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ABSTRACT

Afrin, Naznin Nuria, Fabrication of Solar Absorber Tube with Internal Fin Structure with IN718

and effect of Boron with IN718 for Solar Absorber Tube using Selective Laser Melting

3D printing Technology. Master of Science in Engineering (MSE), December, 2022, 74 pp., 11

tables, 38 figures, references, 93 titles.

This research aimed to fabricate Solar Absorber Tubes for Solar-Thermal Power
Plant with internal fin structures using Selective Laser Melting (SLM) technology. In this
study, we investigated the effect of B with IN718 in 3D printing using SLM for solar absorber
tubes. The objective was to study the material-process-properties relationship with goal to
identify and validate the optimal parameters for the SLM process. Material selected for this
study was IN718 with 0.5% and 1% B particle mixed using a V-shape mixing machine. The
flowability test was conducted using the Angle of Repose (AOR) method. 3D printed samples
were fabricated with mixed powder under different energy densities using different
parameter settings. The microstructure of these 3D printed samples was observed using an
Optical Microscope. The goal of this study included mixing different percentages of B with
In718, fabrication of 3D printed sample and optimizing its process parameters to observe
the surface morphology, optical properties, and microstructure to investigate the effect of B

with IN718 for the solar absorber tube.
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CHAPTERI

INTRODUCION

Background and Overview

In the Concentrating Solar Power (CSP) system, solar energy is absorbed in the receivers
which are concentrated panels of absorber of cylindrical shape, usually placed on the top of the
solar tower [18, 21]. The main components are i) thermal power storage ii) the solar concentrating
system and iii) the absorber tube [22]. Figure 1 shows a Concentrated Solar Power plant where
thermal energy from sunlight is captured by thousands of mirrors which is called heliostat. In the
center of this heliostat, a tower is implemented, and the solar absorber tube resides on top of this
solar tower. When the molten salt get heated by the sunlight, it flows towards the thermal power
storage tank and eventually starts pumping to the steam generator. The steam from the steam

generator starts driving the turbine and generates electricity [90].

Solar Absorber tube

Solar Tower

Heliostat

Figure 1: Concentrated Solar Power Plant [90]
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Figure 2: Types of commercial Concentrated Solar Power Plant [88]

Figure 2 shows the most popular four types of commercial CSP system. Linear Fresnel
Reflector (LFR), and Parabolic trough as shown in figure 2(a) and (b), are for concentrating the
light on the linear receiver. These first two commercial receivers are usually made of steel tubes
and the temperature range is around 400 °C, and thermal oil use as the working fluid [88]. Central
receiver and parabolic dish as shown in figure 2 (c), and (d), are for concentrating the solar light
to the point receiver. The central receiver has a temperature range between 600 °C- 1200°C, while

the parabolic dish has a temperature range of 800°C [88].

Current state of art for the CSP and the Manufacturing processes

The heat transfer efficiency and performance of the solar collector depends on which
material is used in the solar absorber and how efficient the design is [89]. Materials for solar
absorber tubes are being selected based on their capacity to withstand a wide range of distribution
of temperature, efficient properties to transfer heat to obtain the heat flux at its maximum value.
The geometry and design of the absorber tube has a vital role in solar heat transfer efficiency [88].
Oxide ceramics are considered as good materials for high temperature such as 800 °C, but they

have poor optical properties [89]. Optical properties of the CSP system refer to the amount of solar



light absorbed to its receiver tower, or how much it’s reflecting and transmitting [93]. Material
selection for CSP has been an increasing and broad

area of research as the material with higher sunlight absorptivity will enhance the optical
performance for the solar absorber tube [93]. Better optical performance provides higher solar
absorptivity, and less emissivity hence improves the overall performance of CSP system [92]. To
improve this optical performance for solar absorber tubes, coating the tube with higher solar
absorptive material has considered in some CSP systems, but practical implementation of this idea
IS very expensive and not a permanent solution as the coating fades away with hours of operations
[93]. Instead of coating the low thermally stable material, researchers are more interested in finding
out a suitable material which can provide higher optical performance. There are some other
existing materials that are in use for the absorber tubes that are also having issues with either
thermal properties or porosity or low mechanical properties [92]. Because of these issues, ongoing
research on optimal materials for solar absorber tubes is being more focused on overcoming these
problems related to material performance.

Figure 3 shows a Molten-salt central receiver system with cylindrical tubular receiver. The
irradiation of a solar receiver can be direct or indirect and it depends on what kind of solar
absorbing material is in use for the energy transfer process through the molten salt [92]. The stream
of working fluids used in the direct irradiation receiver can absorb the concentrated heat flux
efficiently by the stream flow [92]. While in the indirect receiver such as tubular absorber works
in heat exchange mechanism where inside the absorber tube, the cooling thermal molten salt flows
and collects heat to the steam generator as shown in figure 3. This heat exchange rate depends on
the absorbing material selection and appropriate working condition [92]. Absorbing materials at
the high temperature operating conditions, loss the heat flux by emission at the solar receiver,
depending on their thermal stability and it leads to low production of electricity [92].
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Figure 3: Molten-salt central receiver system with cylindrical tubular receiver [92]

The materials used in the existing absorber tubes are accountable for the damage due to
corrosion or creep fatigue, enhanced by high temperature [92]. This chapter introduces an
overview of the required microstructural properties of the materials for solar absorber tubes,
defines the problem statement, describes research questions and objectives. It is important to
research the material properties of the solar absorber tube for better performance. Good
microstructure and optical properties for application in high temperatures and high operating
pressure are very important. Also, the material has to be a good corrosion-resistant material. A
high thermally conductive material such as Aluminum, Copper shows poor mechanical properties
in high temperature and pressure of a solar plant operating condition. Low alloyed stainless steels
have better thermal energy conductivity than highly alloyed stainless steel, but these steels are low
corrosion-resistant [18].

The temperature distribution depends on the material properties of the tube [37]. This study
aims to fabricate Solar Absorber Tubes with internal fin structures to provide uniform temperature
distribution. In this Thesis, we aimed to study the effect of Boron with IN718 to improve the

thermal and optical efficiency of the Solar Absorber Tube.
4



Problem Statement

Here are technical difficulties for high temperature solar absorber tube design and
conventional manufacturing approach as mentioned in the current state of art of the CSP system. It
is important to adopt an approach that will include necessary qualification criteria to promote more
uniform temperature distribution. This Thesis research is funded by the US Department of Energy
and the demand of this research project is to try adding internal fin structure to prevent heat damage
due to non-uniform circumferential temperature distribution in the absorber tube. It improves the
heat transfer performance drastically and prevents pressure loss. But in the current manufacturing
process it is hard to have a permanent internal fin structure.

One of the main problems or challenges of a solar absorber tube in a solar power system is
the induced stress due to high temperature gradient and pressure. Component fails due to high
temperature during operations because the materials used in the solar absorber tubes are unable to
withstand this very high temperature [4]. Eventually this thermal stress leads to structural
deformation, fatigue, and creep. IN718 is resistant to high temperatures and stress such as tensile
and creep properties. The temperature range for this alloy can reach around 750 °C [5]. Moreover,
IN718 has high corrosion resistance. But constantly being exposed at the high temperature in the
solar absorber tube causes thermal decomposition thus causes deterioration of microhardness and

corrosion resistance [82].



Opportunities and Hypothesis

The challenges with current design and manufacturing method of solar absorber tubes for
CSP system as mentioned above can be addressed with the Additive Manufacturing approach.
With the development and capability of Additive Manufacturing to fabricate complex structures,
there is a chance to fabricate the tube with internal fin structure all together. Opportunities enabled
by metal Additive Manufacturing technology can be the solution to the existing problem of the
CSP system. The laser process parameters of the SLM technology have a very vital role in
microstructure of fabricated parts. Optimization of the process parameters for the solar absorber
tube can improve the microstructural properties of the tube.

The materials used in the existing absorber tubes are accountable for the damage due to
corrosion or creep fatigue, enhanced by high temperature. IN718 has great corrosion resistance
and thermal stability, but as reported by the other researchers, this superalloy loses its thermal and
microhardness properties over time due to operating at high temperature [79,80]. Adding a small
amount of Boron with IN718 can enhance thermal and optical properties of the solar absorber tube
as it has excellent thermo-mechanical properties [81,82]. We are also assuming that because of the

darker shade of this material, it increases the solar absorptivity and decreases the solar emissivity.



Research Questions
To achieve this aim of the research, it is very important to know why this research is
important and what is the significance of this research. The following questions are important for
the continuity of the flow of this research, including:
1) What is the impact of adding B with IN718 to enhance the optical and microstructural
performance of the solar absorber tube?
2) What will be the optimal laser parameter sets for the AM fabrication process to enhance

the microstructural properties of the solar absorber tube?



CHAPTER II

LITERATURE REVIEW

Overview of Concentrating Solar Power system

Undoubtedly, the demand for clean energy is increasing drastically everyday as it improves
health with less carbon emission. Thermal energy storage (THS) has the ability to meet this demand
by heat storing and it is becoming a source for solar energy utilization, hence allowing Concentrated
Solar Power to be highly reachable [19]. So, the demand for this method is the highest as it has the
capacity to generate electricity in bulk, and power plant companies, researchers, and policymaking
authorities are more interested in this technology [20]. The main components are i) thermal power
storage ii) the solar concentrating system and iii) the absorber tube [22]. And this configuration cannot
be achieved in the conventional method. Manufacturing sustainability can be achieved by minimizing
material waste, and it can be obtained in additive manufacturing approach [23, 24]. The conventional
method for solar-thermal power systems has some major issues which can’t be overlooked, such as
heat damage in the absorber tube which leads to an increase in the total manufacturing and
maintenance cost [25]. To prevent the heat loss of a solar power system, additive manufacturing of
the tubes with internal fin structure is one of the considerable approaches [27]. It improves the heat
transfer performance drastically and prevents pressure loss [28]. The ultimate goal is to double the
lifespan of the absorber tube and decrease the manufacturing, operation and maintenance cost by 50%
compared to the conventional method [29]. Here are technical difficulties for high temperature solar
absorber tube, neither installing, nor manufacturing the fin structure through conventional

manufacturing approach can resolve the issue of non-uniform circumferential temperature



distribution [26]. So, it is important to adopt an approach that will include necessary qualification
criteria to promote more uniform temperature distribution, such as Additive Manufacturing which
can be applied to 3D print the entire solar absorber tube with internal structure.
Material selection for Solar Absorber Tube

The temperature distribution depends on the material properties of the tube [37]. The harsh
operating conditions and high capital investment of the solar absorber tubes require an analysis of the
life of an outdoor tubular molten salt receiver with five alternative tube alloys: Haynes 230, Alloy
316H, Inconel 625, 740H and 800H [37,38]. These selections are motivated from the outstanding
corrosion and mechanical properties of the alloys [40,41,42]. Thermal analysis of these above-
mentioned alloys was conducted by Laporte-Azcué, Marta, et al, by calculating the heat flux on the
absorber tubes [37]. To achieve a precise solution, divisions of circumference of the tubes should be
considered [43]. After carrying out the temperature distribution on tubes, strain and stress on the tubes
were calculated with an analytical method by Laporte-Azcué et al [44]. Equivalent Operating Days
(EOD) is a method to calculate the lifetime of solar absorber tubes which considers the creep and
fatigue behavior and damage caused by them in a solar absorber tube, and Linear Damage Simulation
(LDS) is widely use in this EOD procedure [45]. The literature study shows the LDS method

conducted by Laporte-Azcué, Marta, et al as shown in figure 4 [37].
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Alloy 316H also known as SS316 a stainless-steel alloy has high temperature grade
application, but less stress-corrosion efficiency [47].

IN625 has better corrosion resistance but working under 600 °C, also recommended annealing
of the Absorber tubes [48]. Also, this alloy IN625 observes to have grain boundary precipitations
even after low 12range [53].

Inconel 718 (IN718), a Nickel-based superalloy improves thermal and structural
performances for Solar Power Plant due to its higher coefficient of thermal expansion [54].
Concentrated Solar Power (CSP) systems provide an elevated working temperature which is above
700 °C [55,56]. The main challenge of a Solar Absorber tube in a Solar Power System is the induced
stress due to high temperature and pressure. According to research of Conroy et al. [57], the properties
of the materials, specifically mechanical and thermal, used in Solar absorber Tubes for the Solar
tower systems. IN718 offers outstanding thermal and mechanical properties which can withstand the
elevated working temperature 700 °C for the Concentrated Solar Power system [54, 58]. Pure Nickel
has higher conductivity, but very low mechanical properties compared to the Nickel superalloy 718.

The relation between the alloys and conductivity of temperature are shown below. The summary from

Table 1 shows that Inconel 718 has the better thermal conductivity.
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Table 1

Thermal conductivity of superalloys.[54]

Superalloys Thermal conductivity (W/(m:K))
Inconel 718 [59] 00156 T+6.29
Nickel [60] 0.0212T+5058
316 stainless steels [61] 00137T+9.28
Inconel 718

IN718 a Nickel-based superalloy is relatively new alloy, which is becoming more popular in
Solar Power plants, aerospace and turbine application due to its highly corrosive resistance and
thermal efficiency [4, 5]. The demand in the industry of IN718 is rapidly increasing as it has the
ability to withstand harsh environmental conditions as it has highly efficient thermal, mechanical,

and chemical properties [62].

Figure 5: SEM Image of Inconel 718 [62]
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Figure 6: Morphology of powder (a), (b), (c), FESEM image of the particle (d), and EDX analysis
(e) [62].
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Composition of Inconel 718 is shown in Table 2[25].

Table 2

Composition of IN718

Elements
Ni
Cr
Fe
Nb

Mo

Al

Co

Si

Ref.

GA
BAL
184
17.7
51
472
0.9
0.3

0.08

[°]

GA
53.05
18.23
17.58
5.1
3.06
0.94
0.44
0.04
0.27

012

[9]

13

PREP
5482
18.08
17
5.17
31
0.89
0.53
0.03
0.17

0.08

[9]

51.75

19.68

16-18

491

0.97

0.63

0.034

ASM Standard



Mechanical Properties
In718 provides outstanding tensile and creep-rupture properties within a range of a
temperature of up to 740 °C. Beyond this temperature, IN718 alloy, as in the AORA system, may
not provide the expected performance as the properties will lead to change due to very high
temperature range [65]. Table 3 shows the material properties of IN718 at different temperatures
[10].
Table 3

IN718-Mechanical Properties [1]

Test 0.2% Tensile
Temperature Yield Strength Strength %
Elongation 2"

°F °C ksi MPa ksi MPa

200 93 170 1172 204 1407 21.0
400 204 163 1124 198 1365 20.0
600 316 159 1096 195 1344 20.0
800 427 156 1076 191 1317 19.0
1000 538 155 1069 185 1276 18.0
1200 649 149 1027 168 1158 19.0
1400 760 110 758 110 758 27.0

Heat Treatment: 1 hr - 1800°F. air cool + 8 hr-1325°F. cool 100°F/hrto 1150°F. hold 8 hr. air cool.

14



Tensile Properties
Tensile test can determine the ultimate strength of IN718, such as yield strength, modulus
of elasticity [66]. The type of material along with temperature, load, gauge length are the important

variables for the Tensile properties [11]. Strain analysis as shown in Figure 4 case shows,

250
200
]
o 150
>
©
100
50
9 L 1 i L L
0.0 0.2 0.4 0.6 0.8
£

Figure 7: Tensile stress vs. strain curves for IN 718 [11]
Because of the flow localization and dynamic strain, the lower strain rate passes the

oscillation rate [11].
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Creep-Fatigue Properties

Research study at Ref. [26] represents creep-fatigue effect of a rim of IN 718. The Kartik-
Vikas research procedure was implemented in this study [39]. Because the strain rate has reduced
in the plastic strain, deformation dependent on time has generated in the lower contribution cycle,
which is considered as creep. There are three modes to grow a crack, and they both can be creep
and fatigue, that means it can be properties of additive, competitive, and interactive as shown in

Figure 8.

CaseA Case B Case C
Competitive Additive Interactive

Figure 8: Crack growth cases [26]
Selective Laser Melting of IN718
In the SLM process of IN718 various grain structures can formed due to the different
scanning strategies in this procedure, which provides an excellent possibility of modification of
mechanical properties in any single part of the sample [67,68,69].
In the SLM process, the build orientation is considered a crucial part of the method [70].
Even there is impacts on the vertically and horizontally fabricated samples in a difference of 7% in
their tensile properties or compressive strength between these two fabricated samples [71].
Increasing laser power leads to uniformly distributed dendrites from the clustered columnar
dendrites. With the 330 j/m laser power 98% density of the sample was achieved [63, 72, 73].

Solution treatment of the samples provided a better mechanical performance and microstructure

16



characteristics than other fabrication methods [74]. Moreover, the elevated temperature in the
solution treatment can enhance these mechanical and microstructural performances even better
[75]. That is why Selective Laser Melted IN718 is more suitable in the application of Solar

Absorber tube for the Concentrated Solar Power system.

IN718 with Boron

IN718 can withstand very high pressure up to 1000 psi and high temperatures such as 750°C
[76, 77, 78]. However, IN718 being exposed constantly at high temperature, thermal decomposition
observed while the IN718 melts, which leads to a deterioration of its porosity resistance and
microhardness [79,80].

Reinforcement materials, like Boron-Nitride have become more popular due to its excellent
thermo-mechanical properties [81,82]. A hexagonal Boron-Nitride nanosheet has a low density of
2.29 g/cm?® and high elastic modulus of 700-900 GPa [28]. This nanosheet also has the ability to
work as thermal shock barrier to prevent deformation at high temperature [81,83], which ultimately
improves the wear behavior and enhances the friction resistance of a material [84,85,86].

SH Kim, GH Shin et el. [87] studied the thermos-mechanical improvement of IN718 where
the research used the Laser Powder Bed Fusion (LPBF). The volume ratio of Boron-nitride ranged

from 0-12% were printed using this technology. The SEM of the particles are shown below.

17



Figure 9: SEM analysis of Inconel718 and Boron-Nitride samples [87]
According to the temperature, IN718 phase transformation was studied, and the resistance

of heat was obtained by the IN718 with Boron-Nitride as shown in Figure 9 [87].
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Temperature (°C) Temperature (°C)

Figure 10: Heat resistance analysis of Inconel718 and Boron-Nitride composition [87]

The literature study [87] shows the BN with In718 increased the melting temperature peak to

1364°C and increased the resistance of the thermal stress performance of composition drastically.
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CHAPTER 11

METHODOLOGY
Solar Absorber Tube with Internal Fin structure

Initial capability of the machine was checked to determine if the machine is capable of
successfully fabricating the required thin wall for the solar absorber tube. The tubes without fin
were designed with CAD software Autodesk fusion 360 in ‘st]” format and the ‘stl’ file of the tube
then transferred to the material magics software to generate the support structure and set the
process parameter as well as the hatch strategy. Process parameters were set as the Renishaw
default parameter and ‘chess’ hatch strategy was selected in the process. A combination of block
and point support structure was generated. After support generation, the new complete ‘ready to
print’ job file was sent to the Renishaw AM 250 SLM printer. Powder was fed to the powder feeder
through the with through a nozzle without any kind of expose in the air to avoid oxidation. And
built chamber was filled with Argon gas by replacing the Oxygen gas inside the chamber to create
the inert gas environment. When the oxygen level reached 500 ppm (parts per million), printing
procedure started immediately layer by layer. Two tubes without any internal fin structure were
printed successfully as shown in figure 11, where the tube length is 60mm with a diameter of

20mm and the wall thickness is 0.75mm, which is a thin wall for solar absorber tube.
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Figure 11: Tubes without fin structure
Two different internal fin structures were designed by the project collaborator University
of Arizona (UoA) team to test the heat-transfer performance. Multi-head helical fin and continuous

helical fin as shown in figure 12.

a) Continuous helical fin b) Multi-head helical fin

Figure 12: Design of Internal Fin Structure [Project collaborator team-UoA]

The multi-head helical fin, and continuous helical fin designs were fabricated with EOS M
290 3D printer. 12 sections of tubes (109.41 mm each) from each design were printed, so that the
length of the Solar absorber tube for the solar-thermal power plant can reach 1.31m for the heat-
transfer testing and the fully developed flow can be reached within the 1.31m long test section. As

per the simulation and design, it was important to fabricate each 3D printed tube section with full
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rotates. Each rotate is a full pitch for the internal fin, determined by the simulation analysis.

The tubes with two different fin structures were designed with CAD software Solidworks
in ‘stI’ format and the file transferred to the Material Magics Software for support generation as
shown in Figure 13. The support was generated manually for the overhung internal fin structure,
material magics software creates support throughout the tube to support the overhung structure. It
would be difficult to separate the support completely throughout the fin structure within this small
tube diameter, hence it would damage the fin design with the existing support structure. To provide

enough strength to the overhung internal fun structure, a combination of block and point support

was generated as shown in figure 13.

Figure 13: Support generation of the tube with internal fin structure

After generating the support, the file transferred to the EOS software to prepare the job file
by positioning on the software build plate which is the exact dimension for the machine build plate

as shown in Figure 14.

21



Figure 14: Printing job preparation with EOSPRINT 2.11 software

Parameter sets were selected for IN718, and Laser Scanning direction was selected ‘against
flow’ to make sure inert gas flow is not in the way of the laser. The absorber tubes with these two
designs were successfully fabricated with EOS M 290 machine as shown in Figure 15 & Figure

16.

Figure 15: Larger section of tubes with Continuous helical fin structure
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Figure 16: larger section of the tubes with multi-head and continuous helical fins

Table 4

Dimension of the Tube:

Tube Dimension Unit (mm)

Tube Segment 353X3
Tube Height 1059
Support Structure 3

Total build height 110.9

Inner Diameter, D1 353
Outer Diameter, Do 367
Tube Thickness 14
Fin Thickness 1.4
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Table 5

Default Laser Parameter for In718 for EOS M 290

Laser Power 285W 100 W
Laser Speed 960 mm/s 900 mm/s
Hatch Distance 0.11 mm 0.04 mm
Layer Thickness 40 um 40 um
Laser Energy 67.47 j/mm3 2.78 j/mm3

Fabrication of samples with B and IN718

This research analyzes the effect of B with IN718 to enhance the optical and thermal
properties of absorber tube, and to determine the optimized laser parameters for better

performance.
Powder Mixing

The powder was mixed in the Argon-filled, oxygen-free environment, called Glove Box
is shown in figure 15. 3% B, 1% B, and 0.5% B was mixed with Inconel 718. Then the angle of

repose method was done to check the flowability of each mixture, shown in figure 17.
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Figure 17: Argon filled Glove Box

From the Angle of Repose (AOR) method, figure 18(a) indicates the angle is 42.43 for 3%
B mixture, Figure 18(b) indicates the angle of 41.25 for 1% B mixture, and figure 18(c) indicates
the angle of 37.68 for 0.5% B mixture. Table 4 shows the relation between the angle and the

flowability.

(a): AOR 42.439 for 3% B mixture (b): AOR 41.25 for 1% B mixture (c): AOR for 0.5% B mixture

Figure 18: AOR for 3%, 1%, and 0.5% B with IN718 mixture
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Table 6

Relation Between the angle and the flowability

Angle Flowability
<30° Good Flowability

30°-45° Some Cohesiveness

45°-55° True Cohesiveness
>55° Limited Cohesiveness

From the flowability chart, it is clear that 3% B with IN718 provides the least flowability.
So, powder was mixed in larger quantities for sample fabrication with 0.5% and 1% B with IN718

using a V-shape mixture with low rpm for 8 hours as projecting in Figure 19.

Figure 19: B with IN718 powder mixing in the V-shape mixture

26



Figure 20: 1500 gm 1% B mixture and 1500 gm 0.5% B mixture

SEM of Materials
After mixing the powder, to identify the uniformity of the mixed powder, Scanning
Electron Microscopic (SEM) analysis was conducted for pure IN718, pure Boron powder, 0.5% B
with IN718, 1% B with IN718, and 3% B with IN718 as shown in figures below. Where the SEM
analysis shows IN718 is spherical shaped, which provides a better flowability, where B is highly
agglomerated. Also, 0.5% B with IN718 ensures the better mixing quality hence better flowability,

while 1% and 3% B with IN718 mixture contains agglomerated B particles some of them are not

even attached to the IN718 particles.

0 pm EHT = 3.00 kV Signal A = SE2 Date 22 Jun 2021 [ EHT = 3.00 kv Signal A= SE2 Date :22 Jun 2021
WD = 57 mm Mag= S500% Sample 1D = WD= 57 mm WMag= Z20KX Sample ID =

Figure 21: SEM analysis of IN718
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EHT = 9.00V Signel A= SEZ Date 22 Jun 2021 it EHT = 3001/ Signal A = InLens
WD 57 mm Mag= 1181KX Sampie 0= WD = 57 mm Mag= 33,

Samplo (0=

EHT = 300KV Signal A = SE2 Date :22 Jun 2021
WD = 5.1 mm Mag= 141KX Sample ID =

Figure 23: SEM analysis of 3% B with IN71

EHT = 3.00kV Signal A= SE2 Date :22 Jun 2021
WD= 54mm Mag= 236 KX Sample 10 =

Figure 24: SEM analysis of 1% B with IN718
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Figure 25: SEM analysis of 0.5% B with IN718

AM Fabrication

After mixing the powder, to determine how different printing parameters affect the
microstructure of the mixture of Inconel718 with 0.5% and 1% of B, two separate 3 x 3 test series
were created with materials magic software. The laser power, P was set at 200 W, and Point
distance, PD=55um; Exposure Time, ET was set at 80,88, and 96 uS; hatch distance, HD was set
at 70,80, and 90 um and Layer Thickness 60 um as mentioned in Table 7. Each sample of the 3X3
test matrix was fabricated up to 20 layers with the Renishaw AM400 Reduced Build Volume
(RBV) system.

The first step of the SLM procedure was pouring the material into the powder feeder and
leveling the build plate and confirming the layer thickness by running the powder flowability two
to three times. The oxygen level was set at 500 ppm. The laser started scanning when the oxygen
level reached that range, and the chamber was filled with the inert gas Argon. The samples were

printed layer by layer until they reached the input build height.
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Table 7

Parameter settings for 3X3 test

Hatch Point Exposur Layer Energy Density
Run Power Distanc | Distanc eTime Thickness (um) (j/mm3)
(W) e(um) | e (um) (1S)
Al 200 90 55 80 60 53.87
A2 200 90 55 88 60 59.25
A3 200 90 55 96 60 64.64
Bl 200 80 55 80 60 60.60
B2 200 80 55 88 60 66.66
B3 200 80 55 96 60 72.72
Cl 200 70 55 80 60 69.26
C2 200 70 55 88 60 76.19
C3 200 70 55 96 60 83.11
Table 8
Energy Density of the samples
Energy Density
(i/mm3)
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Figure 27: 3x3 test series for 0.5% B mixture

Cubic material samples with 0.5% Boron and 1% Boron were fabricated on a Reduced Build
Volume in Renishaw AM 400 machine. A powder flowability test was conducted to ensure powder
deposition using recoater blade. 1% and 0.5% Boron mixture were selected to produce 3X3 test
matrices for different process parameters. When varying the process parameters, 120 um hatch
distance (HD), 200 W laser power (P), 55 um point distance (PD), and 80 ps exposure time (ET)
were used as the base values. In the test matrices, HD was set at (70,80,90), ET was set at (80,

88,96) (shown in Table 5). Default wiper speed caused uneven powder deposition, with less
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amount of powder at the front end of the substrate (at the end of recoater blade movement. This
caused warping of layers at certain samples due to lack of powder and excessive heat. We
rearranged the sample layout and slowed down the moving speed for better results, as shown in
Figure 21. Microscopic analysis was carried out to examine the as-built samples. For 1% Boron
cubic samples, cracks between layers can was observed, and the size of the crack ranges between
200-500um, as shown in Figure 28. No cracks were identified on samples using 0.5% Boron as

shown in Figure 29; therefore, the rest of the analysis is based on the 0.5% Boron mixture samples.

Figure 29: 0.5 wt% B with IN718 sample
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CHAPTER IV

RESULTS AND FINDINGS

Surface Morphology of the Solar Absorber Tube

The first part of this work regards the challenges of fabrication of Solar Absorber tube with
different internal fin structure in a large section to achieve a combine length of 1m. Moreover, the
design with internal fin structures was a challenge and almost impossible to achieve in
conventional method. Also, 3D printing of overhung structure with higher length, generates
internal support structures which are not easy to remove after printing the parts and achieving a
uniform finish on overall fin structure. To avoid this problem, automatically generated support
structures around the fins were removed and a combination of block and point support structures

were created to provide extra strength and it was selected to be followed in this work.

Figure 30: Solar absorber tube with internal fin structure
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After successfully printing the tubes with Selective Laser Melting 3D Printing Procedure,
the tubes were sent to the University of Arizona and ready for heat transfer for Solar Absorber

Tube.

Surface Roughness of Tubes

Literature survey proves that increasing the surface roughness will increase the light
trapping by enhancing absorbance and decreasing reflectivity [32, 33, 34] as Shown in Table 9
[32].
Table 9

Results for Reflectance and absorptance [32]

Type Surface finish Reflectance ps [%)] Absorptance e [%]
Inconel 718 with 53 47
Inconel 718 without 46 54

CrCo with 60 40

CrCo without 31 69

The absorbance of a material increases with rougher surfaces due to the light trapping capabilities
of the peaks and valleys of the surface.

To provide the concept, surface roughness of the short solar absorber tubes was measured
using microscope and surface profilometer. A little portion of the tube was cut open and
separated. After that the inner and outer surface roughness were measured using a surface
profilometer. The average surface roughness for the 3D printed IN718 tube is about 9~10 um as

shown in figure 31.
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B Outer MW inner
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Figure 32: Surface roughness measurement using microscope
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Microscopic Analysis Results of Printed Samples

Only the 0.5% Boron mixture samples were cut open and polished for further microscopic

analysis, as shown in Figure 33.

Epoxy base
BD Al| A2 A3
_ - |BT| B2 /B3 -
Mount for _ CTC2 ¢
metallographic
analysis
Observed
surfaces

Figure 33: Sample mounting for metallographic analysis

Black spots were observed in all 9 samples, where the spherical-shaped black spots were
identified as pores, and they generated during additive manufacturing process. The irregular spots
that typically appear as short needles and nearly equilateral polygonal, they are smaller than the
size of pores and uniformly distributed in the matrix. They are inferred to be secondary phases
containing boride. Sample Al shows containing the least black spots and the size of irregular
shaped black spots are also observed smallest at Sample Al. The size of these particles is measured
with the ImageJ software as shown in figure 35. Where sample Al was observed the lowest
average particle size of 101.14 nm, and sample C2 was observed the highest average particle size

404.611 nm.
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Figure 35: ImageJ particle size analysis of the samples
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Table 10
Summary of ImageJ analysis:

Aljpa 50 5057 01,14 0655 255
A2.pa 5z 817 157.135 0.505 255
A3.pg 21 3594 171,143 0552 255
Eljpa | 404 132,387 05582 255
EZ.jpg dd 12056 27d 1921 255
E3.jpg 28 10551 387.536 1439 255
Clijpa 20 Toes 3611 1237 252.95
CZjpg 36 14566 404 511 1303 255
Cijpg 27 0317 211 1652 254,39
Table 11

Relation between Energy density and average particle/porosity size:

‘Sample EnergyDensity  Average Size
&1 33.87 10114
&z 3925 157.155
B1 60.6 152,387
83 G4 64 171143
B2 6:6.66 £7d
C1 69.26 3611
B3 7292 JET.536
CZ 76.1%9 404,611
C3 8311 3Gz

Average Size (nm)

450
111

AVERAGE SIZE (NM)
=
[=]
o

A 4 © > &° A© AV N Ny
6& 0 bb - bq B «O»o «b 0 %”, 0

<4 v N/ %7 4 o

* Q (& % ¢ &

ENERGY DENSITY (J/MM3)

Figure 36: Average size vs Energy Density shows a linear upward trend.
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The plot above in figure 36 laser energy density has effect on average over-melted
particles and porous particles. From the optical microscope and ImageJ analysis, sample Al has
the lowest average size of particles with the lowest energy density, which is considered the best
performance among all. In the correlation chart, it is clearly observed that with increasing
amount of Laser induced Energy Density, the over-melted particles are also increasing

exponentially.

SEM and EDS analysis of the Printed samples

SEM analysis of the printed samples was conducted. The existence of un-melted, over-
melted, and porous IN718 and B particles were observed in the SEM images as shown in figure
37. Low energy density is unable to generate enough energy to melt all the particles in the laser
melting process, which causes un-melted particles of the material as shown in Figure 37(a). Due
to the heat generation in the laser melting process, higher energy density may induce a higher
temperature at the sample parts, causing over-melting of the material as shown in figure 37(b).

Some porosities were also observed in the sample parts as shown in figure 37(c).

a) Un-melted Particle b) Over-melted particles c) Porous Particle

Figure 37: SEM analysis of 0.5% B with IN718 samples
EDS analysis of the sample was conducted to ensure the existence of the IN718

components and Boron particles as shown in figure 38.
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T G G Fe Fe NI CuNi Cu

400 500 6.00 7.00 800 900

Lsec: 300 0Cnts 0.000 keV Det: Octane Super

eZAF Smart Quant Results

Element Weight % Atomic% Netint.  Error % Kratio Z A F
BK 0.03 0.11 0.03 99.99 0.0001 1.3410 0.2995 1.0000

TiL 13.65 10.68 13.54 17.05 0.1268 0.9466 0.9814 1.0000

Fel 0.39 0.26 1.54 85.79 0.0027 0.9266 0.7409 1.0000

CuL 0.00 0.00 0.02 99.99 0.0000 0.8877 0.8364 1.0000

NbL 1.67 0.67 3.51 83.85 0.0128 0.7787 0.9837 0.9996

SK 0.01 0.01 0.03 99.99 0.0001 1.1119 0.9615 1.0042

Figure 38: EDS analysis of printed sample

The EDS analysis shows the sample contains the components of IN718 and a little

percentage of Boron as well. Which indicates there was no other material contaminated during the

process. Also, the components of IN718 and B remain the same after Selective Laser Melting

Procedure as expected.

Reflectance of Printed samples with IN718 and Boron

According to Kirchhoff’s Law [35] in radiation, the spectral absorptivity a, reflectivity

p and emissivity € has the following relations:
Thermal Radiation Equation:

atp=1
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Kirchhoff’s Law:
=&

The absorptivity and emissivity test of the 9 cubic printed samples of IN718 with 0.5% B
with different laser parameters were conducted by the project collaborator University of Arizona
team. Different ranges of wavelength were approached at room temperature to obtain the
hemispherical reflectance of the samples. Most of the samples have a reflectance of less than 25%
in the visible light range, which corresponds to an emissivity of ~75%. Once entering the infrared
regime, the emissivity drops to approximately 60% for most of the samples. The absorptivity of
these 0.5% Boron mixture can reach 80% around 3um, where the emissivity is around 55% in the
visible light range (400um-700um). These tests were performed at a room temperature so we
assume some differences will occur when elevated to the operating temperature range. Literature
shows that emissivity increases with temperature from 0.24 to 0.33 having as-received conditions

with a temperature range of 200-1000°C [36].
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CHAPTER V

CONCLUSION AND FUTURE DIRECTIONS

The first part of this work regards the challenges of fabrication of Solar Absorber tube with
different internal fin structure in a large section to achieve a combine length of 1 m. Moreover, the
design with internal fin structures was a challenge and almost impossible to achieve in
conventional method to have a uniform structure throughout the fin. Also, 3D printing of overhung
structure with higher length, requires internal support structures which are not easy to remove after
printing the parts and achieving a uniform finish on overall fin structure. To avoid this problem,
automatically generated support structures around the fins were removed and a combination of
block and point support structures were created to provide extra strength and it was selected to be
followed in this work. Fabrication of the larger section of the tube with thin wall and overhung
structure needs special support generation.

The second part of this thesis was to determine the effect of Boron with IN718 to improve
the optical-thermal properties of solar absorber tube. 0.5 % and 1% B were mixed with IN718 and
fabricated with Selective Laser Melting 3D printing technology. Cubic samples were successfully
printed based on powder mixture with 0.5% B and 99.5% IN718, using 9 different parameters to
obtain the optimistic result for the absorber tube. 1% B samples did not print successfully. So, the
optical microscopic and reflectance analysis was conducted for 0.5% B samples only. Where
sample Al showed comparatively better results than all other printed samples for both optical
microscopic analysis and reflectance analysis. The parameters for sample Al- Laser power = 200

w, Hatch distance = 0.09 um, Point Distance = 55 um, Exposure time = 80 us and the Layer
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thickness is 60 um.

Optical microscopic analysis showed evidence of un-melted particles, which was
considered as a challenge to melt all the particles properly without over melting the samples hence
result in overburn and distortion of the samples. Future study is needed to fabricate the samples
with IN718 and B to melt all the particles properly in the selective Laser melting procedure to
observe if that can improve any efficiency.

Adding 0.5% B to the IN718 increased the solar absorptivity and decreased the emissivity.
Increased percentage of B such as 1%, 3% with IN718 will need to be study to increase the

effectiveness of optical-thermal properties of solar absorber tube.
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