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Abstract

The NASA Glenn Research Center (GRC) has an on-going effort for developing high temperature thin film
sensors for advanced turbine engine components. Stable, high temperature thin film ceramic thermocouples have
been demonstrated in the lab, and novel methods of fabricating sensors have been developed. To fabricate thin film
heat flux sensors for Ceramic Matrix Composite (CMC) systems, the rough and porous nature of the CMC system
posed a significant challenge for patterning the fine features required. The status of the effort to develop thin film
heat flux sensors specifically for use on silicon carbide (SiC) CMC systems with these new technologies is
described.

Introduction

To advance knowledge in fundamental aeronautics and develop technologies for safer, lighter, quieter, and
more fuel efficient aircraft, instrumentation technologies are being developed by the National Aeronautics and Space
Administration (NASA) in support of its mission to pioneer the future in space exploration, scientific discovery, and
aeronautics research. These technologies also enable the capabilities for long duration, more distant human and
robotic missions for the Vision for Space Exploration.

The NASA Fundamental Aeronautics Program’s Supersonics Project is a broad-based effort designed to develop
knowledge, capabilities, and technologies supporting all vehicles that fly in the supersonic speed regime, from space
vehicles (launch/reentry) to military and commercial transport. A primary goal is to eliminate the barriers that limit
efficiency and performance, as well as to mitigate environmental impacts, with practical supersonic cruise vehicles.

To characterize the degradation processes that occur from the harsh hot section conditions, the NASA Aviation
Safety Program’s Aging Aircraft and Durability (AAD) Project has an effort to develop novel thin film sensor
technology for turbine hot section environment. Sensors to measure high temperature and strain are being developed
that will allow fabrication of more durable components through models of component characteristics with increased
accuracy.

The application of ceramic matrix composites (CMCs) to airframe and propulsion systems will allow higher
temperature operation at extended supersonic cruise times, as well as introducing significant weight reduction in
components (Ref. 1). Successful implementation of these ceramics requires reliable performance data and life
prediction models (Ref. 2). In order to achieve performance goals, innovative environmental barrier coatings (EBCs)
for CMC systems are under development by the NASA Glenn Research Center (GRC). These EBCs are required to
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have significantly increased phase stability, lower thermal conductivity, and improved sintering and thermal stress
resistance under the engine’s high-heat-flux and severe thermal cycling conditions (Ref. 3). Measurements of heat
flux and thermal stress of the EBC on CMC systems are necessary for their application to propulsion system
components.

The Sensors and Electronics Branch of NASA GRC has an in-house effort to develop thin film sensors for
surface measurement in propulsion system research. The sensors include those for strain, temperature, heat flux and
surface flow which will enable critical vehicle health monitoring and characterization of components of future space
and air vehicles (Ref. 4). These sensors have a wide range of applications and provide unique measurements for high
temperature systems.

To enable the development of CMC systems and their resulting contribution to the performance of air and
spacecraft, the application of ceramic thin film sensors to CMC components was addressed to allow the required
measurements of physical properties and capabilities of those components.

High Temperature Heat Flux Sensor Foundations

The use of sensors made of thin films has several advantages over wire or foil sensors. Thin film sensors do not
require special machining of the components on which they are mounted, and, with thicknesses less than 10 pm,
they are considerably thinner than wire or foils. Thin film sensors are thus much less disturbing to the operating
environment, and have a minimal impact on the physical characteristics of the supporting components (Ref. 5).

All heat flux sensors operate by measuring the temperature difference across a thermal resistance. There are
various designs of heat flux sensors, such as Gardon gauges, plug gauges, and thin film thermocouple arrays. Thin
film heat flux gauges have the advantage of high frequency response and minimal flow disturbance. A thin film heat
flux sensor developed at NASA GRC operates by measuring the temperature difference between thin film
temperature sensors under different thicknesses of thermal insulating films, as shown in Figure 1 (Ref. 6).

The sensor is typically fabricated as a thermocouple array on the surface of a ceramic material. Because of the
small temperature differences involved, and the small output of a single junction, the thermocouples are arranged as
a thermopile (Fig. 2). A thin film of a thermal barrier coating (TBC) such as silicon oxide or yttria-stabilized
zirconia is sputtered over the pairs in the center of the array to form a cooler region. For an example of the
performance of such a sensor, a 40-pair thermocouple thin-film heat flux gauge was demonstrated in an arc-lamp
calibration facility with sensitivity of 1.2 pV«(W-cm?)"' and a dynamic frequency response of 3 kHz for
temperatures on the surface of the sensors of up to 800 °C (Ref. 7).

Recently, there has been an increased need for in-situ measurement of high temperature heat flux in aerospace
systems development. One example is a two-sided version of a thin film heat flux sensor designed for use in
Advanced Stirling Convertor (ASC) Engineering Units for long term duration testing (Fig. 3) (Ref. 8). In
characterizing the ASC units, a direct measurement of thermal to electrical conversion efficiency is required. The
initial models were fabricated using gold-platinum thermocouples for the nominal 6.6 W-cm > at 850 °C into the
convertors. The next generation of convertors will increase the input to over 950 °C, requiring the use of platinum-
palladium thermocouples.

Heat Flux

Ceramic
Thermal
Temperature Insulator

Sensors

Thermopile

X,

v

Ti—-T:

X; =5 pm
s Ceramic
X;=1pm
Ceramic
Figure 1.—Thin film heat flux sensor Figure 2.—Thin film thermopile heat flux sensor.

theory of operation.
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Figure 3.—A 6.66 cm diameter Au-Pt heat flux Figure 4.—A 2.4 cm square heat flux sensor
sensor for the Advanced Stirling Convertor for CEV TPS Heat Shield-to-Backshell
Development Project. Interface Seals Project.

Another example is a heat flux sensor utilizing a platinum resistance bridge instead of a thermopile fabricated for
the Crew Exploration Vehicle (CEV) Thermal Protection System (TPS) Heat Shield-to-Backshell Interface Seals
project (Fig. 4). The application was as part of an in-situ instrumentation suite for interface gap heating tests with target
heat flux exposures of 35 W-cm 2 and surface temperatures approaching 1350 °C. The sensor in this effort included
ceramic packaging and lead wire attachment that would be able to withstand the high temperature of the tests.

The above applications, though using ceramic substrates, progressively approach the limits of metal thin film
sensors given the inherent durability of these metallic systems. Ceramic-based sensor systems will be necessary for
higher temperature applicators (Ref. 4).

Currently, EBC-CMC systems are under development at GRC for application as high temperature turbine vanes
and blades. These systems are tested up to 1700 °C, and sensors fabricated as part of an EBC-CMC system to allow
in situ measurements during tests are needed to better characterize these systems. The application of ceramic films
as sensors is utilized to satisfy these conditions both from a sensing material and a patterning perspective.

Sensor Material Selection

For the high temperature environments that the sensor films will experience, the potential for cracking and
delamination of the films needs to be considered in selecting appropriate materials due to the thermal expansion
mismatch stresses under thermal cycling conditions. Delamination with temperature cycles of films on a substrate is
considered a first order effect of mismatches between the two materials’ Coefficient of Thermal Expansion (CTE).
The intrinsic strength and adhesion of the films to the substrate are also important in designing the sensor systems.

The initial sensor material selection is based on the CTEs of the EBC-CMC system and the film to be used as a
sensor. The particular EBC-CMC system being addressed in this effort is a silicon carbide (SiC) CMC material with
an aluminosilicate-based EBC (Ref. 9). The thermal expansion of the CMC is approximately 4.4x10° K™! (Ref. 10),
and the thermal expansion of the natural aluminosilicate crystal composite mullite (3-Al,0;+2-Si0,) is
approximately 4.4x10°° K™' (Ref. 11). Allowing less than a mismatch of typically 30 percent from these values,
only materials with thermal expansions in the range of 3.1 to 5.8x10° K™' would be practical.

If delamination potential based on CTE was the only criterion, the choices would be limited to tantalum nitride
and cermets based on oxides (Ref. 12). However, the adhesion strength of a film on an oxide substrate is determined
primarily by the film’s ability to form an oxide on the substrate surface rather than the amount of CTE mismatch
between the film and substrate (Refs. 13 and 14). Since the EBC can be considered as both an oxide and silicate, all
silicides can also be included with the oxides as potential candidates for thin film sensors due the formation of a
silicide at the interface of the film, as well as the general passivating silicon oxide coating formed when silicides are
exposed to air at high temperature. Of the silicide films, chromium silicide (CrSi) and molybdenum silicide (MoSi)
are seen to be the most attractive due to the high thermoelectric output of CrSi and high oxidation resistance of
MoSi (Ref. 15).

An initial test of the CrSi and MoSi films as a thermocouple at 800 °C found that the thickness of the oxide
formed on the silicides was greater than the 1 pm film thickness after 1 hr exposure. A study of relative oxide
thickness for 1-hr air annealing at 400, 600, 800, and 1000 °C was conducted to determine the minimum useful
thickness of the silicides. For 1500 °C exposure, the estimate is that the oxide coating on CrSi would be 2.4 um after
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Figure 5.—Time response of the nanocomposite (nC) NiCoCrAlY:AlOx-N:ITO
thermocouple with corresponding temperatures.

1 hr. Therefore, the usefulness of these silicides in a thin film sensor at 1500 °C temperatures is limited to
applications where the sensor is embedded in an EBC and protected from further oxidation.

Thermoelectric properties of thermocouples comprised of nitrogen-doped indium-tin oxide (N:ITO) and a
nanocomposite film sputtered from a cermet of NiCoCrAlY alloy with 20 percent aluminum oxide
(NiCoCrAlY:AlOx) have been reported to produce a linear response with extremely high sensitivity and exhibiting
minimal hysteresis (Ref. 16). A NiCoCrAlY:AlOx-N:ITO thermocouple was fabricated as a thermocouple on
alumina in the NASA GRC Microfabrication Clean Room. Initial tests showed the 2-um thick thermocouple stable
in air with a 50 pV-K' sensitivity at 650 °C, compared to the standard platinum-rhodium alloy versus platinum
thermocouple (i.e., ANSI Type R) with 12 uV-K ' sensitivity at that temperature. A graph of the results with time is
shown in Figure 5.

Based on these results, NiCoCrAlY:AlOx and N:ITO were selected as the basis of heat flux sensors fabricated
on EBC-CMC samples.

Sensor Patterning

Previous work is the basis for this present EBC-CMC sensor pattern development. For example, thin film
sensors have been fabricated on advanced SiC-CMC components at GRC for testing to 1100 °C in jet-fueled burner
rigs using thin film Type R thermocouples patterned using shadow masks, shown in Figure 6 (Ref. 17). The
application to fabricate fine-line platinum sensors on SiC-CMC also has been demonstrated at GRC in the past, as
shown on Figure 7. The surface was prepared for photolithography by filling the surface weave of the CMC with a
SiC paste followed by alumina paste, then lapping and polishing to 1 um roughness after curing.

However, the application of thin film sensors in an EBC-CMC system disallows the use of alumina paste
coatings, since their use would modify the very characteristics that the sensors are to measure. Further, the
patterning of fine-line thin film sensors is a technical challenge due to the rough nature of the CMC surface and the
relatively porous nature of the EBC. The weave of the fibers causes variation of the CMC surface, typically of
+100 um, unsuitable for photolithography without smoothing of the EBC surface. The natural aluminosilicate
crystalline mullite is too porous for lift-off patterning of a fine-line sensor using photolithography. Until the EBC-
CMC systems are to be developed to the point of producing components of smoothness approximating that of
polished metal components, alternative techniques will need to be examined.
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Figure 6.—PtRh/Pt thermocouples shadow- Figure 7.—Fine-lined Pt test sensors patterned
masked on SiC-CMC test component. on AIOx/SiC coated SiC-CMC.

Figure 8.—Laser-patterning
on alumina substrate.

- , f
Figure 9.—Laser-patterning sacrificial Figure 10.—Post-platinum deposition;
metal on EBC-CMC. failed etch of the sacrificial layer.

One alternative to photolithography that was explored involved using a Nd:YAG laser machining tool. The
aluminum sacrificial layer is first deposited, and then a pattern is etched into the sample with the laser through
ablation. The pattern is in standard CAD format. The sensor material is deposited, and the sacrificial layer etched
away. The result is a fine-line sensor with 30 um line widths without the use of photolithography or photomasks. A
sample showing the developed result with platinum film is shown in Figure 8.

The limitation of the technique was demonstrated on an EBC-CMC sample shown in Figures 9 and 10. The
sample roughness did not allow the aluminum to lift off cleanly from the surface. Thus, this technique is limited to
surfaces smoother than raw CMC. Since less than a third of the sacrificial film was etched off, a surface roughness
<£10 pum is estimated for the technique to be practical. The surface roughness requirement for this technique is
similar to that of photolithography, so the laser-pattering technique can be implemented where other issues such as
chemical compatibility makes sensor fabrication a challenge.
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Since the surface roughness of EBC-CMC systems are still not the quality of polished metal components, and the
existing surface roughness of CMC material is still unsuitable for fine-line (<100 pm) patterned sensors, the
challenge is, how to test the fabrication of thin film sensors on anticipated EBC-CMC surfaces. Typical tests for
SiC-CMC compatibility are performed on commercial a-SiC disk samples in present EBC material testing at GRC
(Ref. 3). Therefore, in parallel to the material tests, a-SiC disks (25 mm in diameter and 3 mm thick) polished to
+10 um were used as substrates for the initial demonstration of a patterned sensor to be ultimately embedded in
CMC systems. After some insulating oxide film failures during pre-treatment of the substrates, heat flux sensors
were fabricated on the disk samples.

Ceramic Heat Flux Sensors on a-SiC

The design for the heat flux sensors were based on the thermopile-based sensor shown in Figure 2. The
nanocomposite NiCoCrAlIY:AlOx versus N:ITO as discussed earlier was selected as the thermocouple pair for the
sensor. The substrate (the a-SiC disk described earlier) was polished to 10 um roughness, then cleaned in an 1:1
solution of H,SO, with H,0, for 15 min (“p-clean”) to remove surface contaminants. The substrate was annealed in
air at 1100 °C for 8 hr to fully passivate the surface with an oxide, estimated to be 0.5 um thick.

Contact pads of platinum were sputtered deposited using shadow masks for large 2.5 by 5 mm? patterns. For
bonding the platinum to the oxide, a new multilayered adhesion scheme was used that first deposited an aluminum
layer of 150 A followed immediately by 1 um of platinum in the vacuum sputtering unit. This bonding scheme was
first used successfully with no film delamination in the heat flux sensors fabricated for the CEV TPS Heat Shield-to-
Backshell Interface Seals project mentioned earlier.

The nanocomposite elements were pattered via photolithography, and sputter deposited to 1 pum thickness.
Similarly, the N:ITO elements were pattered via photolithography to 2.5 um thickness. After each element, the
sensor was vacuum annealed to 800 °C for 5 hr to outgas and solidify the films. The sample appeared as shown in
Figure 11 after the deposition and patterning of each element.

At this point, the nanocomposite was seen to be delaminating from the substrate during routine inspection after
annealing. As seen in Figure 12, the delaminating films appear to be associated with pits and ridges in the substrate
surface, which may be only part of the problem. The fact that the nanocomposite films failed, while the N:ITO did
not, suggests that there may be a large CTE mismatch between the nanocomposite films and the substrate.
Specifically, the NiCoCrAIY:AlOx is expected to have a CTE between 12 and 15x10° K', where N:ITO is
approximately 9x10°° K™' and may more likely form an adhesion interface with the insulating oxide when annealed.
Given the demonstrated capability of the nanocomposite film to adhere to other surfaces, present activity is directed
toward surface and/or coating modification to improve the adherence of the nanocomposite film for this substrate.

Figure 11.—Nanocomposite NiCoCrAlY:AlOx- Figure 12.—Delaminating nanocomposite
N:ITO heat flux sensor (Nanocomposite films (light) as seen under microscope after
film is light, ITO film is dark) on a 25 mm 800 °C anneal, as well as the intact ITO
diameter a-SiC disk. films (dark). The film patterns are 50 um

wide.

NASA/TM—2010-216216 6



Y’

Figure 13.—Al:ZnO-N:ITO heat flux sensor
on a 25 mm diameter o-SiC disk during
preliminary testing.

Figure 14.—Nanocomposite films (light), ITO
films (dark), mullite insulation coating
(lower) as seen under a microscope. The
film patterns are 50 um wide.

An alternative to the nanocomposite of alumina and NiCoCrAlY is to use a nanocomposite of aluminum and
zinc oxide (Al:ZnO). This new nanocomposite is expected to have CTE of about 5x10° K', a better match to SiC
CMC. The new sensor was fabricated similarly as the first, with 2.2 um N:ITO elements first deposited after
vacuum annealing the platinum pads, then the Al:ZnO elements were deposited (Ref. 18) to a thickness of 1 um.
Afterwards, 0.60 pm of mullite was electron-beam deposited as the center insulating region. The final sensor
appeared as shown in Figures 13 and 14. Note that the transparent nature of the films is the cause of the colors in
Figure 14.

For the initial tests, the sensor was placed on a 250 °C maximum hot plate with an estimated maximum heat flux
of 0.22 W-cm 2, and the signal recorded through a data acquisition system. Then the sensor was placed on a 500 °C
maximum hot plate with an estimated maximum heat flux of 0.20 W-cm 2, and the output recorded again through the
same data acquisition system for comparison. After smoothing the signals using a moving average over 170 sec, a
sensitivity corresponding to 0.06+0.02 pV-(W-cm %) is seen as shown in Figure 15(a) and (b). The resulting signal
is considered accurate to £0.0035 pV. This represents the first thin film heat flux sensor pattern deposited and
operated on such a surface.

A determination of the output of the Al:ZnO versus ITO thermocouple can be deduced from this preliminary
result. Considering that the 0.60 um mullite layer has a bulk thermoconductivity of approximately (Ref. 11)
5.5 W-(m'K)", for 0.2 W-cm™ (2000 W-m?) a temperature gradient of 220 uK is generated to produce 0.012 pV
signal output. The thermopile has 40 pairs, so a single Al:ZnO versus N:ITO thermocouple junction has a
thermoelectric power of approximately 14 uV-K™'. In comparison, an ANSI-standard Type R thermocouple junction
has an output of 8.5 uV-K ' at 200 °C.
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Figure 15.—Response of Al:ZnO-N:ITO heat flux sensor tracked with surface temperature
of the hot plate surfaces of: (a) 0.22 W-cm™, 250 °C maximum and (b) 0.20 W-cm™,
500 °C maximum. Representative error bars are shown on each graph.

Conclusions and Future Work

In response to an increased demand for in-situ measurement of high temperature heat flux, GRC is applying thin
film high temperature measurement technology to aerospace systems in development. The 1700 °C EBC-CMC
systems under development at GRC require such sensors to allow a more complete characterization of the systems.
To satisfy the conditions of the EBC-CMC system, GRC undertook an examination of novel approaches to
fabricating ceramic film heat flux sensors.

The properties of silicides and conductive oxides were examined for suitability as components for a thermopile
heat flux sensor. The CrSi and MoSi samples demonstrated the need for oxidation protection for the silicides to be
part of a usable thin film sensor. The signal from a thermocouple of a nanocomposite film of NiCoCrAlY and
alumina versus N:ITO film was examined and found to have suitable high output over a large temperature range.

NASA/TM—2010-216216 8



The rough nature of the CMC and the porous nature of the EBC posed a significant challenge for patterning the
fine features required. Laser-patterned sensors as a direct-write method of masking for fine-line films had success on
smooth substrates, but not on the rough EBC-CMC. Laser-patterning still can be used as a method of tracing through
ablation an outline of a sensor pattern in an existing film, with feature widths greater than 30 pum, similar in
resolution of the photolithographic technique but on surfaces that photolithographic chemicals could not be used.

As the roughness of CMC components progress towards smoother surfaces, similar to polished metal
components in the future, substrates of a-SiC were used to simulate a 10 pm CMC component surface. A heat flux
sensor was fabricated on the substrate forming a complete sensor structure. However, upon annealing, it appears that
the CTE mismatch of the nanocomposite NiCoCrAlY/alumina is too high to produce a stable, adherent coating. A
new heat flux sensor was fabricated using an alternative nanocomposite of aluminum and zinc oxide. From
preliminary data, the new sensor has a response of 0.06+0.02 pV-(W-cm %)™, and more extensive testing is planned
for the future.
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