribution and cyclic thermal stresses [11-14]; 2) tube
corrosion caused by the molten salt at high temperature [15]; 3) cracks
in the tube connecting zones due to thermal expansion and fatigue creep
[5]. A solar receiver may have extreme thermal-mechanical loads on the
structure due to high peak fluxes (more than 1000 suns) [16]. Accu-
mulated thermal-mechanical loads resulting from repeated operations
over a long time (months and years) can cause serious damage to the
solar receiver. Additionally, corrosion from molten salt HTF can
compromise the component’s lifetime due to alloy oxidation and
dissolution [16]. Fig. 1 (a) is an example of a concentrated solar tower,
which involves a solar collector tube arranged in a circular design. The
tubes are not heated uniformly, as they are typically heated from one
side. Thus, the thermal gradient can lead to high strain and significant
uneven deformation in the solar tubes, as shown in Fig. 1 (b) and (c).
This behavior could be catastrophic for operations in the long term,
resulting in large downtimes for maintenance. To address such issues,
we suggest two approaches: (1) the investigation of an outstanding
material that can withstand extreme environmental conditions (i.e.,
thermal cycling and corrosion), and (2) the consideration of a novel
structure that can alleviate non-uniform heat accumulation.

First, the material for the next generation solar receiver needs to be
carefully designed. An ideal solar receiver tube material should possess
(1) strong mechanical properties under cyclic high-temperature condi-
tions and (2) excellent high-temperature corrosion resistance to heat
transfer fluids (HTF) [20,21]. Nickel-based superalloys have emerged as
leading candidates for such applications due to their exceptional
high-temperature strength, corrosion resistance, oxidation resistance,
and ability to withstand extreme thermal and mechanical stresses [15,
22]. Because of such advantages, many studies have investigated char-
acteristics and potential suitability of solar receiver tubes made of nickel
super alloys: Inconel 718, Inconel 625, alloy 316H, Haynes 230, Inconel
625, Inconel 740H, and Incoloy 800H [18,23-30].

Second, the structural design of solar receiver tubes requires
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improvement. The current design allows a high level of concentrated
heat accumulation, leading to cyclic stress loading and severe defor-
mation. Solar receiver tubes with a fin structure have gained attention
because they can alleviate uneven solar flux loading by enhancing heat
transfer within the CSP receiver tubes [31,32]. In particular, the
swirl-inducing helical fin design is a promising candidate due to its
effectiveness in suppressing non-uniform heat accumulation and
enhancing structural and thermal performance [18,33,34].

The major challenges regarding the proposed solution lie in the low
machinability of nickel super alloy and the high cost stemming from the
complex 3D design. Laser-based additive manufacturing is a promising
solution to the problem as it can synthesize metal alloys in complex 3D
structures with a defect-free microstructure. Studies have demonstrated
that a fully homogenized chemical composition can be achieved by
optimizing process parameters (e.g., laser power, scan speed, powder
feed rate) for steels [35,36], nickel-titanium alloys [37-39], titanium
alloys [40,41], nickel alloys [42,43], aluminum alloys [44,45], and
tungsten alloys [46,47]. One of the best advantages of such a method is
that arbitrary target composition can be achieved through laser melting
by controlling the chemical composition of the feedstock powders. Ex-
amples of developing new/adjusted alloy compositions using
laser-based additive manufacturing techniques include high entropy
alloys (HEA) [48,49] and minor adjustments to the target element
composition in existing alloys [37,50]. In a similar manner, this tech-
nique can be utilized to synthesize the target material, Inconel 718 [51,
52].

In this study, for the development of outstanding solar absorber tube
material, the authors investigated the feasibility of enhancing the ma-
terial properties of Inconel 718 by adding a minor element, boron, in a
laser-based additive manufacturing technique - laser powder bed fusion
(LPBF). The LPBF technique has already demonstrated outstanding
performances in manufacturing Inconel 718 with stabilized micro-
structure and mechanical properties compared to its counterpart,
traditionally manufactured Inconel 718. On the other hand, there is a
lack of data on other nickel superalloys manufactured via the LPBF
technique. While some other nickel super alloys exhibit better high
temperature and corrosion characteristics compared to Inconel 718, this
study used Inconel 718 to receive the full benefit from a well-established
powder provider and processing parameters. Adding minor elements
into the superalloy system is an effective way to improve the material
properties of superalloys. Boron is a well-known grain boundary-
strengthening element [53] with many benefits. A small amount of
boron doping can enhance the creep life and crack propagation resis-
tance of some superalloys [54]. Adding boron enhances interface

Displacement field, Z component (mm)

(B) .o

* von < Ao
o

©

Temperature  (°C) Equivalent Stress (MPa)

lxrm _ =
750

700 -

F— lJ(m
300
200
650
100
600

Fig. 1. (A) Tubular Receiver in a solar tower CSP system in Dubai [17]; (B) Deformation of a smooth solar receiver tube with uneven solar flux [18]; (C) Deflection

and stress distribution in a solar receiver [19].
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cohesion by forming strong covalent bonds [55,56] and filling void-type
defects near the grain boundary [56]. The effect of boron is also known
to include increasing hardenability (by achieving non-equilibrium boron
segregation at grain boundaries), austenite recrystallization, and
strain-induced precipitation [57].

While adding boron has advantageous effects on material properties,
controlling the composition of boron is challenging, as an excessive
amount of boron was reported to result in the degradation of mechanical
properties. Zhou et al. [56] showed that the stress-rupture life of a
nickel-based superalloy increased as boron content increased to 0.024
%, but the stress-rupture life decreased as boron content increased
further. Yan et al [58] showed that the ultimate tensile strength of
nickel-based superalloy at high temperatures (870 °C) increased as
boron content increased up to 70 ppm. Further increasing the boron
content to 210 ppm decreased the ultimate tensile strength. Xiao et al.
[59] reported that low-cycle fatigue (LCF) of IN718 increased while
boron concentration changed from 12 ppm to 60 ppm, but the LCF
decreased when boron concentration increased from 60 ppm to 100
ppm. Similarly, using fractographic analysis, Xiao et al. [60] investi-
gated the number of cracks in Inconel 718. It was observed that the
number of cracks decreased as the boron concentration changed from
12 ppm to 60 ppm, but the number of cracks increased as the boron
concentration increased from 60 ppm to 100 ppm.

This study focused on investigating enhanced material properties of
Inconel 718 with its boron content beyond the conventional limit of
~100 ppm. The new limit of boron content through the LPBF technique
was explored by increasing the boron content up to 10,000 ppm.
Detailed mechanical properties and microstructure of boron-added
Inconel 718 were analyzed in different manufacturing stages: (1) as
printed, (2) after heat treatment, and (3) after thermal cycling, which
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mimics the realistic operational condition of the solar receiver. More-
over, the optical performance of the new material was analyzed by
measuring the reflectivity and emissivity at the surface, which is directly
linked to solar energy harvesting efficiency. This study aims to remove
the reliance on coatings with limited lifetimes by directly increasing the
absorptivity and decreasing the emissivity of the utilized alloy in the
visible light range while minimizing the emissivity of the alloy in the
infrared range. While it may prove too difficult to manage both aspects
regarding the increased lifetime of solar receiver tubes, it could provide
a reasonable return on investment after considering operational ex-
penses, provided parts need less maintenance.

2. Design of experiments
2.1. Material and manufacturing process design

Fig. 2 shows the material designs and the associated manufacturing
process. A new material composition of Inconel 718 and Boron was
designed to achieve better performance (i.e., high solar absorptivity)
and reduce the need for recurring maintenance for the solar receiver
tube application. The manufacturing process includes powder mixture
preparation, laser powder bed fusion technique, and post-heat
treatment.

2.1.1. Powder mixture preparation

Inconel 718 (EOS NickelAlloy IN718) and boron (Chemsavers)
powders were used in this study. All powers were sieved into the size
range of 50-150 pm before mixing. The powder mixture ratio was
carefully controlled by measuring weights of Inconel 718 and boron
powders to achieve following compositions: (1) Pure Inconel 718, (2)
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Fig. 2. Material design and manufacturing process design.
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boron 500 ppm (0.05 wt%), (3) boron 1000 ppm (0.1 wt%), (4) boron
5000 ppm (0.5 wt%), and (5) boron 10,000 ppm (1.0 wt%). Powder
mixtures were blended using a V-type powder mixer (Capsulcn V-5 V-
type mixer) for 24 h. In this study, samples were named S1, S2, S3, S4,
and S5 based on their composition, as shown in Table 1.

2.1.2. Laser powder bed fusion process

The 5 sample compositions in Table 1 were produced using an EOS
M290 Laser Powder Bed Fusion system. The equipment features a 400-W
Yb-fiber laser operating at a continuous wave of 1070 nm. The samples
were constructed on pre-heated wrought Inconel 718 substrates at 80° C.
To distribute the powder mixture of Inconel 718 and boron, the system
uses a steel recoater blade. Details regarding the laser scanning pa-
rameters can be found in Table 2. The printing process took place in a
chamber filled with Argon, and the oxygen levels were maintained at
0.1 % to prevent oxidation during fabrication.

2.1.3. Post-heat treatment and thermal cycling

Post-heat treatment and thermal cycling conditions used in this study
are shown in Fig. 3. The post-heat treatment condition was selected to
improve microstructure in terms of homogeneity and strength
enhancement [61]. As for post-heat treatment and thermal cycling, a
Paragon Sentry Xpress 4.0 furnace was used. The heating rate was
maintained at 5 °C/min while the furnace cooling (FC) was applied to
the cooling procedure. All post-heat treatment and thermal cycling
procedures were conducted under ambient conditions.

2.2. Microstructural analysis

All samples were sectioned using a PACE Technologies MEGA-T250S
wet saw and polished for further analysis. The rough surface polishing
procedure started with silica abrasive papers with 320 grit and gradually
decreased to 400, 600, and 800 grits. Sample surfaces were subsequently
fine polished starting from 15 pm diamond paste, followed by 0.05 pm
colloidal silica.

Grain structure was investigated using a scanning electron micro-
scope (SEM) JSM-7100F (JEOL). Detailed elemental compositions of
spots and regions on the sample surface were analyzed by energy
dispersive X-ray analysis (EDAX) with an accuracy within +2 %. X-ray
diffraction (XRD) analysis was conducted to study the phase composi-
tion of manufactured samples using Bruker D8 Advance equipped with a
CuKa X-ray source. The 20 scanning range from 30° to 90° at a rate of 5°/
min was used for XRD analysis.

2.3. Mechanical property analysis

Microhardness and tensile properties of samples were measured at
room temperature in the atmospheric environment. Microhardness
measurement was conducted using the microhardness tester (Shimadzu
HMV-G). The diamond indent was applied to the sample surface with a
500 g load for 15 s. Tensile testing was conducted on samples prepared
in dog-bone shape following ASTM E8 standard (rectangular tension test
specimens). The strain rate of 0.001/s was applied while strain was
measured by an extensometer until failure.

Table 1

Compositions of samples in this study.
Sample Name Composition
S1 Pure Inconel 718
S2 Boron-enhanced Inconel 718 (boron: 500 ppm, 0.05 wt%)
S3 Boron-enhanced Inconel 718 (boron: 1000 ppm, 0.1 wt%)
S4 Boron-enhanced Inconel 718 (boron: 5000 ppm, 0.5 wt%)
S5 Boron-enhanced Inconel 718 (boron: 10,000 ppm, 1.0 wt%)
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Table 2

Laser operating parameters of the LPBF process.
Parameter Value
Laser power 285 W
Scanning speed 960 mm/s
Hatch distance 0.11 mm
Layer thickness 0.05 mm

Inconel 718
10 mm Stripes

Substrate
Hatch strategy

2.4. Optical property analysis

While reflectance is largely recorded using directional beams, in this
case at a near normal incident angle, the rough surfaces inherent in the
LPBF process tend to produce diffuse reflections. Reflected rays are
scattered in many directions, causing the directional reflectivity to yield
much lower than what is realistic. To remedy this issue, an integration
sphere was used to measure the directional hemispherical reflectivity
near the normal direction. As the wavelength range spans upwards to
the Near Infrared (NIR) and Infrared (IR), measurements for reflectance
in the visible light range can readily be measured using a spectropho-
tometer, but longer wavelengths in NIR require separate measurements
using a Fourier Transform Infrared (FTIR) spectrometer. For the IR and
NIR light range, the Thermofisher iS50 FTIR spectrometer was utilized
to perform reflectance measurements spanning the 1500-5000 nm
range. A KBr beam splitter was utilized with a DTGS detector in all
measurements. The FTIR and the gold-coated integrating sphere were
calibrated using a gold sample, and NIR measurements were taken in
strict 2-hour time frames between calibrations to account for changes in
humidity and/or temperature in the room. The samples completely
covered the aperture opening to ensure that the reflectance is measured
accurately. The Jasco V780 UV-VIS spectrophotometer with a polymer-
coated integration sphere was used for measurements in the visible and
limited NIR, ranging from 350 to 1600 nm.

2.5. High temperature optical properties

The FTIR was utilized with an emissometry setup proposed in
Ref. [62] implementing the use of Instec HS1200G, a PID-controlled
heating stage. Samples are heated up to 700 °C and the emitted beam
are redirected through gold-plated mirrors to the FTIR to provide
emissivity measurements. In this study, a black body was used to help
determine the emissivity with Eq. (1):

I5(2,0,T5) — Ing( 4,0, Ts)
IBB( /17 Ts) - IBG( /1707 Ts)

e( 4,0, Ts)=¢r(A) (€D

where I, Iy, and Ipp represents the measured intensity from the sample,
background, and blackbody. T is the temperature of the sample, 1 is
wavelength and 6 is angle of emission which is set as normal angle. ¢ is
the reference emissivity which is unity regarding to blackbody. Samples
were fixed to a heat source using thermal tape, and external surface
temperatures were confirmed 700 °C with an attached K-type thermo-
couple mounted to the exposed surface. Blackbody is maintained at the
same temperature with sample to ensure accurate spectral emissometry.
The high-temperature emissometry setup is exposed to the environ-
ment. This limitation of the current apparatus prevents the use of an
integration sphere to study the total hemispherical emissivity.

2.6. Surface property analysis

The Keyence VK-X3000 surface profilometer was used to measure
and calculate both the surface area roughness and line roughness pa-
rameters. It was also utilized to generate topographical maps of the
surfaces parallel to the build direction. Considering that all samples
were at some point cut from the substrate, it is important to set the
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Fig. 3. (a) Heat treatment (HT), and (b) thermal cycling (TC) conditions.

reference plane to the average of the surface in case a cut renders a
sample no longer level on the profilometer as this would cause issues in
the calculation of the surface roughness. The VK-X3000 was utilized to
re-level all data, as surface roughness measurements are subject to peak-
to-peak measurements, and this change is insignificant in the final data.
This re-leveling is applied uniformly to all images and normalized to the
largest peak-to-peak range. All surface roughness areas were selected as
a 1900 pm square area that encompassed the center region of the
scanned surface. Using the VK-X3000 software, the measurements were
done in a single batch to ensure that they were consistent. No filters were
applied to the measurements, while it was considered to use the high-
pass L-filter, it was determined that this might remove large-scale

features, such as the waviness inherent to the layer-by-layer build
process.

3. Results
3.1. Microstructure and mechanical properties

3.1.1. Limitations of boron content of Inconel 718

The maximum allowance of boron content in Inconel 718 was
studied by gradually increasing the boron content in samples using the
LPBF technique. Cube and disk samples were prepared on Inconel 718
substrate, as shown in Fig. 4. Samples with different compositions (S1-

(a)

S1: PureIN 718

(b) $2: B 500 ppm (0.05 % wt.)

(c)| s3:B1,000 ppm (0.1 % wt.)

(d)

(f)

S4 cross section
— 80
®
= . 4—0—*"0—'—"**70—04&4404-
2 60 1
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Fig. 4. Samples in as-printed state (a) S1: pure Inconel 718, (b-e) S2-S5: Inconel 718 with enhanced boron composition ranging from 500 ppm to 10,000 ppm, (f)

Cross section SEM image and EDAX data of S4 sample surface.
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S5) were deposited using the same operating parameters as shown in
Table 1. It should be noticed that samples with boron contents less than
5000 ppm (S1 - S4) achieved stable layer deposition, leading to the final
structure (10 mm cube) without cracks, as shown in Fig. 4(a-d). On the
other hand, the sample with a boron composition of 10,000 ppm (S5)
experienced layer delamination during the LPBF process, which led to
severe crack formation, as shown in Fig. 4 (e). The results indicate that
the maximum boron allowance for Inconel 718 is between 5000 ppm
and 10,000 ppm in the LPBF process. A cross-sectional analysis inves-
tigated micro defects on other samples with boron contents less than
5000 ppm (S1 - S4), as shown in Fig. 4 (f). Defect-free microstructures
were observed in all samples, which indicated successful fusion of
Inconel 718 and boron powder particles. Fig. 4 (g) shows EDAX data
along the vertical direction in Fig. 4 (f). SEM and EDAX results indicate
that the same matrix phase with stable chemical composition was
formed at the printed layers compared to the substrate material.

The effect of boron content in Inconel 718 was investigated by
detailed microstructure analysis through SEM and XRD, as shown in
Fig. 5. Detailed EDAX analysis results for major phases are shown in
Appendix A. According to SEM images, Fig. 5(a—d), the major effect of
increasing boron content on the microstructure was a gradual change in
the shape and density of the interdendrite y phase. The term “inter-
dendrite y phase”, which indicates a compound composed of eutectic y
and Laves phase, has been used for the additively manufactured Inconel
718 microstructure [61,63]. According to the EDAX result (Fig. A.1 and
Table A.1), the main difference between the matrix y phase and the
interdendrite y phase is the amount of detected Nb element. The Nb
content in this study in the as-printed stage was 6.51 (wt. %), which is in
good agreement with that of interdendrite 4.3 (wt. %), considering the

+2 % tolerance in the EDAX analysis. The amount of interdendrite y

phase increased to 13.4 % and 29.7 % as boron content increased to
1000 ppm and 5000 ppm, respectively. The shape of the interdendrite y
phase changed from a small granular shape (0.2-0.3 pm) to an elliptical
shape (0.6-1.7 pm), and a connected web shape.

In this study, the Laves phase was not detected in the as-printed
stage, regardless of boron content, through either SEM or XRD anal-
ysis, despite the Laves phase being commonly present in additively
manufactured Inconel 718 [64,65]. While the Laves phase was not
clearly visible in SEM images and was not detected in XRD results, it was
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claimed that the Laves phase always appears at the interdendrite area
[61]. Liu et al. [66] reported that a similar microstructure (core dendrite
and interdendrite) was achieved using the laser solid forming (LSF)
technique, while no Laves phase peaks were observed in the XRD result.
The missing XRD Laves peak was explained by the following reasons: (1)
the volume fraction of Laves was too low, and (2) the diffraction peaks of
Laves were too low compared to the strong-oriented y dendrite diffrac-
tion peaks. Due to the presence of a high amount of interdendrite y
phase, the S4 sample is expected to show the lowest plasticity [67]
among all samples.

Regardless of boron contents, all samples (S1-S4) showed chemically
stable layer deposition achieved during the LPBF process according to
EDAX analysis results (elements of Cr, Fe, Ni, and Mo). According to
XRD analysis, as shown in Fig. 5 (e), whereas Fig. 5(a-d) indicates the
locations where the XRD analysis was conducted on the samples, all
samples showed the same phase peaks regardless of their boron con-
tents. While studies claim that y” phase (D05p-ordered NigNb) shares the
same XRD peak as y and y’ which are located at 20 angles from 40° to 60°
[68-72], y" was determined not to be present in the as-printed stage
because the y” phase was clearly visible in the heat-treated stages in this
study. Since the primary objective of this study was to investigate the
feasibility of the boron-enhanced Inconel 718, an in-depth microstruc-
tural study (e.g., TEM) was not performed and is planned for future
work.

3.2. Effects of heat treatment and thermal cycling

3.2.1. Microstructure and mechanical properties

The effect of heat treatment (HT) was studied using SEM images, as
shown in Fig. 6. After the same HT, samples with different boron con-
tents revealed different microstructures. Based on the EDAX result
(Fig. A. 1 and Table A.1), a new phase with high Nb content appeared in
all samples. In this study, the Nb-rich phase is concluded to be Laves
because of the following reasons. First, the new phase showed high Nb
content and similar Cr content compared to the y matrix, which is
characteristic of the Laves phase [73]. In contrast, another common
Nb-rich phase, NbC, is composed of much lower Cr content (less than 2
wt %), thus ruled out. Second, the large amount and the large size of the
new Nb-rich phase in sample S4 indicate that it originated from the base
material with large Nb-rich sites. As shown in Fig. 5 (d), the S4 sample
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Fig. 5. (a—d) SEM images of samples (S1-S4) in as-printed state (e) XRD results of S1-S4 samples.
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Fig. 6. (a—d) SEM images of samples (S1-S4) after heat treatment (HT) state.

showed a large area of interdendrite y phase with high Nb content.
Lastly, the heat treatment condition was designed to segment the
Nb-rich phase (interdendrite y phase) by inducing a needle-shaped &
phase within it. As designed, the large web-shaped interdendrite y phase
was successfully cut into smaller Laves phase as reported by Liu et al
[61]. As discussed in the previous section, a more in-depth microstruc-
tural study, including Transmission Electron Microscopy (TEM) anal-
ysis, is planned for further work to provide precise phase composition.

While the Laves phase was observed in all samples, only samples
with relatively lower boron contents (S1 and S2) showed clear precipi-
tation of lenticular and disc-shaped (oblate spheroid) y” phase [74]. Both

the Laves phase and the y” phase are composed of high Nb [61,75] and
evolved from the area of the eutectic y phase where Nb content is suf-
ficient [61]. As boron content increased above 1000 ppm, samples S3
and S4 showed suppressed formation of y” precipitate and an increase in
Laves phase. As designed, the heat treatment process (HT) successfully
produced granular-shaped Laves phases by cutting down the
web-shaped or long-striped eutectic y phase present in the as-printed
stage.

The result indicates that the final microstructure (size and compo-
sition ratio among 7, y’, and Laves) can be altered by controlling the
boron content in Inconel 718. For high-temperature applications, such
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as solar receiver tubes in this study, understanding the characteristics of
the constituent phases is important for designing a desirable micro-
structure. It is well reported that the y” phase is the resultant precipitate
from double-aging heat treatment [76] and can enhance both the
microhardness and tensile strength [67]. However, prolonged exposure
to higher temperatures (above 650 °C) can transform the metastable y”
phase into a potentially deleterious &-phase [64]. The &-phase is re-
ported as a potential crack source due to its sharp edges that can act as a
crack initiator at high stresses [77]. The Laves phase is generally known
to be detrimental to the material properties (tensile ductility, fatigue,
and creep rupture) of Inconel 718 [78]. However, Sui et al. [79] showed
that only Laves phases in long-striped shapes negatively affect the me-
chanical properties. In contrast, small granular-shaped Laves phases can
benefit the plastic deformation of Inconel 718. Again, Fig. 6 showed that
the HT process produced Laves phases in smaller granular shapes.

The comparison of the mechanical properties of samples before and
after the HT process revealed the characteristics of the newly formed
microstructure (" phase and Laves phase). Tensile stress-strain data of
samples before and after the HT process are shown in Fig. 7. For as-
printed samples, the amount and the shape of the y eutectic phase
mainly affected the tensile characteristics of the samples. Tensile
strength was enhanced gradually as the amount of y eutectic increased in
the microstructure of samples (S1-S3). The ultimate strength values
were observed as 1082.6 MPa, 1125.7 MPa, and 1149.1 MPa for samples
S1, S2, and S3, respectively. On the contrary, the increased amount of
the y eutectic phase suppressed the ductility of the samples. The
maximum elongation values were 34.2 %, 22.8 %, and 22.7 % for
samples of S1, S2, and S3. It should be noted that the shape of y eutectic
phase changed from granular to elliptical, from S2 to S3, which
increased the tensile strength while ductility was not affected. When the
shape and the amount of y eutectic changed into a dense web-shaped
sample (S4), the sample achieved the highest tensile strength but
failed before plastic deformation. The maximum strength and the
maximum elongation for the sample S4 are 1078 MPa and 1.6 %,
respectively.

Samples after the heat treatment process (HT) showed enhanced
tensile strength of samples with decreased ductility. Due to the precip-
itation of y" phase and the formation of the granular Laves phase, all
samples except S4 showed increased ultimate tensile strength of
300-400 MPa. It should be noted that the S4 sample, after the HT pro-
cess, achieved both higher strength and improved ductility. The result
indicates that web-shaped y eutectic (Fig. 5 (d)) is detrimental to tensile
properties, while the presence of granular-shaped Laves phase (Fig. 6
(d)) enhances tensile strength. Also, the ductility of S4 was not severely
impaired compared to that of S3 when the amount of granular-shaped
Laves phase was increased from S3 to S4. The sample S3 achieved the
highest ultimate tensile strength of 1460 MPa with an elongation of 12.5
%. Park et al. [80] reported the ultimate tensile strength of 1286 MPa
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Fig. 7. Tensile stress-strain plot of samples before and after HT process.
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with an elongation of 7.3 % from LPBF Inconel with similar post-heat
treatment (solution + double aging).

Thermal cycling (30 cycles) of samples at 750 °C for 1 hour affected
the microstructure differently according to their boron contents. SEM
images and XRD results are shown in Fig. 8. It should be noticed that the
sample with the highest boron content (S4) showed relatively dense and
thicker web-shaped interdendritic eutectic y phase compared to other
samples (S1, S2, and S3). Also, the amount of carbide phase, which is
reported as beneficial to mechanical properties [81], increased as boron
content increased. The result indicates that ‘eutectic y + carbide’ phase
evolved from granular-shaped Laves phase in the previous ‘after HT’
stage microstructure (Fig. 6). Also, it was observed that the micro-
structure after HT + TC is largely affected by the initial boron compo-
sition of the material. The temperature of the TC process (750 °C) is
close to the double aging process of Inconel 718 (720 °C/8 h + 620 °C/8
h), which induces precipitation of y and y” phases [82]. However, the
samples in this study showed the removal of y" phases after the TC
process with the reformation of the interdendritic eutectic y phase. The
result highlights the importance of boron content in controlling the final
microstructure of Inconel 718 in the field application where thermal
cycling is involved. To the authors’ best knowledge, the effect of
repeated thermal cycling at 750 °C on microstructure has not been
reported.

Boron-enhanced Inconel 718 demonstrated higher microhardness, as
shown in Fig. 9. Compared to the pure Inconel 718, the microhardness of
boron-enhanced Inconel 718 was increased up to 36.6 %, 9.2 %, and
19.0 % for as-printed, after HT, and after HT + TC when boron content
was increased to 5000 ppm, respectively. For the as-printed samples, the
microhardness increased from 298 HV to 407 HV as the boron content
was increased to 5000 ppm. The result can be explained by the increased
amount of eutectic y phase (including Laves), which is reported to be
hard and brittle [61]. An increasing trend was also observed from the
after-HT and the after HT + TC stages. The microstructure hardening
effect after HT is because of the precipitation of y" phase and the for-
mation of the granular Laves phase. After HT + TC, the increased
amount of eutectic y phase affected the increase in microhardness. It
should be noted that an increasing trend was not observed in samples S3
and S4 after HT. The result indicates that the increased amount of
granular Laves phase, only, did not affect the microhardness of the
samples.

The increased microhardness of boron-enhanced Inconel 718 in-
dicates that higher mechanical properties were achieved, which is
necessary to withstand high thermal stress. However, due to the extreme
thermal cycling conditions of the solar receiver tube, changes in both the
microstructure and mechanical properties should be carefully consid-
ered. Considering a large difference in microhardness of S4 between the
two stages, after HT and after HT + TG, it can be concluded that the TC
process triggered the formation of a thicker eutectic y phase. As shown in
Fig. 7, a large amount of eutectic y phase is detrimental to mechanical
properties as the microstructure cannot withstand plastic deformation.
Also, the solar absorber tube application requires microstructures that
can withstand thermal cycling (TC) without severe changes. Thus, S4
should be excluded from consideration, while S3 should be appreciated
because of the minimal change in microhardness between the two
stages, after HT and after HT + TC.

3.2.2. Surface characteristics

Fig. 10 shows the as-printed surfaces and the surface roughness
values for Sa, Sz, Spc, and Sku. Where Sa value indicates the arithmetical
mean height roughness, Sz is the surface roughness as measured using
the sum of the peak height and peak depth, Spc is the arithmetic mean
peak curvature, and Sku is Kurtosis. In this analysis, a sizeable number of
satellite particles have sintered onto the sample’s surface. Samples such
as the 1000 ppm (S3) and 5000 ppm (S4) generally had lower surface
roughness than the lower concentration 500 ppm (S2) and Pure Inconel
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Fig. 9. Microhardness of samples at different heat treatment stages: as-printed,
after heat treatment (HT), and after heat treatment (HT) and thermal
cycling (TC).

718 samples (S1). However, no clear trend presented itself in the Spc and
Sku values. However, it should be noted that given the nature of LPBF
printing, the shifts in these values might not be significant at this time.
Furthermore, as these were printed in an inert environment and imaged
shortly after, it is unlikely that they have undergone significant oxida-
tion that would impact the as-printed surfaces. It can be suggested that,
given the surface morphology, any change in material properties may be
attributed to hardening from the addition of boron, which is likely
caused by boride precipitates or grain boundary segregation. This
behavior is believed to be exacerbated after HT + TC, as segregation to
the grain boundaries can be facilitated during the HT + TC process.

Fig. 11 shows the surface morphology of the previous samples after
HT -+ TC. Some oxidation likely happened on all the surfaces during the
heat treatment and thermal cycling, which is believed to have contrib-
uted to changing the surface morphology. Moreover, the Spc value is
significantly higher in both the 500 ppm (S2) and pure Inconel 718
samples (S1), indicating that these samples had sharper features. In
contrast, the higher-concentration samples had more rounded features;
the high surface roughness and sharpness of the features could lead to
some fatigue limitation, as well as the introduction of stress concen-
trations on the surface of the samples. This upward tick in the Spc value
might be caused by oxidation during the HT + TC process. With lower
Boron concentrations, it is possible that the alloy is more readily
oxidized on the surface, while the high Boron concentration samples
have a higher chance of oxidation on the grain boundaries as the boron
segregates to the grain boundaries and forms Boron oxides. Both the
grain boundary segregation and the formation of oxides could
contribute to the strength as well as the hardening of the material, while
significantly increasing the embrittlement of the material.

3.2.3. Solar reflectivity and absorptivity

Fig. 12 compares Inconel 718 (S1) with varying boron concentra-
tions of 500 ppm (S2), 1000 ppm (S3), and 5000 ppm (S4) under
different conditions: as-printed and heat-treated with thermal cycling
(HT + TC). In Fig. 12, the wavelengths denoted as A, 1 (1790 nm) and
A 2 (2400 nm) indicate the wavelength range of interest based on a
study from Burlafinger [83]; where it is suggesting the ideal selective
absorber, under the below concentration factors 120 and above 600 has
an optical cutoff of 2400 nm, while the optimal cutoff for a concentra-
tion factor between 120 and 600 suns is 1790 nm. The visible light range
maximum is marked at approximately 700 nm. The results indicate that
a relatively high concentration of boron increases reflectance, with the
highest concentration (5000 ppm) showing the most significant in-
crease. Additionally, heat-treated samples exhibit distinct optical dif-
ferences from their as-printed counterparts, particularly at longer
wavelengths, suggesting that both boron addition and thermal cycling
influence the material’s optical properties.

Boron is believed to play a key role in refining the grain structure of
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Fig. 11. Surface characteristics of samples after heat treatment (HT) and thermal cycling (TC).

Inconel 718 when introduced in low concentrations. This refinement
contributes to a more uniform surface finish, which in turn affects op-
tical behavior. A smoother surface typically reduces diffuse reflectance
while increasing specular reflectivity, a characteristic that can be
beneficial for applications requiring controlled light absorption.
Furthermore, boron’s interaction with other alloying elements may help
reduce oxidation. However, it is important to note that excessive boron
can lead to grain boundary segregation, potentially compromising me-
chanical properties such as toughness and strength, particularly in high-
temperature and high-stress environments. Therefore, while boron can

10

enhance optical properties and oxidation resistance, its concentration
must be carefully optimized to balance between performance and
structural integrity.

3.2.4. High temperature emissivity

For high-temperature emissivity measurements at 700 °C, a Thermo
Fisher iS50 FTIR spectrometer with a high-temperature stage was used.
At this temperature, an integrating sphere could not be employed, so
only direct-normal emissivity measurements were obtained; therefore,
these results cannot be directly compared to those from the previous
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Fig. 12. Reflectance of samples before and after heat treatment (HT) and thermal cycling (TC) for the (a) visible light range and (b) infrared range.

section. Fig. 13 shows the emissivity as a function of wavelength at
700 °C. The spectral range was limited to 2.5-5.0 pm, since Wien’s
displacement law indicates that the peak of the blackbody radiation
spectrum at ~973 K (700 °C) lies near 3 pm [84].

Kirchhoff’s law dictates that emissivity (¢) equals absorptivity () for
a reciprocal material in thermal equilibrium [85,86]. In our measure-
ments (2.5-5 pm, 700 °C), the emissivity spectra of all HT + TC samples
essentially overlap, showing no significant dependence on boron con-
tent. This behavior differs from the room-temperature absorptivity
trends reported in Sect. 3.2.3, where absorptivity varied systematically
with composition. The uniform high-temperature emissivity suggests
that surface oxidation has homogenized the radiative properties of all
samples. During heating and cycling, each sample develops a thin oxide
scale and increased surface roughness, and such oxidized metallic sur-
faces typically exhibit high, stable emissivity. As a result, all HT + TC
specimens show similarly elevated emissivity values, regardless of boron
content. Therefore, at 700 °C, the emissivity of the HT + TC samples is
essentially independent of boron composition. The oxide-induced sur-
face layer dominates the infrared response, overriding any composi-
tional differences.
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Fig. 13. Emissivity of heat-treated samples with thermal cycling at 700 °C
between 2.5pu and 5 pm.
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4. Discussions about adding boron into Inconel 718 and 3D
printing solar receiver tubes

4.1. Mechanical properties of boron-enhanced Inconel 718 (by
comparison)

The addition of boron to Inconel 718 introduces significant im-
provements in both mechanical and optical properties, making it a
promising material for high-temperature CSP applications. By influ-
encing the alloy’s microstructure, boron enhances the strength, hard-
ness, and thermal stability while also increasing its solar absorptivity.

One of the primary benefits of boron incorporation is its role in
strengthening Inconel 718 by promoting the formation of the eutectic y
phase. This phase contributes to increased tensile strength and hardness,
making the material more resistant to mechanical stress. However, the
excessive formation of the eutectic y phase induced by a large amount of
boron content, led to the suppression of plastic deformation. In this
study, the heat treatment method reported by Liu et al. [61] was adapted
to segment interconnecting eutectic y phase into a more favorable
granular-shaped Laves phase. This transformation enhances ductility
without compromising tensile strength, ensuring the alloy retains its
structural integrity under mechanical loads. The exceptional tensile
characteristics of boron-enhanced Inconel 718 were compared to re-
ported properties of Inconel 718 with different processing techniques
[80,87-90] in Fig. 14. It should be noted that the yield strength values
from this study (after HT) showed high performance of boron-enhanced
Inconel 718. Also, it is reasonable to expect more promising tensile
strength from further optimized heat treatment methods.

Thermal cycling (TC) also plays a critical role in the long-term sta-
bility of boron-enhanced Inconel 718. While alloys with lower boron
content exhibit minimal structural changes under repeated thermal
exposure, higher boron concentrations promote more extensive eutectic
y phase formation, leading to increased brittleness. This suggests that
while moderate boron levels improve strength and thermal stability,
excessive amounts may introduce microstructural instability. The opti-
mization of boron content, combined with appropriate heat treatment
strategies, is therefore essential to ensure long-term reliability in high-
temperature environments.

Another key advantage of boron addition is the substantial increase
in microhardness across different processing stages, from the as-printed
condition to post-heat treatment and thermal cycling. The improved
hardness contributes to greater wear resistance, which is particularly
beneficial in applications where materials are exposed to prolonged
mechanical and thermal stress. This enhancement makes boron-
enhanced Inconel 718 a more durable alternative to traditional high-
temperature alloys for applications in Gen3 particle-based solar
receivers.
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Fig. 14. Comparison of tensile strength and maximum elongation obtained in this work with Inconel 718 reported by references [80,87-90].

Beyond mechanical improvements, boron also enhances the optical
properties of Inconel 718. The reduction in reflectivity across key
wavelength ranges enhances the efficiency of solar energy absorption,
which is critical for improving the performance of CSP receiver tubes.
Additionally, boron’s interaction with grain boundaries influences
emissivity, helping to optimize thermal radiation management. Unlike
conventional coatings, which degrade over time at high temperatures,
boron-enhanced Inconel 718 offers a more durable and long-lasting
solution for improving optical performance.

4.2. 3D printing concentrated solar receiver tubes using the boron-doped
Inconel 718 powders

Solar receiver tubes with internal fin structures were 3D printed
using the 5000 ppm Boron-doped Inconel 718 powders on the EOS M290
Powder Bed Fusion machine, as shown in Fig. 15 (a). The fins were
optimized using a Surrogate-assisted model to balance the heat transfer
enhancement and the pressure loss increase [33]. A multiphysics model
was developed to evaluate the thermo-hydro-mechanical performance
of finned tubes when the uneven solar flux was shining on the tubes
[25]. The 3D printing parameters were selected as they achieved the
print without defects (e.g., cracks, delamination, uneven layer deposi-
tion) [91]. Fig. 15 (b) shows that the locking features were printed to
ensure that the internal fins can be aligned with each other piece when
welding the 100 mm long short sections. Eventually, a 1.5 m long
receiver tube was fabricated for testing, as shown in Fig. 15 (c). We
performed thermofluid experiments on a customized heat transfer test

loop to confirm the CFD-based results of fin optimization [34].

Overall, integrating boron into Inconel 718 offers a dual advanta-
ge—enhancing both mechanical strength and optical performance. By
carefully controlling boron content and optimizing post-processing
techniques, the alloy achieves superior tensile strength, hardness, and
ductility while improving solar absorptivity and thermal stability. These
advancements position boron-enhanced Inconel 718 as a strong candi-
date for high-temperature CSP applications.

5. Conclusion

This study includes a detailed characterization of a new promising
candidate for the next-generation high-temperature CSP applications,
Boron-enhanced Inconel 718. By tailoring the composition and micro-
structural characteristics, such as refining phase distribution and opti-
mizing grain structures, the absorptivity and mechanical performance of
Inconel 718 can be improved. This approach could lead to the devel-
opment of more resilient and high-performance receiver tubes capable
of withstanding extreme operating conditions, reducing maintenance
costs, and extending the lifespan of CSP components. After a thorough
analysis of the results, the following conclusions were made:

e Laser powder bed fusion achieved up to 5000 ppm of boron content,
while conventional manufacturing processes can only achieve 100
ppm.

e Adding boron to Inconel 718 induced the formation of a larger
amount of eutectic y phase in the microstructure. While increased

Connection pin
structure

Fig. 15. (a) Printed solar receiver tubes with internal fin structures; (b) connection pin structure for multi-tube alignment; (c) A welded 3D printed 1.5 m long tube

for heat transfer experiment [34].
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boron content enhanced the tensile strength and the hardness, an
excessive amount of eutectic y phase suppressed the plastic defor-
mation of the alloy.

A granular-shaped Laves phase was formed after the HT process.
Compared to the Laves phase with the long-striped shape or thick
web shape, the granular-shaped Laves phase enhanced the alloy’s
ductility, while enhanced tensile strength was not negatively
affected. The sample S3 (1000 ppm) showed an ultimate tensile
strength of 1460 MPa with an elongation of 12.5 %.

Thermal cycling (TC) promoted the formation of the eutectic y phase.
While samples with relatively low boron content (less than 1000
ppm) were not heavily affected by TC, the sample with the highest
boron content (5000 ppm) showed severe formation of the eutectic y
phase.

Boron-enhanced Inconel 718 exhibited microhardness increases up
to 36.6 %, 9.2 %, and 19.0 % for as-printed, after heat treatment
(HT), and after heat treatment (HT) + thermal cycling (TC),
respectively.

Boron-enhanced Inconel 718 showed improved optical properties by
showing reflectance decreased by approximately 10 %.

While this study does not increase the material absorptivity to a
comparable status as Pyromark 2500, the main objective of this
study is to replace the coating with another strategy to increase the
longevity of the part lifetime; an in-depth techno-economic analysis
would be required to determine the trade-off between the extended
lifetime of the receiver tubes and decrease in Operational Expendi-
tures is worth the lower absorptivity of the receiver tubes.
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Fig. A.1. EDAX spectrum results of major phases in boron-enhanced Inconel 718.
Table A.1
EDAX analysis results of major phases in boron-enhanced Inconel 718
Elements As-printed After HT After HT + TC
Y matrix Y Inter dendrite Y matrix Laves Y matrix Y Inter dendrite
(wt. %) (at. %) (wt. %) (at. %) (wt. %) (at. %) (wt. %) (at. %) (wt. %) (at. %) (wt. %) (at. %)
C 5.57 22.34 3.02 13.35 4.59 19.37 15.23 56.04 5.31 21.64 8.94 33.77
Ti 8.76 8.80 8.37 9.28 5.12 5.42 0.18 0.16 5.65 5.77 5.49 5.20
Cr 9.92 9.18 8.85 9.05 9.11 8.89 7.15 6.08 9.76 9.18 7.65 6.68
Fe 10.68 9.21 10.42 9.92 9.94 9.03 1.5 1.19 11.30 9.90 7.33 5.96
Ni 55.63 45.63 56.41 51.06 58.13 50.22 3.42 2.58 57.89 48.26 49.34 38.13
Nb 5.91 3.06 9.76 5.59 7.50 4.09 37.17 17.68 6.19 3.26 14.17 6.92
Mo 3.53 1.77 3.16 1.75 5.62 2.97 35.34 16.28 3.91 1.99 7.07 3.35
Data availability [4] M. Laporte-Azcué, P. Gonzalez-Gomez, M.d. 1.R. Rodriguez-Sanchez, D. Santana,
Material selection for solar central receiver tubes, Sol. Energy Mater. Sol. Cell. 231
) ) (2021) 111317.
Data will be made available on request. [5] G. Manzolini, G. Lucca, M. Binotti, G. Lozza, A two-step procedure for the selection
of innovative high temperature heat transfer fluids in solar tower power plants,
Renew. Energy 177 (2021) 807-822.
References [6] "The SunShot 2030 Goals: 3¢ per Kilowatt Hour for PV and 5¢ per Killowatt Hour
for Dispatchable CSP | Department of Energy, https://www.energy.gov/sites/pro
[1] M. Blanco, S. Miller, Introduction to concentrating solar thermal (CST) d/files/2020,/09/£79/SunShot%202030%20White%20Paper.pdf.
technologies, in: Advances in Concentrating Solar Thermal Research and [7] Y.-L. He, et al., Perspective of concentrating solar power, Energy 198 (2020)
Technology, Elsevier, 2017, pp. 3-25. 117373.
[2] J. Li, Scaling up concentrating solar thermal technology in China, Renew. Sustain. [8] T.R. Mancini, J.A. Gary, G.J. Kolb, C.K. Ho, Power Tower Technology Roadmap
Energy Rev. 13 (8) (2009) 2051-2060. and Cost Reduction Plan, Sandia National Laboratories (SNL), Albuquerque, NM,
[3] T. Eglinton, J. Hinkley, A. Beath, M. Dell’Amico, Potential applications of and Livermore, CA, 2011.
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