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To realize the full capability of additively manufactured components in complex energy
systems, it is imperative to minimize early component failures during development phases and
during operation. Traditional field feedback timelines and offline inspection protocols are
insufficient to meet faster-to-market product deployment requirements. Introducing additive
manufacturing (AM) approaches can dramatically accelerate development timelines and
offers the ability to measure critical parameters in locations that may have been infeasible
before given sensor integration requirements. In turn, these measurements can facilitate
condition-based operations and maintenance (CBOM) approaches that ultimately lead to
reduced operational costs. To fulfill these goals, the current study is developing a method by
which to reliably integrate sensors into additively manufactured gas turbine components with
applications for both power generation and propulsion. Wireless measurement capabilities
are also included as part of the demonstration process through using AM waveguides integral
to the tested hardware. A phased demonstration approach is implemented to evaluate sensors
deposited on AM parts beginning with simple coupons and increasing in complexity to turbine
airfoils and combustor liner hardware. Throughout this approach, considerations of AM
surface roughness, sensor performance and durability, and integrated wireless sensing are at
the forefront for assessment.
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I. Introduction

HE United States currently uses approximately 100 Quads of electrical energy per year. Moreover, the US Energy

Information Administration (EIA) projects that 97 GW of gas turbine capacity will be installed over the next two
decades [1]. To the greatest extent, the present and future source of electrical energy production comes from and will
continue to come from turbine-based systems. Concurrently, air travel is expected to double in the next 20 years, in
spite of COVID-19 downturns [2], with the majority of air vehicles being turbojet platforms. Thus, by any measure,
the importance of stationary power and aero propulsion systems is almost beyond comparison. In addition, the market
demand for high efficiency gas turbine engines is ever increasing, thereby requiring faster time-to-market gas turbine
products to capture the market share. Furthermore, technologies that maintain uptime, or reduce total cost of
ownership, have impact factors that are tremendously multiplied on both a domestic and global basis.

The uses of additive manufacturing (AM) to both develop and produce components for energy conversion systems
is already being embraced by many turbine manufacturers due to the potential in revolutionizing current designs and
because of the speed at which products can be introduced into the market. The introduction of AM components offers
several key advantages: (1) AM can take full advantage of topologically-optimized cooling architectures which are
not realized through current casting techniques; (2) AM can improve the component development time by as much as
75% [3]; and (3) AM offers the ability to enable sensor integration in locations that were not previously possible with
conventionally cast components, for example. It is important to note, however, that the surface characteristics for an
AM component can differ significantly from that of conventionally manufactured components. AM components are
inherently rough and that roughness is a strong function of the AM processing parameters, build direction, and post-
processing that is available. As such, surface roughness is a key parameter that needs to be considered in sensor
integration particularly for direct-write sensor technologies.

The key research questions to be addressed by this work are: What is the influence of additive manufacturing
surface roughness on the deposition success, performance, and durability of direct-write sensors? What is the
accuracy and durability of direct-write thermocouples, heat flux sensors, and strain gauges deposited on additively
manufactured surfaces?

Il. Technical Approach

The current effort is developing a manufacturing path that provides an integration approach for sensors into
complex turbine components particularly for combustor liners and high pressure turbine airfoils that are operated in
extreme environments and temperatures. AM combined with integrated sensors to measure thermomechanical
properties will be evaluated to achieve reliable and durable sensing. This approach addresses a major roadblock to
innovation of new turbine architectures with additively manufactured components. This roadblock not only affects
measurements in operational turbines, but also affects critical measurements needed for turbine development engines
and for turbine component testing operated at engine-realistic conditions.

Figure 1 shows an illustration of the relative gains on component lead time that can be achieved through the
integration of additively manufactured components instead of traditional cast hardware. These accelerated timelines
facilitate faster turnaround of test program results, thereby also enabling more rapid iterations of design improvements.
When these components are also created with integrated sensing capability, the influence of design changes can be
evaluated more easily, and relevant component durability implications can be extracted from measured parameters.
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Figure 1. Development time improvement enabled by introducing AM hardware.
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A. Substrate Material and Sensor Definition

Inconel 718 (IN718) was selected as the component material for all builds in this study to realize the fundamental
understanding of sensor integration into AM components. The application for IN718 in gas turbine engines is
widespread —as much as 50% (or more) of typical gas turbine components are manufactured from IN718 for aerospace
propulsion applications [4-5]. Moreover, IN718 has been broadly characterized for use in AM processes, and its
thermomechanical performance is well known. Past research has explicitly evaluated IN718 as a material for AM
turbine blades [6], and other high-temperature applications [7]. Furthermore, IN718 has been used in several preceding
projects evaluating heat transfer effects for turbine cooling with an emphasis on AM roughness effects for laser powder
bed fusion (L-PBF) [8-13].

Two different additive manufacturing processes are being evaluated in this program. Laser powder bed fusion
(L-PBF), such as direct metal laser sintering (DMLS) provides small feature accuracy but, on the other hand, is
prohibitively time consuming for the creation of large-scale components. As a result, whereas L-PBF may be
advantageous for relatively smaller turbine components for aircraft propulsion purposes, its utility for large-scale
power generation turbines may not be advantageous. To address this limitation, directed energy deposition (DED)
methods such as laser metal deposition (LMD) provide an alternate approach that can be used to rapidly generate
large-scale parts, but at the expense of large feature sizes. Although both methods are under evaluation for this project,
only the results from DMLS builds will be presented in this paper.

For our research, sensor deposition is completed using MesoScribe MesoPlasma™ direct write technology. Three
different sensor types with application to hot section gas turbine components are being pursued for this study:
thermocouples (TC), heat flux sensors (HFS), and strain gauges (SG). Previous work outlining manufacturing and
performance of these three sensor types using MesoPlasma™ technology is outlined by Gouldstone et al. [14]. For all
sensor types, appropriate ceramic dielectrics are used to electrically isolate sensor materials from the metal component
surface. Type N thermocouples were selected due to the nickel-based composition for stability and resistance to
oxidation at high temperatures. Heat flux sensors are created by stacking thermocouple junctions separated by
dielectric layers to create differential thermopiles. Strain gauges are created by micro-machining a measurement grid
into the deposited sensor material (e.g., NiCr).

B. Coupon Sensor Performance Assessments

This project is following a phased approach of increasing complexity with evaluation of sensor performance in
each phase. As an initial step for this research, sensors were deposited externally on flat surface coupons. These first
coupon tests provided preliminary assessment of additive surface roughness effects on sensor deposition, but also
knowingly created a sensor that protrudes from the component substrate. An ultimate goal for the program is targeting
a non-interrupted surface after addition of the sensors. As a result, modified flat surface coupons with trenches were
designed, and sensors were deposited in the shallow trenches. Subsequent progressions are advancing the trenched
coupon design to more complex curved surfaces representative of turbine vane airfoils.

Past evaluation of direct-write sensors deposited on traditional cast components has defined baseline performance,
but the research questions to be answered by this work are focused on performance deviations for additively
manufactured hardware relative to this known baseline. To complete sensor performance characterization for additive
parts, the following initial steps are completed: measure roughness of AM surface (after post-processing techniques,
when appropriate); attempt direct-write sensor deposition process (surface prep, dielectric, sensor, overcoat, etc.);
inspect sensor for delamination or other faults; and test sensor for continuity and shorts. If the sensor passes these
steps, then it proceeds to a performance assessment phase. Thermocouples are isothermally operated in a tube furnace
at a fixed temperature (at least 800°C for this program) and compared with reference thermocouple sensors [14]. Heat
flux sensors are thermally cycled by insertion in a heated tube furnace, and then subsequent air cooling after removal
from the furnace. The coupon definition for strain gauge tests represents a constant strain cantilever beam, which is
then thermally cycled and deflected through a range of prescribed conditions [15].

C. Wireless Integration and Future Demonstrations

Sensor leads and extension wires are often identified as critical failure points for any instrumented gas turbine
component. To circumvent these failure points, a wireless sensor measurement approach is being applied, building
upon successful development efforts initially outlined by Attridge et al. [16]. Custom designed RF boards will manage
sensor signal and power transmission, and waveguides will be integrated as part of the AM turbine and combustor
hardware geometries. Future test programs beyond the scope of this paper will apply the wireless technology and
focus on TRL progression with rig-level combustor and turbine demonstrations.
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Combustor liner hardware with integrated sensing on AM components will be performed in the Ben T. Zinn
Combustion Laboratory at Georgia Tech using cooling geometry defined by Schrager et al. [17-18]. Similarly, turbine
hardware demonstrations will be performed in the Steady Thermal Aero Research Turbine (START) Laboratory at
Penn State University using turbine vane geometry defined by the National Experimental Turbine (NEXT) program
[19]. Finally, additional TRL escalation will be achieved through power generation turbine hardware demonstrations
performed in partnership with Siemens Energy.

I11. Surface Quality Considerations

A primary concern when utilizing AM techniques is the inherent roughness that is associated with the processes.
Specifically focusing on L-PBF methods such as DMLS, a number of studies have shown that roughness can be
correlated with build direction, source energy density to build the surface [20] and powder size [21]. However, process
parameter control such as contouring [22-23] and hatching [21,24] can also have a significant impact on the roughness.
A thorough review of parameters influencing roughness for L-PBF is provided by Snyder and Thole [25] and can be
referenced to supplement this non-exhaustive discussion. Synder and Thole also discuss the influence of upskin
(supported) and downskin (cantilevered or unsupported) surfaces. A third orientation is considered in the present
study, identified as a “sideskin” surface parallel to the build direction, which has also been evaluated recently by Patel
et al. [26].

Part-to-part build variations are known to exist for a number of reasons including machine type and process control
parameter settings, but also due to less easily identified machine-to-machine differences (i.e., the same type of machine
is used with the same parameters, but the build outcome is different due to other circumstances such as non-optimal
laser focus). For this reason, specific differentiation is provided in this study for components manufactured from one
batch versus another. This identifier (e.g., A, B) is provided in addition to the manufacturing process, which was
previously identified as DMLS for all coupons evaluated in this study.

As identified here, effects of roughness due to AM have been well documented. For both internal and external
surfaces, post-processing methods for refining roughness have also been evaluated extensively. Some of these post-
processing methods have been briefly reviewed by Kumbhar and Mulay [27]. For purposes of this study, two separate
post-processing techniques were evaluated as potential options for reducing external surface roughness and improving
success rates for sensor deposition and survivability: abrasive grit blasting and ball burnish finish milling.

Surface roughness of AM coupons was quantified using optical profilometry scans. Results from the scans yielded
a surface representation in a 2mm x 2mm region. Arithmetic mean surface roughness (Ra) was then calculated from
the three-dimensional peaks characterizing the surface relative to the mean surface fit across the same domain.
Examples of these scans are shown in Figure 2 for the three different relative build orientations and a subset of surface
post-processing techniques. Single-value mean surface roughness (Ra) is provided in Table 1.

An additional column of information in Table 1 also provides a ternary assessment of sensor deposition success
rate. In this case, unsuccessful outcomes could be caused by failure modes such as shorted sensor resistance, bondcoat
delamination, and other sources leading to unusable products. In general, the higher surface roughness values
associated with downskin build coupons were not successful for reasons including bondcoat delamination and sensor
resistance short. Several of the sideskin coupons yielded unsuccessful sensor outcomes, despite mean roughness values
that were lower than other successful upskin surface coupons. It should be noted, though, that that the failure mode
for sensor trials with sideskin coupons (Type 1) were markedly different from the shorted resistance type failure mode
for high-roughness downskin surfaces (Type VII or VIII). Examples of successful sensor deposition trials are shown
in Figure 3(a,b,c) for each of the three sensor types — thermocouple, heat flux sensor, and strain gauge, respectively.
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Figure 2. Example surface roughness scans from optical profilometry for DMLS-A coupons.

Table 1. Summary of Measured DMLS Surface Roughness and Associated Sensor Deposition Outcomes

C_(I)_upon Ref_erence_z Surfgce Manufacturing Post-Build Egﬂgﬁf:::tg: Dessgssi(:iron
ype Build Orientation Process ID Process [um] Success Rate

| Sideskin DMLS - A — 6.7 Low (1/4)

I Sideskin DMLS - A Grit Blast 54 High (4/4)

Il Sideskin DMLS - B Grit Blast 5.2 High (2/2)

v Sideskin DMLS - B Ball Burnish 3.1 High (2/2)

\Y; Upskin DMLS - A — 11 High (4/4)

VI Upskin DMLS - A Grit Blast 7.3 High (4/4)

\l Downskin DMLS - A — 48 Low (1/4)

VIl Downskin DMLS - A Grit Blast 24 Med (2/4)
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Figure 3. Example sensor deposition: (a) thermocouples, (b) heat flux sensor, (c) strain gauge.
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As outlined in Table 1, the AM surface roughness has important implications for success of MesoPlasma™ sensor
deposition. However, the design of the instrumented surface can also have critical outcomes for the part itself. In
particular, use of instrumented hardware components in gas turbine environments can interrupt aerodynamic and
thermal boundary layers, leading to inaccurate measurements and undesirable effects on the flowfield itself. This is
particularly true if sensors are adhered to the external surface of the component with “standard” unmodified geometry,
as illustrated in Figure 4(a). As an alternate approach, post-manufacturing subtractive modifications to the component
can be performed to create trenches into which sensors can be integrated, Figure 4(b). Fortunately, the uniqueness of
additive manufacturing enables such trenches to be designed into the AM part itself, preventing the need for an
additional step to achieve flush-surface sensor integration. Following initial trials of sensor deposition on AM test
coupons via external protrusion designs (i.e., Figure 4(a)), program activities performed to date have utilized trenched
designs for flush-surface integration (i.e., Figure 4(b)). For reference, all information presented in this paper represent
the latter configuration with sensors deposited in trenched geometries.

I—q/L,Sensor
AT

Ceramic

overcoat
Substrate Substrate

(a) (b)

Figure 4. Sensor integration approaches: (a) external sensor protrusion;
(b) flush sensor integration.

Addressing a desire for flush-surface sensor integration, measurements of the completed sensors were collected
using optical profilometry. Figure 5 shows example data from a strain gauge and a thermocouple deposited on two
selected coupon types from Table 1. Figure 5(a) shows a microscope image of the completed strain gauge grid using
coupon type | as a substrate for analysis, Figure 5(b) shows the corresponding profilometry scan, and Figure 5(c)
shows a lateral slice taken at the location identified by the black dashed line in Figure 5(a-b). The height in the lateral
slice have been adjusted so that the mean external substrate surface is aligned at a value of zero, yielding a relative
height referenced to the external surface. Also in the lateral slice, a dashed red line identifies the peak position of the
sensor, as determined by the maximum height in the sensor region; this value is denoted as the sensor peak height, zp.
The large-amplitude regions laterally outboard of the sensor region in Figure 5(c) represent ceramic overcoat that
extended past the boundaries of the trenched region, as supported by the microscope photo in Figure 5(a). For the
strain gauge case shown in Figure 5(a-c), the coated sensor is flush with the adjacent external surface within one
micron; in this case, the sensor is slightly below the level of the external surface.

A similar collection of measurements is presented in Figure 5(d-f) for a thermocouple sensor example, as deposited
on coupon type IV. The lateral slice data for the thermocouple integration in Figure 5(f) is more representative of the
majority of sensor deposition trials performed to date — the sensor peak region protrudes slightly relative to the external
surface (typically 100 pm or less), but there is an area adjacent to the sensor itself which is recessed relative to the
external surface (also typically 100 pum or less).

Extending this analysis to a full collection of successful sensor deposition trial coupons, Figure 6 compares the
relative height difference from the external surface to the sensor peak. All trial coupons show a height difference
magnitude between the external surface and the peak sensor surface less than 130 um; eight of the 11 trials showed a
height difference of half that value or less. For all cases except I-SG (discussed previously in Figure 5(a-c)), a positive
value of Az indicates a sensor that is protruding past the external surface level. However, Figure 6 also shows that
there is no identifiable trend of Az with coupon type (including both build direction and post-processing) or sensor
type. Whereas these results are encouraging and show that potential levels of discontinuity between the external
surface and the sensor are less than what would be achieved with a true external sensor application (e.g., Figure 4(a)),
additional work is required to optimize the trench depth and the overcoating process to achieve the desired results of
a true flush-surface application.
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Figure 5. Selected integrated sensor surface continuity results: (a) 1-SG photo; (b) I1-SG profilometry scan;
(c) I-SG lateral slice; (d) IV-TC photo; (e) IV-TC profilometry scan; (f) IV-TC lateral slice.
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Figure 6. Relative difference between external surface and peak sensor height for
successful sensor deposition trials.

IV. Sensor Performance Metrics

For sensors of all types (TC, HFS, and SG), an assessment of sensor performance was performed for successful
instrumented components listed in Table 1. The primary targets of these sensor performance assessments have focused
on sensor accuracy and durability under harsh conditions up to 800°C and beyond. Figure 7 shows an example test for
integrated thermocouples using three different examples spanning two coupon types, Il and IV. For thermocouple
tests such as the one reported in Figure 7, a Type N MgO reference thermocouple sensor was attached to the component
adjacent to the deposited TC sensor. Based on that configuration, the measured sensor error, €, is calculated as:

€=T- Ty, 1

where T is the measurement from the deposited sensor on the AM substrate, and T is the measurement from the
adjacent MgO reference thermocouple. This error parameter is presented on the left ordinate in Figure 7 over the
course of a 120-hour isothermal test at 800°C. The same results in Figure 7 are also cast as a relative error on the right
ordinate:
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€

£€= x 100 [%], (1)

T

target

for which Tge is the target value for the test, and all temperature values are cast in absolute terms to yield a
dimensionless ratio. The initial heat-up and stabilization period representing approximately 2 hours at the beginning
of the 120-hour test was removed for clarity in Figure 7.
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Figure 7. Type N thermocouple error relative to reference sensor for 120-hour test at 800°C.

The information in Figure 7 shows bias errors are present for all three sensors when compared with their
corresponding reference value — bias errors are less than 50K, or 4.7% relative to the 800°C (1073 K) setpoint.
However, this observation is expected, as standard 1TS-90 calibration coefficients were applied uniformly, and thin
film sensors such as the MesoPlasma™ sensors utilized here exhibit calibrations that can deviate from standard values
[28]. Such bias errors are typically be managed in test environments with unique calibrations for the final instrumented
hardware assembly, which can significantly reduce thermocouple measurement errors below standard or special limits
values, regardless of the size or type of thermocouple. Also in Figure 7, the error values show good stability — all three
sensors demonstrate standard deviations better than 0.3K (0.03%) over the 120-hour period. Finally, the drift of printed
sensors relative to the reference TC from the beginning of the test to the end of the test is less than 1K (0.1%).

Beyond the 120-hour test outlined in Figure 7, additional trial sensors from earlier phases of this program were
evaluated under expanded conditions for longer periods of time (250 hours at 800°C and then subsequently 1100
additional hours at 1000°C). For those expanded test conditions, the measured accuracy reported at 800°C was
similarly observed at higher temperatures, with a slight improvement of accuracy (approximately 0.2%) with increased
temperature. The observed thermocouple drift over the 1100 hours at 1000°C increased to 2.4% maximum, but that
value in particular is negatively impacted by compounding effects from both the higher temperature and the increased
duration of the durability assessment trial. Finally, the reproducibility of thermocouple measurement, defined here as
the ability to fabricate multiple thermocouple sensors demonstrating the same outputs at specified testing conditions,
increased to 0.7% for tests at 1000°C, relative to a value of 0.07% or less at 800°C. It should also be noted that
observed values of drift and reproducibility were both negatively impacted most significantly by increases in operating
temperature from 900°C to 1000°C, identifying a critical temperature for stability higher than the 800°C target
temperature defined for this study. Ultimately, drift and reproducibility represent critical performance metrics; if drift
and reproducibility are low, then multiple sensors can be manufactured with the same characteristics, and those
characteristics will be stable. As a result, in that situation, calibrations for individual sensors are not required, and
general calibration constants can be applied broadly to all sensors from the same fabrication process.

Although thermocouple-based temperature measurements represent a high priority measurement capability for this
program, additional evaluations were also conducted to assess performance of heat flux sensors and strain gauges
deposited on AM test coupons. Long-term tests of sensor stability and durability for heat flux sensors and strain gauges
were performed according to the thermal cycling patterns introduced in section I1.B. A combined summary of observed
performance parameters for all three sensors is provided in Table 2. Key metrics include: (i) 5% uncertainty (20, 95%
confidence interval) of measured heat flux characterized by more than 150 thermal cycles up to 800°C; and (ii) strain
gauge stability better than 1% (gauge factor) and similar performance to conventional foil strain gauges, as determined
from 1000 deflection cycles at 800°C and 24 thermal cycles. Overall, the sensor performance outlined in Table 2
meets or exceeds pre-defined program targets for accuracy and durability.
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Table 2. Summary of Sensor Performance from DMLS Coupon Trials

Sensor Type Metric Result
Type NTC Durability 120 hours at 800°C
Accuracy < 6% difference relative to reference
Drift <0.1%
Reproducibility <0.07%
Heat Flux Sensor Durability 200+ hours at 800°C
Uncertainty (20) 5%
Sensitivity > 0.1 mV/W/cm?
Strain Gauge Durability > 1000 deflection cycles at £1100 pe
Stability < 1% gauge factor change

V. Conclusions

The utility of AM for gas turbine hardware is well-known for technology development programs, and opportunities
for integration with full-scale in-service engines is also on the forefront in several application areas. This program
represents a unique approach to advancing gas turbine technology through the application of additively manufactured
components with integrated sensors. The ability to monitor components in situ during operation provides invaluable
feedback to the design process and toward a growing interest in condition-based operations and maintenance.

Work presented in this study has identified effects of surface roughness, including surface quality driven by build
direction and component orientation from the L-PBF processes, and the corresponding impact on MesoPlasma™
deposition of thermocouples, heat flux sensors, and strain gauges. In general, upskin and sideskin surfaces showed
notably lower as-built roughness values than downskin surfaces, which aligns with known expectations from other
L-PBF studies. Employing post-processing techniques such as grit-blasting and ball burnishing to reduce average
surface roughness showed a beneficial impact on the success of sensor deposition processes and the usability of
instrumented components. However, even post-processed downskin surfaces still showed decreased likelihood of
success relative to upskin or downskin surfaces for the levels of roughness evaluated in this study.

The inherent ability to create customized component geometries through AM provides a valuable opportunity to
evaluate flush-surface sensor integration capabilities in tandem with general AM component instrumentation
assessments. Trials performed with all three sensor types showed variability in continuity from the mean external
surface to the peak sensor surface up to 130 um. However, even this maximum height difference is an improvement
upon the alternate design configuration for sensors deposited on an unmodified external surface. Additional work is
underway to refine this step of the process and achieve more repeatable results with fewer surface non-uniformities
around the sensor itself.

Finally, the instrumented coupons were tested to assess accuracy and durability of the sensors deposited on AM
surfaces. Of particular interest, thermocouple test articles showed bias errors of approximately 50K, which represents
less than 5% relative error at the 800°C target temperature. However, the general stability (represented by standard
deviation of error) and long-term drift of the sensors were orders of magnitude lower at 0.03% and 0.1%, respectively.
Expanded-range assessments up to 1000°C were also conducted for thermocouple sensors to identify potential
limitations for excursions beyond the 800°C target temperature — key metrics of accuracy and drift both showed minor
performance detriments at the extended range conditions. Similar assessments of heat flux sensor and strain gauge
performance showed 5% uncertainty and less than 1% change of gauge factor, respectively.

The results of this study draw the boundaries for a design space supporting sensor deposition on additively
manufactured hot section components for gas turbines. This information is contributing to next steps of the project,
including topology optimization of combustor and turbine components with hardware modifications to support sensor
integration. Future phases of this project include further connection of these sensors to wireless waveguide technology
with an ultimate goal to support component-level demonstrations of instrumented AM combustor and turbine test
articles with a vision for future integration with next-generation development hardware and fielded engine
components.
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