7.1 “Smart Part” Fabrication using Stop —and-Go Process

The stop-and-go process was an extension of a method previously developed at the W. M.
Keck Center done to fabricate multi-material components using EBM technology [43]. To
effectively fabricate smart part using all three powder bed-based AM technologies, an embedding
method in variation was designed to adjust to an exclusive fabrication processes providing an

opportunity for the insertion of sensor.

7.1.1 EBM Stop-and-Go Fabrication Method

The first process, detailed in Figure 40, is defined for the technology of EBM. The steps
include the fabrication of insert part and bottom part (step 1), where a mask plate is introduced
(step 3) to create a flushed fabrication surface. The assembled bottom part is placed within the
mask plate using a press fit to insure a tight fit between the two parts. Due to the centering of
electron beam prior to fabrication, a misalignment issue was observed between the two build,

pertaining to human error. [68]

7.1.2 SLM Stop-and-Go Fabrication Method

The SLM stop-and-go method differs in a few steps than those required for EBM
fabrication. First no mask plate is required for the continuation of the fabrication process. In
contrast to the EBM process, no issues are experienced with misalignment for the SLM built smart
parts since the fabrication plate is bolted during the fabrication process. Next, the completed “smart
part” is removed from the build plate by using a band saw, where in EBM the part just removed

using a press fit. Figure 41 list and illustrates the steps of the SLM fabrication method.
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Lack of fusion

Figure 51. Optical image detecting a defect from the stop-and-go EBM fabrication process,
where certain powder particles were not melted during second fabrication.

92



Interface
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Figure 52. Optical image detecting a defect from the stop-and-go SLM fabrication process,
where pores can reduce the bonding of the two different builds

7.4 “Smart Part” Sensing Capabilities

The force sensing capabilities of “smart part” were tested using a compression-
compression test. For these assessment, a load concentrator was used to apply the load on the
center plane of the “smart part”. The electrodes of the “smart part” were connected to a Data
acquisition system (DAQ) using a clamp to record the voltage response (V) [68]. Four different
load application frequencies were used for testing the sensing range across various dynamic loads.
The frequencies were 10Hz, 15Hz, 20Hz, and 25Hz [68]. The piezoelectric voltage response under
these frequencies, showing correspondence to the applied force (F) is graphed in Figure 53 [68].
The charts indicate the functionality and sensitivity of the piezoelectric sensor embedded in the
smart part [68]. The results obtained for the fabrication of smart parts are encouraging, and they
warrant continued development of this concept in future research thus, providing a working “smart
part” was achieved using powder bed fusion AM technologies, and leading to further development

in “smart part” design.
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Figure 53. Voltage response based on compressive applied force obtained from “smart
part”. The voltage response was obtained at frequencies of (A) 10Hz, (B) 15Hz, (C) 20 Hz,
and (D) 25 Hz [68].

7.5 Applications of “Smart Parts”

The success in producing smart parts using powder bed fusion AM techniques was used to
explore the next objective of this research. This objective was the fabrication of a smart
components with a real-world application in an energy system. The component selected was a
coaxial shear fuel injector that would be tested at the facilities of the University of Texas at El
Paso. This fuel injector design can be used in high temperature combustion chambers within

turbine engines, allowing for operation at lower safety factors with higher efficiencies. The
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embedded sensor can also aid with real time monitoring of temperate and pressure during the
combustion process. Three “smart fuel injector” were fabricated in total. One injector was made
using a combination of electrical discharge machining (EDM) or traditional machining, one using
SLM, and one more using EBM. The powder bed fusion technologies had a small pocket for
embedding of a piezoelectric ceramic. Two ceramics chosen for sensing, were a lead zirconate
titanate (PZT) and lithium niobate (LiNbO3) due to their resistance to high temperatures (320°C
for PZT and >1210 °C for LiNbQO3). Stainless steel electrodes were used to achieve the electrical
interconnect, accompanied by alumina ceramic tubes for isolation of internal metallic walls (Figure

54). The three fabricated fuel injectors are shown in Figure 55.

Electrodes

19

Figure 54. SLM fabricated “Smart fuel injector”
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From an injector performance perspective, the general surface (outside) roughness has
tremendous a tremendous effect. The roughness values were measured for the three injectors using
an optical profilometer. The EBM produced injector measured the highest surface roughness at
~69 um, followed by the one built by SLM with ~23 um, and then the one produced by traditional
EDM machined measuring ~9 um. With a 7.6X increase than EDM in surface roughness as
compared to EDM, the EBM fabricated injector was not further explored for fabrication of “smart

fuel injector”.

Traditional
Machining

SLM EBM

Figure 55. “Smart fuel injector” with embedded sensor fabricated using traditional
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The SLM process was selected as the best candidate to produce smart injectors for two
main reasons: first, because it lowered the cost from an estimated $6,000 USD from using EDM,
to around $1,500 USD for prototype. The second reason is that fabrication lead times were lower;
while the fabrication lead time of an EDM (providing the best results from previous fabrication
machined fuel injector is roughly 3 months to achieve), the complexity required, (including
internal channels and cavities) whereas the SLM process carries an estimated lead time of 3 days
(possibly also effected to in house availability of AM system).

The machined and SLM fabricated injectors were water pressured through both oxidizer
and fuel channels separately to see the pressure drop and determining desired flow rate for testing.
The main purpose of the design to ensure a functional SLM fabricated “smart fuel injector” by
providing heat exposure to the coaxial shear injector and comparing temperature readings
measured for the embedded sensor and compared to a thermocouple placed at different location of
the system, thus simulating real energy system applications. Experiments were carried out in the
Multi-Purpose Optically Accessible Combustor (MOAC), within a Multi Altitude Simulation
System (MASS) chamber. The hot-firing test setup is described in Figure 56. The test was
conducted at pressures ranging between 20 and 45 psi. Methane gas was used as the fuel along
with air as the oxidizer, using a fuel ratio of 17.2., a spark was created using built-in electrodes
powdered by a DC high voltage supply. The tests had a duration of 5 to 10 seconds for safety
purposes, while still allowing the flux to reach the embedded sensor inside the injector. The
pyroelectric current was calculated using the temperature experienced by the sensor during the

combustion process.
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SLM Fabricated “Smart Fuel Injector”

Figure 56. Testing setup of SLM fabricated “smart fuel injector” detaling the fuel injectors
componets.
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