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TECHNICAL MEMORANDUM

FABRICATION AND TESTING OF A NOVEL CERAMIC-BASED ADDITIVELY
MANUFACTURED HUMIDITY SENSOR

1. INTRODUCTION

1.1 Review of Current Humidity Sensors

Whether it is keeping moisture in or out of a product, a predictable atmosphere is para-
mount to the success of a vast range of fields. Pharmaceutical companies, refrigerators, gasoline
companies, air-conditioning systems, and critical elements on the International Space Station (ISS)
all rely on humidity sensors for a prediction of the ambient water content in air. Whether it is being
able to predict sleep apnea in astronauts! or detect lethal water leakage during a spacewalk,? the
necessity, and possibly life-saving effect, of being able to predict the ambient moisture in a local
atmosphere cannot be understated. Humidity sensors that can accomplish this strenuous effort
rely on the variation of three electrical properties in relation with relative humidity (RH), that is:
capacitance, impedance, and thermal conductivity. The properties uniquely associated to each of
these three subsets are discussed in detail below.

1.1.1 Capacitance-Based

Capacitance-based humidity sensors rely on the detection of a variation in the relative
saturation, associating this to a change in relative humidity (RH) via a change in capacitance.
The relation given by equation 1 represents the driving force free energy for absorption, which
holds a direct impact on the capacitance readout of a sensor.

P 1

G = RTIn (P—O) (1)
The driving force (G) is a function of temperature (7)), gas constant (R), partial water vapor

pressure (P), and saturation water vapor pressure (P). It is then apparent that the P+ P, term

must be equal to RH when the sensor is exposed to the ambient temperature of its surroundings.3

Thus, the ambient temperature, or RH humidity holds a directly proportional relationship with

the free energy available for the dielectric to absorb local water molecules. A key implication of

this formula is the linear and directly proportional response RH holds on the capacitance readout

of a humidity sensor.



1.1.2 Resistance-Based

Resistance-based humidity sensors operate based on measuring the amount of energy
required for a proton to transition from one hydroxyl group to another, adjacent one.4 As the
concentration of protons in the hydrophilic dielectric increases, the amount of energy resisting
the transfer of protons via the hopping mechanism will decrease, creating an impedance that holds
an inversely proportional and exponential relationship to RH. Due to their simplicity and ease
of manufacturing, resistance-based humidity sensors are cheap and commonplace in residential,
commercial, and industrial environments.

1.1.3 Thermal Conductivity-Based

The core principle encompassing this sensor is the relationship between two thermistor
elements measuring the difference between the conductivity of dry air and air storing water vapor.
This inherently limits the sensor to a measure of absolute humidity, which is contrary to the needs
of the current study. Due to this limit, the focus will be on either capacitive or resistive sensors
throughout this paper.

The structures of these sensors take two general forms, with both capable of measuring
either capacitance or impedance. The first and by far most common is the parallel plate capacitor
(PPC) formed via the separation of two electrodes by a dielectric material, as represented in
figure 1.

Figure 1. PPC sensor built at MSFC.

Equation 2 represents the calculation for capacitance in a PPC. Capacitance (C) is found
as a function of relative permittivity (¢,), the permittivity of air (¢,), the width (w) and length (/)
of the plate in contact with the dielectric, and gap between the electrodes (s). We can utilize this
equation to provide estimates of our initial capacitance read, holding emphasis on reducing the
dielectric thickness due to its inversely proportional effect on capacitance.
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s
Commonplace in mass manufacturing, coplanar capacitors foster a reduction in the
complexity of producing the sensor by eliminating the overlapping electrodes. As shown in figures
2 and 3, these electrodes were originally utilized extensively for non-destructive evaluation of a
material (e.g., a bridge) by determining the capacitance formed via the electric field flowing through




a smooth path tracing from the anode to the cathode extending through the dielectric (in this case
concrete).’
Electrode 1 Electrode 2 S ]2 ]S |

(@)

Figure 2. (a) Electrode position over the layered dielectric; (b) Electric field
distribution through the dielectric material.?

Figure 3. Coplanar electrode design built at MSFC suitable for measuring
impedance or capacitance.

Capacitance between two coplanar flat electrodes is governed by the significantly more
complex, piecewise Equation 3.
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These equations represent C as a function of relative permittivity (¢,), the gap between
the electrodes (s), the width of the electrode facing towards the dielectric (w), speed of light in
a vacuum (v), and the total length of electrode (/). The directly proportional relationship between
C and ¢, is obvious for both versions of the above equations. Thus, since ¢, is found as a function
of the ambient RH, C must inherently depend on RH as well.

1.2 Dielectric Material Review

Fundamental to the survival and progression of the human race, sustainable energy
development and storage has been identified as number 7 of the 17 goals outlined by the United
Nations.® Ultracapacitors have routinely been identified as the missing link towards addressing
this looming energy crisis. Thus, the funneling of research time and effort has been focused on the
refinement of the components that make up these ultracapacitors. Characterized by equations 2
and 3, the dielectric component makes up the heart of any capacitor, inherently holding a signifi-
cant impact on every electrical and physical property. As of recent, metal oxides,”-8 perovskites,’>?
and organic polymers’-10 lead the charge as the primary foundation to build the dielectric from the
ground up. Each class contains its advantages and disadvantages, represented in table 1.7

Table 1. Various sensing media.’

Time (s) Humidity Range Working Sensitivity
Sensing Material Ro(s) | Ri(s) (%) Voltage Definition Value

1. Metal oxides
Sn0,/SBA-15 15 21 11-98 AC1V - -
SNWO,-Sn0, 30 100 5-98 - RylRey | 22386
Ko sNag sNbO; 8 18 11-95 AC1V - -
K**Doped - -
Sn0,-LiZnV0, 80 100 33-93 AC1V

2. Organic polymers
MPOSS | 3 |4 | 11-95 AC1V - -

3. Oxygenated salt
BaTiO4 Nanofibers 30 9 11-95 DC15V - -
ZnSn0, 7 16 11-97 AC1V ARIARH 1.04 %/RH%

4. Sulfide

Ve30V | (Rey=Ry/

MoS, 10 60 0-35 Vo1V ﬁo) 10,000

5. Halide perovskite
CHyNH4Pbly ,Clos 2 2% 35-65 DC2V Ro/Ray 1422
Cs,BiAgBr 178 | 045 15-78 AC1V (RR;%;)RO’ 1162
CsPb,Brs—BaTiO4 5 5 25-95 AC1V ACIARH | 21,426 pF/IRH%
CsPbBr nanoparticles 2.8 9.7 11-95 AC0.02V | ARIARH 1.5565 %/RH%

A ceramic material in the perovskite family was developed by NASA Marshall Space Flight
Center (MSFC), referred to as reduced lanthanum barium titanate (rLBT). rLBT is comprised
of reduced barium titanate (BaTiO5) doped with lanthanum (La) and co-doped with potassium



hydroxide (KOH). Figure 4 provides a diagram of the structure of BaTiO5 used in the creation

of rLBT. It was found that rLBT exhibited an enormously high ¢, value in the range of ~103.11-13
However, it is known that these “giant ultracapacitor properties”!3 are not so easy to control. For
instance, an unexpected characteristic of extreme sensitivity to moisture was discovered, which
shifted the focus of the team at NASA toward the use of rLBT as a highly efficient, vapor-sensitive
dielectric.!? Proven effective even at a minute thickness of 30 um, the drastically reduced environ-
mental footprint of the sensor enabled it for use in monitoring respiration in previously impossible
areas, such as space suits.! This study also found that the fast recovery rates were under 1 s for a
step change of 63% RH; in other words, for an instantaneous RH change from 30% to 93%, the
capacitance readout would change and then stabilize within 1 s. This discovery qualified it for use
in quickly detecting volatile vapors in critical environments like the ISS,? while also inherently
enabling it for use in fields dependent on quick moisture reactions (e.g., detection of sleep apnea
via breathing patterns).!

Figure 4. Structure of BaTiO5.14

Current formation of a dielectric based on rLBT is an extensive process, entailing multiple
cumbersome steps: First, a mixture of lanthanum hydroxide, barium oxide, and titanium dioxide,
with particle diameters between 50—-700 nm, are heated in a range of 1,000—1,300 °C.15 This process
generates a sintered mixture which then requires a complex regiment to create a printable form.
This form incorporates a mix of glass particles, surfactants, solvents, organic vehicles, binders, and
co-dopants. The liquid mixture is deposited onto a substrate via a screen-printing method like that
used in the printing of semiconductors. Once deposited, extensive processing is required to remove
the liquid portions of the mixture.!> Routinely, processing necessitates cycling between heating at
850-900 °C and cooling in a nitrogen atmosphere. These cumbersome final steps inherently limit
the ability to mass manufacture sensors based on rLBT. This research aims to utilize advancements
in additive manufacturing (AM) to create a humidity sensor that can eliminate the inconvenient
final high temperature firing stages currently necessary, replacing them with a simple cure either
under low heat (<110 °C) for epoxy or under ultraviolet (UV) light for UV-sensitive resin.



2. rLBT GENERATION SELECTION

Two different iterations of the La-doped rLBT base were studied. A batch developed in
2018 was processed at a maximum sintering temperature of 1,150 °C,!5 while the latest develop-
ment was processed at a temperature in excess of 1,250 °C. The former batch also utilized larger
precursor particles as opposed to the latter, where much smaller particles were used. These different
firing ranges and particle sizes led to obvious physical changes in the properties of the base powder.
The 1,150 °C samples exhibited a blueish shade, while the 1,250 °C samples showcased a more
off-white tint, as represented in figures 5-6 below.

Figure 5. 1,150 °C Sample.



Figure 6. 1,250 °C Sample.

2.1 Binder Choice

Adhesion of local rLBT particle clusters is paramount to enabling the formation of
networks that foster the communication of electrons across the dielectric. Liquid binders capable
of extreme loading, upwards of 3-4 times their relative wt.%, help to ‘glue’ these particle clusters
together. The properties of a selected liquid binder were found to hold significant effects on the
mechanical and electrical properties of the final dielectrics. Due to this, the outcomes of two
binders are presented: UV-curable resin and epoxy.

A commercial 3D Eco UV-curable resin from Shenzhen Anycubic Technology Company
was chosen due to its ease of use and availability. Selectively curable resin inherently enables
the reduction of cumbersome, prior necessary stages, by meshing together these stages into one
process. In example, fabrication of current rLBT sensors require drying at 250 °C for each layer
of dielectric added followed by a burn off at 850 °C to remove all organics from the material.
The selected UV-curable resin completely removes this step, replacing it with a simple cure under
a 400-450 nm UV light. Despite the ease of use, meeting of the percolation threshold was chal-
lenging for this material.

Difficulties in meeting percolation led the authors towards the use of a new binder, one with
a known trait of higher loading capacity: epoxy. Epoxy’s long heritage in various fields enables easy
application towards the tested case of a binder for the ceramic rLBT particles. The specific epoxy
used in the creation of the tested rLBT sensors was EpoThin™ two-part resin epoxy. Post-test
analysis of the epoxy-based samples confirmed a significant increase in the range of output capaci-
tance. Intuitively, it is thought that an increase in the weight ratio of rLBT with respect to a binder



would lead the final solution to hold properties more similar to the rLBT. Thus, the authors sought
an additive that could help accomplish this.

2.2 Surfactant Characteristics

He, Xu, and Ji utilized a dispersant additive to modify the rheological properties of a
ceramic slurry, resulting in a positive effect on the loading of ceramic in the binder.1¢ This insight
led to the use of anionic surfactants, particularly Stepan Stepfac™ 8180 and Ashland Dextrol™
0OC-40, to reduce the surface tension in hopes of increasing the wt.% of the dissolved rLBT parti-
cles. Both Stepfac 8180 and OC-40 are tridecyl alcohol ethoxylate phosphate esters. Immediately
after use of either surfactant, a notable hysteresis drift for the UV-curable resin-based samples was
produced and is represented by the plots shown in Figures 7-9. Epoxy-based samples exhibited no
drift (see figure 10) and were influenced much less by the incorporation of Stepfac 8180, as revealed
in figure 11.
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Figure 7. Control: UV-curable resin with OC-40 measured at a frequency of 25 Hz.
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Figure 8. Control: UV-curable resin with Stepfac 8180 measured at a frequency of 25 Hz.



Figure 9.
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Control: UV-curable resin measured at a frequency of 25 Hz.
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Figure 10. Control: Epoxy measured at a frequency of 20 Hz.
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Figure 11. Control: Epoxy with Stepfac 8180 measured at a frequency of 30 Hz.



Predicting and manipulating the hysteresis drift was highly dependent on several factors.
Particularly, the step times between humidity changes and the local ambient temperature were
found to hold the most noteworthy effect.!” Thus, these two variables were highly controlled during
the duration of the testing. For all presented results in this study, an ambient room temperature of
25 °C was held in the humidity chamber. Still, OC-40 exhibited a tendency to drift at much higher
rates than Stepfac 8180. As such, the use of Stepfac 8180 for the primary choice of surfactant can
be found through all samples.

An unintuitive result, confirmed multiple times through various sensor iterations, was that
samples created solely from the selected UV-curable resin exhibited a much higher hysteresis drift
tendency than samples mixed with Stepfac 8180. This surprising result is present for both genera-
tions of rLBT, showcased in the plots in Figures 12-15.

Re-milled, Re-fired, La-doped BaTiO; Resin
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Figure 12. Base fired at 1,150 °C without surfactant measured at a frequency of 20 Hz.
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Figure 13. Base fired at 1,150 °C with surfactant measured at a frequency of 20 Hz.
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Re-milled, La-doped BaTiO;, only Resin
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Figure 14. Base fired at 1,250 °C without surfactant measured at a frequency of 25 Hz.
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Figure 15. Base fired at 1,250 °C with surfactant measured at a frequency of 25 Hz.



The previous effect of surfactant held in UV resin samples immediately faded away for all
epoxy tests. In fact, the behavior of the samples seemed nearly independent with regards to surfac-
tant wt.%. This is shown in figure 16 comparing four of the tested epoxy-based samples.
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Figure 16. Comparison of epoxy samples measured at a frequency of 25 Hz.

The preceding samples fabricated from epoxy utilized different generations of rLBT base.
A notable difference in the dielectric thickness was observed spanning across the different genera-
tions. Insight through the sensors studied proved this variation in thickness to hold influence on
the ability of the dielectric to release the encapsulated water molecules when the RH retreated.
This data is captured in Table 2. Another prominent difference between the two samples is that the
1,150 °C samples contain a slightly higher BaTiO5 wt.% in comparison to the 1,250 °C sample.
With a difference of only 0.3 wt.%, a significant difference in the structure of the cured dielectric is
presented through figures 17-20.

Figure 17. Structure of particle clusters in epoxy sample fired at 1,150 °C.
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Figure 18. Epoxy sample with material fired at 1,150 °C.

Figure 19. Structure of particle clusters in epoxy sample fired at 1,250 °C.

Figure 20. Epoxy sample with material fired at 1,250 °C.
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Table 2.

Tested sensors.

sSensors

tape

Step Dielectric
Material Weight Ratio | Response Hysteresis Drift Outstanding Notes | Time (m) [ Thickness
Resin N/A 10M | Slight drit - 10 400 ym
Resin+0C-40 1244R:10 1 o | Rapid drit at beginning, - 10 320 pm
Resin + Stepfac 8180 1.244R: 18 1.1 OM | Exact same as OC-40 - 10 340 um
CD (1 layer) (R+8)(1,250 °C) | 2.63B:1R .o Rapid drit at beginning, ' yyore cream incolor | 5 460 pm
CD (2 layer) (R+S)(1,250°C) | 2.63B:1R 1 oM | Rapid drift atbeginning, - Notable difierence in | 5 350 pm
CD (3 layer) (R+S)(1,250°C) | 2.63B:1R 10M fjfatgigﬁﬂgﬂ through entitety | yyore cream in color | 5 390 um
_oruz 25:1R | noow KBISAeig Sl | o
& |MD (R+5)(1,250 °C) 281B:1R+S 2 OM | No noticeable drit faattened priorto 25 290 um
% MD (R)(1,150 °C) 229B:1R 1O | e g R e 2019 NiA 420 pm
S HoRism G | 246i1Res | aon Uelsmedfatiegmig, Fodsus e s
MD (R+S)(1,150 °C) 22B:1R+S | 270M) Sightdrift coalesce gfa%r?;j Stepfac, 15 290 pm
MD (R+S)(1,150 °C) 22B:1R+S | 240M) Sightdrift coalesce 22 1LBT: Stepfac 15 340 um
FD (R)(1,150 °C) 223B:1R 1.2 0M | Consistent drift {Z‘g{}ﬁged prior to 15 460 pm
FD (R+$)(1,150 °C) 237B:1R+S |  1.40M Consistent drift Qg{i‘r‘fged prior to 15 190 um
FF (R+S)(1,150 °C) 19B:1R+S | 2.80M| No noticeable drif gtzarr#Eer Stepfac, 15 240 pm
FF (R+S)(1,150 °C) 19B:1R+S 2.9 OM | No noticeable drift 22 rLBT: Stepfac 15 340 um
MD & FD (R)(1,150 °C) 243B:1R 2.0 | Sulreme drit through pample was shaped |4 420 pm
Epoxy N/A 0.1 OM | No noticeable drift Eg;’{‘jf@”{;%e 15 230 um
Epoxy + Stepfac 8180 204E:1S 0.2 OM | No noticeable drift fa‘gé“ed with Kapton | 4 90 pum
Final rLBT (E)(1,250 °C)(1) 24B:1E 3.0M | Slight dif, coalesce fl'(‘)%g“ge‘ffﬁre”t 15 280 pm
Final rLBT (E)(1,250 °C)(2) 24B:1E 30M | Slont rit, coalesce | 15 270 pm
Final rLBT (E)(1,250 °C)(3) 24B:1E 3.0M | Slont drit, coalesce angtgﬁéga;?:r?ggtTyc for | 15 260290 pm
Final rLBT (E)(1,250 °C)(4) 24B:1E 3 om | Slight drift, coalesce samples 2,9, and 4 15 270 pm
- towards end
g Final rLBT (E)(1,250 °C)(Kap) =~ 2.1B:1E 2.30M | Less dritthan the above fa‘gg“ed with Kapton | 45 350 um
MD (E)(1,250 °C) 215B:1E 2.5 OM | No noticeable drift Near log-linear output | 25 1,180 um
MD (E+S)(1,250 °C) 214B:1E+S | 2.50M | No noticeable drif Rapid increase n (C) | 49 440 pm
MD & FD (E)(1,250 °C) 2158 1E 2.0M | Shight drf, coalesce fa‘gé“ed with Kapton | 45 N/A
MD & FD (E)(1,150 °C) 243B:1E 2.2 OM | No noticeable drif Rapid increasein (C) | 4 280 pm
PD,MD & FD (E)(1,150°C) | 243B:1E 2.6 OM | No noticeable drift Qg{i‘ﬁged prior to 15 250 pm
FF (E)(1,150 °C)(Thin) 124B1E 250M Less drift than the above | Formed with Kapton 15 150 um
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3. FABRICATION OF SENSORS

Refinement in the production of semiconductors has been critical in the rise of electrical
devices. The use of screen printing to mass manufacture these semiconducting materials has
branched to various fields, one of which is the fabrication of sensors with repeatable properties and
characteristics.!> Samples for this research were fabricated through a procedure derived from the
methods utilized by Rolin and Small;!> Weng et al.;? and Qi et al..18 A premixed slurry was forced
over a controlled aperture, displacing the uncured dielectric onto the electrode below it. Using the
alternative binders discussed in section 2.1 enabled the elimination of high-temperature postpro-
cessing steps that were necessary in previously established methods. As a result, UV-curable resin
samples were processed with a simple 60 s cure under a 20 W, 400450 nm UV light, while epoxy-
based sensors were subjected to a low-heat (<120 °C) drying period ranging from 30 m to 2 h. The

general steps used to produce a sensor for this research, as compared to the steps established in
Rolin and Small,!3 are shown in figure 21.

Method Established by Rolin and Small™ Proposed Methods

rLBT
Sintered at either
1,150 °C or 1,250 °C

Process to Remove » UV-curable Resin Epoxy Binder
Solvent S
1
L ~
o
£
3
> Process to Remove .
o~
2 Organic Vehicle Cure Under UV Light
4
=
>
g 1
o
=
Heat and Subsequently
Coolina
Nitrogen Atmosphere
Solder Test Leads
and Test!

Figure 21. Reduction in processing with novel methods.
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While the samples produced from the UV-curable resin exhibited a decent response of two
orders of magnitude, the overall better characteristics and reduced equipment requirements of
the epoxy binder led the authors to fabricate the final sensors entirely derived from epoxy. The
previously-presented independence of the epoxy-based humidity sensors’ performance toward
the use of Stepfac 8180 meant that the final sensors produced without the surfactant required
less processing, further reducing the start to finish manufacturing time. The decision between
electrodes based on a typical parallel plate capacitor design or a coplanar design relied heavily
on minimizing the complexity and required manufacturing necessary to produce reliable humidity
sensors. As represented throughout industry,3 the coplanar design eliminates several steps required
by parallel electrodes; thus the choice of coplanar electrodes will be found throughout all presented
sensors. The choice of which generation of humidity sensing powder utilized required a much
more extensive testing regime, spanning tens of iterations with each iteration containing up to four
samples each.

Though the physical differences found between the rLBT powders sintered at 1,150 °C
and 1,250 °C are prominent, their electric-magnetic properties withhold obvious variances. The
data obtained indicated that the powder sintered at 1,250 °C may lead to a more log-linear RH
vs capacitance, which was previously explained to be more favorable due to simplification of the
required regression analysis necessary to output a valid readout. Thus the 1,250 °C rLBT was
chosen to fabricate the final sensors pictured in figures 22-25.

Figure 23. Final Sensor 2.
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Figure 25. Final Sensor 4.

Production of the final sensors was designed to match known techniques common in the art
of semiconductor manufacturing with hopes of fostering an ease of future adaption towards the
production of the presented sensors. The specific steps used to produce the final sensor selection
were as follows:

(1) A solution of EpoThin epoxy was formed with a resin-to-hardener weight ratio of
5:1, as recommended by the manufacturer.

(2) The epoxy was mixed with a premeasured amount of 2 wt.% KOH with La-doped
BaTiO; base, sintered at 1,250 °C, to reach the desired rLBT-to-epoxy weight ratio of 2.4:1.

(3) The rLBT/epoxy mixture was then displaced over the coplanar electrodes in a
method similar to that of screen printing. Due to the heavy loading of rLBT in the epoxy, the
final solution was extremely viscous, reducing the chance of settling or migration once displaced
onto the dielectric.

(4) The wet sensor was left out at room temperature to cure for =2 h or heated with a
basic hotplate at 110 °C to reduce the time of total solidification to =30 m.
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4. RESULTS AND ANALYSIS

The exhibited final sensor selection showcased the best range, spanning three orders of
magnitude for a step change in 60% RH. This impressive range was also followed by the expected
near log-linear output, with sensors 2, 3, and 4 showing a near-exact yield in capacitance across
the tested RH range. The slight deviation found in sample 1 is believed to be due to the dielectric’s
marginally thicker height. The output of each sensor and a comparison of all sensors is presented
in figures 26-30.

Final Epoxy Sample 1: Re-milled, La-doped BaTiO;

90
80 _‘
S o :
z 60 P First Hysteresis Loop
7S e —— Second Hysteresis Loop
iy Third Hysteresis Loop
50 y/ S Fourth Hysteresis Loop
[ ia  o Fifth Hysteresis Loop
40 \y —=— Sixth Hysteresis Loop
—=— Seventh Hysteresis Loop
—— Eighth Hysteresis Loop
30 | | | |
10" 1010 10-° 10° 107

Magnitude of Capacitance

Figure 26. Final Sample 1, RH vs Capacitance. Base fired at 1,250 °C and measured
at a frequency of 20 Hz.

Final Epoxy Sample 2: Re-milled, La-doped BaTiO;

90
80
g 70
= n :
o ] —+— First Hysteresis Loop
60 —+— Second Hysteresis Loop
Third Hysteresis Loop
50 Fourth Hysteresis Loop
Fifth Hysteresis Loop
40 - —=— Sixth Hysteresis Loop
—=— Seventh Hysteresis Loop
—— Eighth Hysteresis Loop
30 T T T 1
10" 1010 10° 108 107

Magnitude of Capacitance

Figure 27. Final Sample 2, RH vs Capacitance. Base fired at 1,250 °C and measured
at a frequency of 20 Hz.
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Final Epoxy Sample 3: Re-milled, La-doped BaTiO,
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Figure 28. Final Sample 3, RH vs Capacitance. Base fired at 1,250 °C and measured
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Figure 29. Final Sample 4, RH vs Capacitance. Base fired at 1,250 °C and measured

Final Epoxy Sample 4: Re-milled, La-doped BaTiO;

P
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Fifth Hysteresis Loop
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at a frequency of 20 Hz.
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Comparison of Final Sensors, First 4 Hysteresis Loops Omitted

100
90
80
g 70
T
o 60 Pt
e :F +
504
-yi_u-:,-.-,r. : — gensor ;
Wi —— Sensor
40 f’r Sensor 3
L ol Sensor 4
30 T T | |
10" 10-10 10-° 108 107

Magnitude of Capacitance

Figure 30. Comparison of the final sensors. Base fired at 1,250 °C and measured
at a frequency of 20 Hz.

Samples produced from epoxy were extremely durable, resisting shearing off even when
attempting to leverage a scalpel underneath the dielectric. A vastly improved resistance to hysteresis
drift found across all generations of rLBT bases was extremely favorable and led to steady output
for all tested loops. The samples fabricated from the 1,250 °C powder also showcased a near log-
linear response, which would make calibration easier for analog processors.

20



5. CONCLUSIONS

The core of this research was to extend the already proven and published screen-printed
sensor!1-13.15 via the use of either an epoxy or UV-curable resin binder. Accomplishment of this
goal enabled a drastic reduction in the total required production time, while reducing the parts and
machines necessary to manufacture a viable sensor. Both UV-curable resin-based and epoxy-based
sensors held similar ranges in capacitance as the cited screen-printed sensor, as displayed in the
comparison found in figure 31. Several industries may be impacted by the drastically improved
durability granted through epoxy’s binding strength, such as high-temperature applications in
aerospace environments.

Comparison of Various Sensor Compositions

100
/"9’ ,\/
90 -
80 .
g 70
I ¥
[+'4 60 -
50 i
“_ ‘ - —— Screen Printed
40 - —— Epoxy Derived
& 4 UV-curable Resin
30 T T I |
10" 10710 10-° 10-® 107

Magnitude of Capacitance

Figure 31. Comparison of various sensor configurations. Base fired
at 1,250 °C and measured at a frequency of 20 Hz.

Several important insights were gained through the months spent developing this AM
humidity sensor. The importance of meeting the percolation network for sufficient communication
across the ceramic slurry cannot be understated. Thus, the authors recommend future testing of
additives that can enhance the amount of rLBT dissolved in the binder. This study only analyzed
the effects of surfactants Stepfac 8180 and OC-40; but as He, Ju, and Ji pointed out, “typical
surfactants such as polyvinylpyrrolidone K 10, polyvinylpyrrolidone K15 and oleic acid”16 can
also be used to increase the loading of a ceramic-based material into a binder. An additive that
enhances the communication of the BaTiOj; particles across the solution may also increase the
range of capacitance for a select range of RH. Initial insight leads to the thought of polyvinylidene
fluoride to accomplish this due to its resistance to solvents, acids, and hydrocarbons.!® In addition,
a more finely-milled rLBT and a more refined mixing mechanism, such as ultrasonics, may lead
to a higher rLBT-to-binder weight ratio.
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