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ABSTRACT

Thermal Barrier Coatings (TBCs), and plasma sptiogs in general, require critical
control over the deposited thickness to achieviablkd coating performance. Currently,
the plasma spray industry quantifies thicknessamging the part before and after TBC
deposition. Approximate thickness is thus inferfredn previous runs. However, process
variability can allow errors to propagate in thesult that leads to wasted time and
resources, and can ultimately lead to non-reliaatings. To this end, an in situ optical
fringe profilometer is developed that enables cwpthickness measurements across a 2-
dimensional surface. The initial profilometer ceptis explored through requirements
and trade studies, leading to a hardware and #igoriesign family and prototype build
to capture and compare real-world data to simuiatiod model predictions. This initial
result shows a viable path-forward and the abtidyachieve micrometer-scale depth

resolution.

Modifications and alterations to the in situ profileter are then explored to
improve the performance limits achievable. In #eadndustrial spray coatings operate
by dropping fine-grain media into a high pressuaie ne aimed through a plasma torch
to impart enough thermal and kinetic energy toksticthe part surface. This presents a
challenging operational environment for an optidapth measurement sensor, working
with a variable high-temperature blackbody strgjtlisource; constant part rotation and
plasma gun movement; and a non-isolated vibratMir@nment. As such, the concept

of the profilometer is further adapted specificthis end-purpose, by developing and
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reviewing both dual-fringe projection and plenoptiaging. These techniques allow an
improvement to both the system micro- and macrasadgpth retrieval limits, allowing

a method to solve for an extended range of phadmsgaities and relax object focus
requirements (respectively). The end result igséesn concept and algorithm design that
presents a feasible manner for automated in siitngéy and depth measurements in the
plasma spray industry. The in situ fringe profiketer work described herein allows a
flexible path to recover object depth informati@miotely, and is especially relevant for
asymmetric and complex non-planar geometries, wéiwelexperiencing renewed interest
with additive manufacturing processes and generpllie common to the thermal spray

industry.
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CHAPTER 1: Scope

Introduction

Thermal spray processes and resulting ceramicrgsatre a key technology enabler in
many industrial applications, including aerospaaatomotive, and energy markets.
These coatings are typically deposited on metalpmrants to provide protection from
harsh operational environments; specifically, thmgvent part failure by selectively
increasing resistance to corrosion, elevated teatpes, and/or abrasion (National
Materials Advisory Board / National Research Coljrid96) (DeMasi-Marcin & Gupta,
1994). Due to the important role that these cagatiplay for increasing a part's
reliability, maintaining the coating's quality dogi deposition is critical. The most
fundamental parameter to control during the proce#ise deposited material’s thickness
(50-400 micrometers traditional range) and uniféymi Yet this has historically been
very difficult to measure on actual parts (Choi,téfunson, & Evans, 1999). Rather,
approximate thickness is inferred from previousstuag., the number of required torch
passes equals the desired thickness divided byrtiyarically measured thickness per
torch pass. Validation involves spot checking thiekness using eddy current sensors (if
material properties allow); calipers or micrometeos destructive testing of planar
witness couponsfter the coating has already been deposited. Thisradeprocedure
leaves the process open to changes in the coattlegesition parameters, leading to

reduced yield and reliability.
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Scope of Dissertation

Given the importance of understanding the surfagatment quality for thermal spray
processed components, this research evaluated dsettv@rovide for a real-time, in situ

measurement capability. In specific, the develapna@d characterization of a structured
illumination sensor, referred to as “real-time inmag profilometer”, to provide in situ

measurements of a particular thermal spray processgly plasma spraying of thermal
barrier coatings. This research also includes bedhworld correlation measurements in
a production booth, as well as captures future fitadions and supporting analysis to

improve the performance envelope.

Goals

This dissertation captures the operational enviemimapproach, and data analysis
necessary to measure the deposition thicknessaiae coatings as applied in a thermal
spray booth. Fundamentally, this leads to theysmabf the design and algorithm family
to achieve the end performance objectives requir€tis is functionally decomposed
into the primary research goals as follows (categdl):
(1) System Design & Analysis:

a. Geometric and interference model of the projecpical system

b. Sensor prototype design and build, future pathtitied

c. Review of tolerances and impact on performancectibgs

(2) Sensor Assembly & Calibration
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a. Prototype integration of sensor components,
b. Sensor algorithm development & optimization
c. Calibration of sensor in laboratory environment
d. Prototype test in thermal spray environment.
(3) Data Collection & Analysis:
a. Laboratory & field measurements collected and caegb#o

performance / modeling estimates

From another angle, this dissertation capturesndeessary background on the
problem scope relevant to the thermal spray ingiudtrthen characterizes the process to
analyze the possible optical sensor methods to unedke desired information, namely
the coating thickness as it is being applied. Thitudes observing and measuring the
production spray process current state to quartsifyntended use, as well as coordinating
with the customer on the expectations of futurdqearance. From here, algorithm and
sensor design studies were initiated and lead tiows analysis tools and experimental
data collections to support the path-forward. didiaon, a prototype sensor was built
based upon the analysis and research, and capheasurement data to contrast against
predictions and model expectations. Finally, semsodifications to further improve
performance were analyzed and reviewed in the gbrdé the problem statement,
providing a path-forward to expand upon the reselierein. This dissertation does not
however discuss the details of implementing, defgimanufacture, or marketing a

sensor design in this application space.
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Process Description & Assumptions

Thermal spray is a relatively generic title thaptcees many inherent sub-processes and
industrial methods. As such, this dissertation feassed on measuring the deposition of
plasma sprayed thermal barrier coatings; comprafed top-layer of ceramic (namely
yttria-stabilized zirconia, or YSZ) overlaid onto substrate metal (usually with a
transition sub-layer such as nickel alloy, to heith CTE mismatch). This deposition
process is inherently limited by the quality anddertying knowledge of the ceramic
surface treatment, as it provides the core praiedtiom high temperature environments
(such as those that exist in an turbine engine). eRample of a standard plasma spray
booth robotic arm is provided in Figure 1. Thisistrates a traditional plasma gun as
mounted on a multi (4 to 6) degree-of-freedom rmbatm to accommodate variable part
geometries in the booth. The plasma gun has homasected to supply the requisite
electrical connections; gas pressure feed linaustag the plasma as well as deliver the
powder feed stock when required; and the inputurneof water cooling to extract the
waste heat by-product. Given that the booth sé&tupomplete, the plasma gun then
ignites an arc in the front chamber orifice in fresence of the high pressure / volume
gas flow (required for plasma creation as well @gpsrting thermal and deposition rate
management), which is shown in Figure 2. In thekgeound of this figure, the part to be
coated is also shown setup and rotating as mousriea spinning mandrel to improve
coating uniformity. At this point, the robotic aria activated, and would bring the
plasma gun over to the part to start warming upstiréace to improve adhesion of the

coating.
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Figure 1. Example of plasma spray gun as mounteattorulated robotic arm. Also
details the associated electrical, gas / feed stoul water cooling lines present.

Figure 2. Demonstration of thermal spray setupmé&setup as shown in Figure 1, with
ignited plasma arc moving to begin deposition pssaan rotating sample in background.

YSZ is then fed into the plasma / gas stream aswaler to start the gradual build-up of

the surface treatment, with an example image ofrikdia as captured in Figure 3. By
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tuning the combination of powder properties; gas eiume and velocity with resulting
plasma temperature; and robotic arm behavior totrabrithe dwell time over any
particular point of the part surface, the coatinglddup rate can be programmed to
improve the repeatability from one lot to another & production environment. Given
the nature of the media (white visibly reflectiveramic), it is assumed that any optical
measurement signal to aid in thickness determinatiould be from the reflection off of
the top highly diffuse surface. In addition, trensor would need to operate around /
within the presence of the plasma source, effelgtimesery high temperature blackbody
emitter, which also has spectral emission linesqne based upon the gas properties
(constituents and pressure / volume flow rate).is Bets the process background and
limitations on the modalities and physics of thelpem, for what could be studied to

understand the coating thickness as it is beingsitsl.

Figure 3. Example of zirconium dioxide powder. tafly equivalent to YSZ which
would include a small percentage (4-8% tradition)adf yttrium oxide added to stabilize
the crystal structure at room temperature (WikipedD14).
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Summary

Although this dissertation focuses on a specifaspia spray process and material family,
it can be leveraged to the more general industha&rmal spray processes. An
understanding needs to be made that the medide&vidquivocally non-transmissive and
optically diffuse; but all other assumptions woblel per the specific setup or operation in
the booth environment. This research and idedtifiechniques are important as it
provides a manner to measure and understand tem@lapray process while it is being
applied, to help enable an improvement in yield exibility of the surface treatments.
In addition, these methods and tools can improeeathility to design and develop new
coating formulations, providing real-time feedbdackhe designers and industry partners

for performance evaluation at both nominal andkiféss tolerance limits.
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CHAPTER 2: History

Thermal Spray Background

In the early twentieth century, Dr. Max Schoop @sdociates developed the pre-cursor
technology and equipment (International Thermal agprAssociation, 2007) for
producing coatings using molten and powdered mefHfss ultimately led to the class of
technology referred to as ‘thermal spraying’, whoaim be defined as:

A group of coating processes in which finely didideaterials are

deposited in a molten or semimolten condition tenfa coating.

Today, the thermal spray industry is seen as &ariand enabling capability,
serving over thirty (30) technology sectors andoevably helping generate billions in
sales per year. The range of applicable coatidigsva selective improvements in
material strength; thermal protection; metal fagigcorrosion, or abrasion resistance; and
electrical grounding or conductivity improvemenetc. This implies that there are
multiple material classes to work with and therefonultiple methods to deposit onto
substrates. To illustrate the range of processesmpassedsigure 4presents a view of
the top recognized thermal spray methods, as deplaby heating source. Of all these
processes shown, “Non-transferred Plasma Arc” asmph spraying operates through the
generation and sustainment of plasma, to reach hightytemperatures (5,000 to 16,000
Celsius) necessary for the deposition of high megltemperature ceramics, such as YSZ
for thermal barrier coatings. In addition, througlanipulation of both the gas species

(argon, nitrogen, hydrogen, helium, or some contimnahereof) and pressure / volume
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flow, the end-user can dial in the particle nozebet velocity and plasma thermal
temperature to tune the process recipe to meedtéted coating objectives. Due to this
inherent flexibility, plasma spraying serves a éafaction of the markets for the broader
thermal spray industry, and specifically providegash to cater to the high performance
thermal coating insulation need. This is achievleugh a sub-process family of
vacuum plasma deposition techniques. This iszetiliwhere material surface properties
are absolutely critical to the efficiency and rblisdy of the system, and requires
operating the plasma spray in a vacuum environrteitelp remove the potential for

sub-layer contamination or temperature perturbation

%' % $

Figure 4. Thermal spray application methods by beatce. Adapted from ITSA
(International Thermal Spray Association, 2007pwveimg focus on “Non-Transferred
Plasma Arc” thermal spray process for researchrtsffo
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Thermal barrier coatings (TBC) are just one cldssudface treatment enabled by
plasma spraying, but account for a dramatic changechnology and material design
options. The ability to isolate and protect agaipsak temperature loads helps to
increase operating lifetimes and reliability acroamerous applications. One simple but
important example to illustrate this is through teramic thermal insulation on an
automobile engine exhaust manifold, which is shagndeposited with a hand-held
plasma spray setup Figure 5 This allows the system to operate more effityewhile

protecting neighboring components from otherwisesethermal loads.

Figure 5. Example of hand-held plasma sprayingges®c As would be utilized in the
deposition of a thermal barrier coating (Wikiped@;14)

Thermal barrier coatings are usually comprised wiegallic bond coat on top of a

metal substrate, which then has a ceramic topguaiteal. This topcoat is typically YSZ
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as previously mentioned, and has a very low themalductivity while retaining its

strength at high operating temperatures. This wguid coating approach allows a
comparably thin insulation layer to isolate potalhyivery large heat loads that could be
prolonged in nature, such as that within a gasireriengine. In that application, by
allowing a higher operational temperature intemoathe turbine, the compression ratio
can be subsequently increased, leading to moreiegfti combustion and fuel energy
extraction. This is useful for both direct enegpneration activities, as well as
improving the fuel efficiency for transportationjch as what is currently utilized for

most modern commercial airlines. However, today ltmitation for maximum turbine

engine operational temperature is not limited by blase media or material properties,
but rather on the reliability and lifetime impaot the internal coating application. This
highlights one of the base desires for an in sharrmal spray coating thickness
measurement capability, to improve the coating @sectolerances; aim for 100%
sampling and automated acceptance; and help emaapkth to run engines hotter by
further relying on the coating reliability (refed¢o as “prime reliance”) to push energy

extraction efficiency closer to the stoichiometimit (Langston, 2015).

Thermal Spray Current Measurement Approach

Successful application of thermally sprayed coatinglies on many interrelated
variables. Small deviations in these variableg.(¢orch power, arc strike, powder size

distributions, booth ventilation, gas flow rates;.ecan create a substantially different
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coating in terms of both geometry and reliabil®a@chais, 1995) (Beele, Marijnissen, &
van Lieshout, 1999) (Dwivedi, Wentz, Sampath, & Biakira, 2010). To compensate for
these errors, deposition variables are currentlyntaimed by implementing process
controls on the impact plume's properties, inclgdiparticle velocity, diameter,
temperature, and dispersion (Fauchais, Understgrqlasma spraying, 2004) (Prystay,
Gougeon, & Moreau, 2001) (Vardelle, et al., 2001Yet, even with this feedback,
coating failures and yield issues still persistpezsally on critical components that
operate near the temperature, thermal cycling, fagt-velocity impact limits of the
material and coating. Ultimately, since many oés procedures do not test the
deposited coating, increased time and resourcesegugred to assess a pass or fail
criteria. Thus, an in situ thickness measuremerth@fcoating would help to understand
the real-time variations of the process, enablimgentonsistent results. Furthermore, an
active mechanism to understand the coating thickaesl uniformity would help both
designers and fabricators to optimize the numenrsaisables based on actual part

feedback.

With the aim of increasing reliability and coatingeld, several noncontact
thickness gage approaches have been demonstratexdpast, such as photothermal (PT)
or laser-ultrasonic (LU) techniques (Fabbri & Oksan1999). However, utilization of
these technologies is limited by the inherent caxipy and costs, and usually requires a
priori knowledge of the coating properties or getbmevhich adds additional complexity

and uncertainty. Furthermore, the spray procegsmits a significant heat load and
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therefore temperature gradient to the part's saflestr This causes the part to
geometrically expand; a situation for which PT drd techniques are inadequate to
compensate against and adds a potentially large source if left unmitigated. This

type of error means that the measured coating gk could have a smaller magnitude
than the net substrate's thermal expansion charagly, optical techniques, such as line
projection, have been successfully attempted; heweheir applicability is primarily

limited to simpler part geometries (Nadeau, et 2006) due to the single dimension of

measurement sensitivity and inability to handlgéaswings in object surface height.

In this dissertation, a viable approach to in siating thickness measurement is
described. Leveraging the sensitivity of opticalterferometric methods, while
ruggedizing it for use in the harsh environmenttledrmal spray production, a fringe
projection sensor is demonstrated that enables-timal and per-pass thickness
measurements. In addition, computational imageafures are analyzed to show the
capability for focus depth improvements and pasdeth retrieval estimates to support
measurement of more complex geometries and/or edlakooth implementation
requirements. This new approach allows for thedadirmeasurement of the coating

layer's thickness, independent of material properind localized thermal expansion.
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CHAPTER 3: Fringe Projection

Fringe projection involves projecting a known paitento an object and then viewing
the result from a different direction. With thedkviedge of the pattern input, and the
angle difference (between projection and viewingjprmation is garnered about the
surface topology. First presented in 1967 by Rand Welford (Rowe & Welford,
1967), fringe projection allows a novel methodtiady surface shapes and slopes that are
beyond the dynamic range limits of more traditioné&rferometry and usually diffuse in
reflection, with a non-optical surface finish. Dteethe requirement of an angle offset
between the projection and imaging paths, projacttechniques are a class of
triangulation and follow the limitations therein. That said fringe projection
measurements can operate beyond any single projpciat or line behavior, to help
capture and represent a 2-dimensional surface.n,Thecontrol over the characteristic
fringe behavior and focus attributes of the reawogdi imaging system, the method can
record surface depth deviations from the microm&iethe centimeter or larger scale.
This singular attribute is fundamental and critital the measurement of plasma spray
coatings where the base surface figure has no krgeemetry or guarantee, and the
desire is to measure over a large 2-dimensionabmeghere the full coating thickness

build-up can approach a millimeter or more.

In one of the simpler projection techniques toiest a surface slope or contour,
a series of straight lines can be illuminated dh®object under test. Then assuming a

consistently spaced pattern with a collimated illetion beam and viewing path, the



28

measured line separation interval would correlatthé integrated surface slope between
any two (2) consecutive line edges, which wouldwlbn average surface profile to be
extracted on the same sampling basis or resol@®the line pattern itself. This is
illustrated in Figure 6 where the internal spadmegween any two lines is correlated to
the height change (witby, equaling less thab,). In the same way, the viewed line
thickness would give insight into the average sigfslope over that region illuminated,
with the “wider” viewed lines implying that the $ace had a slope more normal to the

viewing direction (less thaa as shown), and thinner lines on regions with arraye

slope at an angle greater theanas captured in the figure.

Figure 6. Example of projected lines onto coargeatb Viewed at an angke, showing
the variability in perceived line spacing

This behavior is more clearly showed in the exanppterided in Figure 7. Here a

face mask is illuminated with a series of strailym-fringes (in the vertical direction as
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shown), and viewed with an imaging system to th#-side of the face mask
(respectively). The resulting image captures telkabior and departure of the straight-
line fringes, which are correlated to the surfdope at each resolution element (whether
limited by the camera system or the thickness /cisgaof the periodic linear
illumination). When the surface normal angle mergl®ser to the normal angle to the
imaging system, as exists on the left-hand sidéhefnose and cheek region, than the
fringe spacing starts to decrease its perceivetiaspgeeriod. Conversely, on the right
side of the mask’s nose and cheek, the line spaderngity and spatial period are
increasing, until ultimately it exceeds the sangplresolution of the camera system and

loses any potential information therein.

Figure 7. Example of projected lines providing aod slope and contour information.
Here as presented on a face mask where the edige wbse region has a steeper slope
facing the viewing direction and equates to anaase in line spacing (Creath, Schmit, &
Wyant, 2007).
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This highlights the potential capability of project measurement systems, as
well as their limitations. The facial slope andtmur on the right-hand side of the mask
are pushed to a higher frequency by the slope b@hand therefore have less spatial
samples. This leads to potential of aliasing (@orrectly sampling a carrier frequency
and therefore misidentifying it at a lower fundanarirequency) or data dropout at the
optical system cut-off frequency. One can redheeinput spatial period to help reduce
this possibility, thereby increasing the capabl@aiyic range of the fringe projection
system. However, the trade-off is a lower spatésolution for the acquired surface
slope, which will mean fine-resolution featuresclswas the curvature around the lip
edges are either reduced in resolution or averagé@ltogether. This is a trade-off in
both resolution and instantaneous dynamic rangéh®iprojection system measurement

limits, and is later explored in the context of fl@asma spray coating system.

Fringe Projection for Plasma Spray

In fringe projection the target under test is ilinated with an off-axis sinusoidal
intensity pattern. After including a triangulatifexctor, this projected pattern modulates
the 3D spatial information of the target onto itsape. Comparison of the measured
phase, to that of a reference measurement (folirtkiance, taken of a flat planar target)
enables one to relate the measured phase to th@esamphysical depth. An illustration

of the fringe projector’'s geometry is provided iguie 8.
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Camera m

Projected Sinusoid Objective db

Reference

Figure 8. Optical geometry for measuring the 30axe profile. Reference geometry
using fringe projection, adapted from (Srinivadan, & Malioua, 1984).
The geometry of Figure 8 shows that the projeciedssid's illumination is
incident onto the reference plane at an anglewith an observed fringe periogh
(Srinivasan, Liu, & Malioua, 1984). The detectederence plane intensity can be

represented at poi by
l. =a(x,y)+b(x y)co{  OG p) (1)

wherea(x,y) is the background light leveb(x,y) is the modulation or contrast of the
sinusoid andDC is the distance between those two points (andt@eirigin, defined as

the intersection of the optical axis with the refege plane). Therefore, Equation (1)
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establishes a reference phagse= 2 OC/ p,. When the reference is removed and the

sample is measured at potthe detected sample plane intensity can be exguess
lo=r(x,y) a(x y)+b(x ycof P OF p) (2)

wherer(x,y) Is the sample’s reflectivity. The phase differencegp between point€

(the reference measurement) addd(the sample measurement), can be related to the

distanceEC by

EC=(p/2p)Df . (3)

Assuming  is small (Srinivasan, Liu, & Malioua, 1984) medhat the physical distance

between the reference and sample surfaces caridodated as
FD = ECtang,. (4)

Thus, measuring the phase differencep can be accomplished at each spatial location
within the scene. Such a phase extraction can liea, within a single snapshot, using
Fourier transform techniques (Kudenov M. , JundwiiDereniak, & Gerhart, 2010)
(Kudenov M. W., Jungwirth, L., & Gerhart, 2009) (#@nov, Pezzaniti, Dereniak, &
Gernart, 2008) (Luo, Oka, DeHoog, & Kudenov, 2008hen, Brown, & Song, 2000)
(Su & Chen, 2001). Expressing Equations (1) andirf2lerms of the general spatial

coordinatesy, y) yields

l.=a(x y)+b(x ycoy P ¥ p) and (5)

1 (y)=1(xy) alx )+ x yoof 2  prDi( X)) (6)
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where the spatial frequency is assumed to vary aldgg thex dimension. Taking the

two-dimensional (2D) Fourier transformation of Etjoas (5) and (6) yields

I.(x,y) =A+B*d(x- Y g+ B d(x ¥ g)and  (7)

Is(xy) =

. 8
R* A+ B* eDfCDXY *d( ]/ Q)’ B gfw(x,y)* 0’(:’( ]/ (p) ’ ()

where (x,h) are the Fourier transform variables (of y), while A, B and R are the

Fourier transforms od, b andr, respectivelyd is the Dirac delta function, arnd stands
for the convolution operation. Note th&tB, andR are implicitly dependent upo(r)(,h) .

Fourier filtering one of the sideband’s delta fuons, in both the reference and sample

data, yields

Crer (X,1) =B*d(x+1/ ) and 9)

CSAMP(X’h) = R* B* échD(X,Y) * d(X+ ]/ Q) ) (10)

Inverse Fourier transformation @rer and Csavp produces two exponential functions

within the spatial domain

Cor (X ¥)= B( % ) ™ and (11)

samp(x y) R( X 9 q X y |épx/po |gCny (12)

Lastly, division of Eq. (12) by Eq. (11) demodukatbe sample data as
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F(xy)= R(xy &=t (13)

Taking the argument of Eq. (13) extracts the phafgmation cp(xy). The surface's
depth can then be calculated using Eq. (3) angr@Vided previously, which equate the

measured phase to the systems equivalent wavelenggturn to spatial units.

As a working example of this approach, Figure 9twags the primary data
collections for mapping a portion of the back scefaelief features of a United States
quarter. Figure 9 (A) shows the sample quarteit aould be viewed to an external
observer under standard illumination, while (B) tcags the intermediate result when a
moderate spatial fringe frequency is projected ehgoquarter and imaged at an angle set
to 30 degrees. It is also mentioned that all tls@®images in the figure are rotated 90
degrees from actual acquisition, to present a trggthe-up” view of the quarter image. It
is not recommended to project the fringes in parath the projection angle, as it can
cause a blind spot or null return to depth changekat direct. In that situation, any
depth changes purely parallel to the projectiors axuld be oriented 90 degrees to the
fringe spatial period and the cross-product woutdzlero. After applying the Fourier
transformation and filtering as previously discibséhe depth information is retrieved
and shown in (C). Here the base “eagle” relietdles clearly evident. That said this
example also shows two issues clearly as wellstAyassing spatial information without
any fringe projection overlay causes erroneousentosbe interpreted as a phase shift
(captured to the left of the quarter image), andulboneed to be screened prior to

implementing in the algorithm in real applicationShe second is that the reconstructed
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spatial resolution of the surface features direftdlppws the base fringe frequency, which

was discussed above. However, this provides a gaathple of the implementation of

the fringe projection data products and resultintpots.

(A) (B) (€)
Figure 9. Example 3D scene reconstruction withgiiprojection. Capturing (A) source
image of quarter, (B) intermediate image with ferattern overlaid on quarter, and (C)

final 3D extraction result with depth color-codegtween white (closer to optical system)
and black (further away)

Differential Measurement Technique

Both precision and accuracy in the aforementionedsurement methodology relies on
critically measuring the phase difference betwelea $sample and reference planes.
Typically, the designs of such systems are configuio avoid any modulop2phase

unwrapping errors (Ghiglia & Pritt, 1998). This disato the assumption that the target
geometry is smoothly varying within the region ddiagle fringe. For thermal spray, this

is often the case, as most surface coatings haweoous derivatives (smoothly varying
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geometry as imparted by the plasma process). Hawetheer sources of phase ambiguity
and error can arise due to part motion. Hereinrefer to such motion errors as "jitter",
or "jitter error". For instance, a nominal pardengoing thermal spray may be mounted
on a spindle chuck, rotating in excess of 300 mmtatper minute (RPM), with a run-out
greater than 10 millimeters. This translates enteariable and cyclical imager-to-object
distance versus time. Unaccounted for, this ersorsubstantially larger than the

micrometer-level changes in coating thickness ihdesired to be measured.

As part of our system development, we selectethgdrperiod o to maintain the
peak-to-peak phase error, caused by jitter, toiwitth- p/2. Additionally; the jitter error
is compensated by incorporating a single objecethagference frame in combination
with a differential technique between two separatgons on the target's surface. While
differential measurements, to compensate jittevgh@een implemented by others in past
research using line projection (Nadeau, et al.,620is application to fringe projection

within the context of thermal spray, to the besbf knowledge, has not been studied.

By incorporating a differential approach, we camuee the measurement's
sensitivity to target jitter. However, there arscatlifferential effects that occur due to the
geometry of the target or part. Part geometry @adrounted for with a measuring pass
prior to the coating process's start, thus acqgiarpart-dependent reference image. The
differential operation is described by expandingp(x,y) in Eq. (13) to include both the

part's geometry and the coating's thickness forumnique spatial locations in the scene.
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This geometry is depicted in Figure 10 for a cytiaal target of radiufs. In this case, a
reference frame is taken of the uncoated but sastdd (e.g., diffusely reflecting) part.
At a later time, the coating is deposited on thefase at the previously measured
location. However, due to jitter, it is separatgdabdistanced; away from the original
reference plane. To quantifly and to isolate it from the coating thicknekstwo points

are compared: one with {(Pand without (D) the coating.

Camer: peemggmn

! 4

Objective
Projected Sinusoid o
Po
X
y F, O
- —\— -
Reference= = B>
WO e
D2

Sample

Coating

Figure 10. Exaggerated geometry for the differéiptiease measurement. The reference
measurement is now a frame taken from the dataeopart without coating. Vibration
and jitter creates a phase shift away from theeefe plane upon a subsequent
measurement.

Assuming that ,; and ., are close to 90 degrees enables us to use Eqa$l3)

before to calculate the phasecp(xy) at both locations Pand D, yielding cp1 and



38

cp2, respectively. These phase terms can be represe@stea combination of the

coating's thicknesd; and the jitter separatiah as

F,= Ré”™= R& = and (14)

F,= RzeinCDZ =R grdileq . d# el eq ’ (15)
where gqis the equivalent spatial wavelength, expressed as
/EQ =r (tag ,. (16)
Taking the argument of Equations (14) and (15)dg@el

fi=pd; and a7

EQ’

f,= (d; - d)// . (18)

The difference of the arguments results in theeddffitial phase term, with both the
geometry and coating effects present. Subtractingrom , isolates the coating's

thickness from the measurement such that
Df , = d. I g (29)

An example of this differential technique is illteted in Figure 11, which depicts
an image of a stainless steel witness coupon agedieinder fringe illumination. This
coupon has a layer of Yttria-Stabilized ZirconiaS&) on the right half (denoted within
the box labeled ‘a’) and sandblasted metal on #fieHalf (box ‘b’). Following any

fringe (black or white line set to a diagonal direr) there is a noticeable phase shift in
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the transition from the bare metal to the YSZ dépddayer at this magnification. This
relates to a change in thickness between the twomne due to the coating. This
boundary layer is also clearly captured by the gkan relative image irradiance, due to
reflection differences; as the YSZ coating is nearlwhite Lambertian surface while the
sandblasted metal has an appreciably lower refiectvalue. In the differential
measurement approach, two regions are identifiegeparate sides of the image that are
aligned with the torch's motion. This way, by comipg the two regions, the common
mode defocus in the system can be effectively tegeavhile having the torch lay down a
coating layer would be picked up first by one di@dore the other. Then by treating one

as the reference, a snapshot differential phassum&aent can be produced.

50
100
150 [
200 [

250 [
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400 |8
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100 200 300 400 5[!0 600

Figure 11. Example Image of Surface under Frifigenlnation, Coated (Right) and
Bare Substrate (Left).



40

50
100
150 B

200

300 SR
350 8
400 8

450 [

100 200 300 400 500 RO

Figure 12. Demonstration of differential image digh approach to extract 2D map.

Assuming the plasma torch deposits the coatingmahtever the surface, moving
from the right to the left in Figure 11, then tihhenease in thickness would be detected by
box (a) before box (b). This change can be diraetlgted to an increase in the coating's
thickness. Applied more generally, as depictedrigure 12, this differential (single
frame) measurement approach can occur over mamtspm the image at once. For
instance, Figure 12 demonstrates that if the image broken up into 5x5 zones, then
the phase difference across the image could beurezshsand calibrated to thickness
across a larger 2-dimensional space. This apprasshimes that the plasma torch's spot
size is small (approximately less than half of taenera's field of view) so that the full
deposition at point (a) is completed before it lptsnt (b), otherwise, multiple frames
would need to be summed as part of the calibrgirocess. In addition, if the system is

mounted off the robotic arm, it will require an acgjtion frame rate that is high enough
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to capture the torch at several positions as ftsiteons across the FOV. This allows a
significant increase in sampling points and measuarrea for any given snapshot and for
each individual coating pass. Otherwise, it wiked its field of view matched

appropriately to the torch deposition position taimtain alignment as the robotic arm is
maneuvered (per previous statements). Thus, bygumieg these individual passes, and
summing the total phase change during the transitia measurement of the overall

coating thickness can be determined across ths garface.

Structured Light lllumination Sources

Previous examples and figures have shown an impleen of a fringe projection
system. However several options exist for creatandringe projection, or more
generically a structured illumination (Sl) pattesn a target. As part of this research
effort, two (2) methods were built-up in the lakdorg. The first consists of a shearing
Sagnac interferometer based on polarization optdsile this interferometer produces
straight line interference fringes that can be gutgd onto a target, it is not robust
enough to insert into an actual thermal spray m®c€onsequently, the second system
under investigation consists of birefringent Sayaetes. These produce an identical
shearing effect to the Sagnac interferometer iroeersompact and robust package. Both

systems are described in more detail herein.
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Sagnac Interferometer Development

The polarization Sagnac interferometer (PSI) thed wonfigured is depicted in
Figure 13. It consists of two mirrors, capturedvasand M, with a polarizing cube
beamsplitter (PBS) which projects two sheared cayerg (or divergent) wavefronts onto
a sample path. Note that a lens is situated anthg with focal length.o,to produce a
convergent beam in this example. The distancedsrithe PBS and the mirrors; khd
M., is denoted ad; andd,, respectively. Two beams, with a sh8af, are created when
d; is not equal tal,. If the distanced,, is offset by an amount such that, =d, +

the shear is,

Sesi = J2a : (20)

Sample Z

Figure 13. Sagnac interferometer configured togmtogtraight line fringes onto a sample.
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Straight line interference fringes are generatecerwlthe incident beam is
convergent or divergent. In this architecturewd look at the interfering region per
Figure 14, we have two spherical wavefronts witloa-zero sag distance, or the distance
between the reference plane (the horizontalxis here) and a surface of constant phase

on the wavefront.

Figure 14. The two sheared wavefronts are incidpoh a sample, which is coincident
with the y axis.

Given that each wavefront is a sheared copy oinjet beam, both wavefronts
have a radius of curvatuRethat is equal to the focal length of the convetdensf.o..
Therefore, the sag for each wavefront can be catledlusing the parabolic

approximation as,

(y + y0)2
=3 20/ and 21
sag, R an (21)
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(y - y0)2 , (22)

sag, = R

wherey is one-half the amount of shear induced by the &agrterferometer.
Subtracting the two sags enables us to calculateptical path difference between the

two wavefronts as

(v - vo)'- (¥ %) _ 2y,
R

= OPD. 23
R (23)

|sag, - sag,|=

Since this approach takes a difference betweetwthevavefronts, a shearing
interferometer is referred to as a differentiaéferometer. Here, the resultant fringe
pattern is essentially a measurement of the wanktterivative. This is also evident in
the result, as we started out with a quadratic Wwaexe (y?) and received a linearly
varying OPDY). This is converse to what is seen in a Michelsamefront (non-
shearing) interferometer, where interference betvweequadratic wavefront and a flat
wavefront produces a quadratic OPD. A view ofdbeeloped Sagnac interferometer is
depicted on the benchtop per Figure 15 (A), whilarse fringes that were generated are
portrayed in Figure 15 (B). It should be mentiotieat the camera system incidence

angle ,, was set to 54 degrees.
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Figure 15. Experimental Sagnac setup on the bepgchiith (A) overhead view and (B)
photo of the interference fringes that are progacteto the 50x50 mm2 ceramic tile.
Note that these fringes have a much lower spagglency, for clarity, than the ones that

are used in actual profilometry.

(A) (B)

Figure 16. Sheared wavefront detail, showing (Atraamage of full pupil overlap, and
(B) inset detail at edge of shear and overlap regio



46

A more detailed view of the Sagnac interferometezas image and resulting
fringe period is shown in Figure 16. Here, thed fulpil overlap and shear is captured in
the full inset image of Figure 16 (A), while a zoamon the detail near the edge of the
overlapped pupils is provided in sub-figure (B)hid geometrically illustrates the shear
magnitude and effect, in allowing linear fringesexist only in the overlapping pupil
area. The perceived projected fringe spatial feegy is then a combination of the
diverging / converging wavefront radius, and theneea offset angle {) from the

sample or target surface normal vector.

Savart Plate Interferometer Build

While the Sagnac interferometer is robust with eesfo vibrationsi(e., its common
path design allows both beams to transmit alongtidal optical paths), it is still
relatively large, and sensitive to misalignment d@hdrmal fluctuations. Therefore, a
more robust interferometer is needed for inseritido a thermal spray environment. One
design that was then investigated experimentalbased on birefringent Savart plates. A
schematic of a Savart plate shearing interferomestedepicted in Figure 17, and it
consists of two uniaxial crystal plates with a fasis cut 45 degrees with respect to either

face.
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Figure 17. Savart plate interferometer. An incidempolarized beam is sheared into its
orthogonal polarizations by a distance proportidoal.

The shear of the Savart plate can be defined as,

n? - n?
Sgp = V2a =\/§ﬁt , (24)

wheret is the thickness of each plaiee( the half thickness of the overall Savart plate)
while ne and n, are the extraordinary and ordinary indices ofaetion, respectively.
Therefore, this monolithic and compact plate regmés the same functionality as the
Sagnac interferometer described previously. Suistg the Savart plate for the Sagnac
interferometer in Figure 13 yields the equivalemefingent system per Figure 18. In
this configuration, a converging laser beam is sihowith the first linear polarizer (L
ensuring the stability and orientation of the inpolarization state to split the energy
equally into both the ordinary and extraordinarystal axes (to preserve the visibility
function). After passing through the Savart P(&E), the fringes are put everywhere in

object-space through the inclusion of a secondatipelarizer (LE). This polarizer is set
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notionally between the two orthogonal polarizatietates to ensure that coherent
interference can occur. In practice, the exacteangn be slightly varied to account for
differences in throughput (due to Fresnel effectstalerances) between the two
polarization states to achieve the highest vigibat the object location. For this testing,
a Savart plate was currently on-hand and availaddemade from calcite birefringent
crystal, with a shearing distance of approximafel§8 mm. A photo of the Savart plate
interferometer laboratory setup is provided in Fgd9 (A) while fringes that were
generated from the setup are provided in

Figure 19 (B).
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Figure 18. Savart plate interferometer. An incidempolarized beam is sheared into its
orthogonal polarizations by a distance proportidoal and straight line interference
fringes are present in the overlapping region efttkio beams.
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(A) (B)
Figure 19. Experimental Savart plate setup on grebtop. (A) Overhead view, with the
sample slightly out of frame, but consists of atelweramic tile that the fringes are
projected onto. (B) Images of the interferencegieim from the Savart interferometer.

Laboratory Results

With a functional laboratory system, preliminarypfilometry results have been acquired
on a variety of representative targets, includingeemic tile and thermal spray witness
coupons. An example of the ceramic tile is prodide Figure 20, with the projected
fringes. The tile was first imaged to acquire femence measurement (A) before it was
tilted by approximately 2 degrees and a sample dramas acquired (B). Comparing the
phase between the reference and sample is accbeglyy Equations (11) and (12), and
extracting the phase cp(xy) through Equation (13) yields the quantity thatisectly
proportional to the surface's depth. For claritytlod fringe behavior, Figure 20 (a) and
(b) represent a 200x200 pixel sized region that estsacted from the full 1280x960

pixel image.
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(a) (b)

Figure 20. Raw data of the ceramic tile, with @ference and (b) sample images. Note

the small phase shift in the interference fringesveen both images, which is indicative
of the tilt that was induced between the referearad sample.

Post processing these data sets yields the expewtedy varying phase, as
illustrated in Figure 21. Notable also in the figis the phase or depth noise, which is
reviewed to determine the limiting source as pathe development path (discussed in

next section).
-3.8
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Figure 21. Processed data qualitatively illustiatime linearly sloped phase change.
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Plasma sprayed witness coupons (outer layer comgri$SZ, base material
sand-blasted steel) were also measured on thealalbpifringe projection interferometer
system. Raw reference and sample data are prowidédure 22 (A) and (B), while the
reconstructed phase map is provided in Figure 2&s& data contain a higher spatial
fringe frequency than the previous data, which anmddetecting high spatial frequency
features such as the step between the base mietadl(metal substrate) and the ceramic
coating. From the data provided, it is quite emidehat the chosen parameters of the
system were able to correctly retrieve a 2D depdip of the witness coupon and identify
the sharp slope of the ceramic coating and itsespe edge (Figure 23 (B) illustrates

this clearly with a central cross-section view).

i Base Metal

il Ceramic Coating

(A) (B)
Figure 22. Raw data for the (A) reference and @nsle. Data is of the ceramic coating
after thermal spray deposition of approximately &tldrons of ceramic and base coat.
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(A) (B)
Figure 23. Processed phase map, in radians, agdufrom the raw data depicted
previously. (A) 2D phase map, and (B) 1-dimensiqmafile through the center.

In addition, it is again apparent that the YSZ p@cacoating has an increase in
the surface reflectivity across the visible spaatrand this translates into a higher signal
in that region of the image. That said one ofdtiengths of this technique is that above
a certain signal-to-noise limit, the perceived imagene irradiance does not bias the
depth retrieval measurement scheme. However griuture, it could provide a form of
logic for “first-pass” quality assessment when thaterial is initially applied to the base

substrate

Quantifying the relative field of view and physi¢ahge spacing allows for the
phase, in radians, to be converted into a phydiepth. A subsequent measurement of
the same coupon, this time with a quantified frisgacing, is depicted as raw data in

Figure 24 (A) with an associated processed phagepmaFigure 24 (B).
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(A) (B)

Figure 24. (A) Raw and (B) reconstructed phase filata the second measurement.

1D Measured Height Profile Across Coupon Surface
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Figure 25. One-dimensional surface profile of theamic coating, calibrated to an
absolute thickness in millimeters.

An extracted 1-dimensional cross-section acrossriidelle of the surface shown

previously in Figure 24 (B), subsequently convertedspatial depth coordinates, is
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depicted in Figure 25. Here is it evident that teposited base-layer (nickel metal
substrate) and top-layer (ceramic coating) cortstit@ mechanical thickness of just over
0.20 mm (or .008 inches). For reference, the déposprocess was aiming to achieve

between 0.25 — 0.30 millimeters of total matergblecation on the coupon.

Depth Noise Analysis & Quantification

In order to quantify the measurement accuracy efcilirrent Sagnac interferometer, and
to investigate the limiting sources of noise, tlegamic tile previously discussed was
imaged while translating it longitudinally in 12mdicrometer increments. A total of 16
measurements and 1 reference were taken, yieldingpta translation of 203.2

micrometers. Each image, including the referenges taken without temporal averaging
and no techniques were implemented to reduce tfigente of laser speckle noise.
Three of the raw data frames, corresponding to alvéranslations of 12.7, 127, and

203.2 micrometers, are depicted in Figure 26(Aamg] C), respectively.

(A) (B) (©)

Figure 26. Raw data of the translated ceramicfole(A) 12.7, (B) 127, and (C) 203.2
micron translations.
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Performing the reconstructions on these data esdabénoise and accuracy to be
guantified by calculating the standard deviationtioe measured data, as a function of
translation, for each pixel in the scene. Note #irace the scene is not fully illuminated,
only the central 500x500 pixels in the 1280x960epiimage was used for these
calculations. From this analysis, the standardatiew in depth was calculated to be 9.7

m, which is on the order of the ideal step sizel®f7 m. Since a typical coating's
thickness is on the order of 10-4@n, this sensitivity is too low to perform accurate
measurements of a coating. Therefore, the limitmgse of the system must be

determined in order to mitigate against it.

Accuracy & Noise Simulations

A simulation was developed to theoretically analylze limiting noise. Both detector
noise and speckle noise were included and init@atily one reference measurement and
one sample measurement, with no averaging, wenglated. Furthermore, the reference
and sample measurements are of flat uniform swsfadgeéh no lateral or longitudinal
features; therefore, only the noise is changingveen both measurements. Lastly, the
standard deviation and noise calculations wereopaed spatially over the extent of the
image, unlike the previous measurement which ingatgd the noise versus translation.
The results are summarized in Table 1 as a funaifothe illumination angle, ,, per

Figure 8 previously.
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Table 1. Standard deviation)(with shot and speckle $S) and shot §) noise, with no
frame averaging.

o (degrees)] ss(m) | s( m)
20 2.14 0.051
30 3.36 0.081
40 4.79 0.120
50 6.80 0.167
60 9.77 0.247
70 1591 | 0.400

Since the reference image could potentially be rtakbead of the sample
measurement, a second simulation was performeddynang that the reference image's
noise can be minimized. This was achieved by asguthat the speckle noise can be
nearly fully eliminated by use of a rotating difews while shot noise can be reduced by
averaging across multiple measurements. Meanwihileas assumed that the sample
data must be taken with a single-frame only; thius two previous cases - shot + speckle
and shot only - were included in the sample measen¢. These results are depicted in
Table 2.

Table 2. Standard deviation)(with shot and speckle noise, and shot noise only.

Calculated by averaging 20 speckle-free referemagées and single-frame shot- and
speckle-noise contaminateds§) or shot-noise contaminatedsf sample images.

o (degrees)] ss(m) | s( m)
20 1.50 0.040
30 2.29 0.063
40 3.39 0.091
50 4.86 0.130
60 7.03 0.185
70 10.93 | 0.305
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From these results, it is evident that speckle enassthe dominant issue that
prevents sufficient accuracy. Ideally, reducingd¢e noise will enable us to achieve the

values of gas shown in either Table 1 or Table 2.

Speckle Noise Reduction

Speckle noise is generally reduced by influencheggpatial or spectral coherence of the
laser illumination source (Leith, 1990). One methisdby incorporating a rapidly
spinning diffuser within the collimator close tcethollimation lens's focus. This slightly
reduces the spatial coherence of the source anlesnime-averaging over multiple
speckle patterns across a given camera integragarce the probability density function
of a speckle pattern is exponential (Frieden) titne-average approach enables the mean
value to be measured, thereby reducing the oveaddle. An illustration of the Savart-
plate based system with the rotating source diffuseallustrated in Figure 27 and is
adapted from Ref. (Hershey & Leith, 1990) in hobggry. Such a system would enable a
diffuser (Captured as “D” in the figure), rotatirj 10,000 RPM, to pass through
approximately 30 degrees within a 0.5 millisecontegration time. In addition, the
diffuser itself could be fabricated from either sdaal ground glass or opal (creating a
Lambertian product), or an engineered diffuser €§al2003) with a prescribed
divergence cone product. The latter would allowremease in laser power conservation,
by preserving a higher percentage of the incidetital power within the utilized optical

path and fringe pattern.
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Figure 27. Savart plate interferometer with difiu@®) included in the collimator.
Diffuser is rapidly rotated to reduce the spat@herence of the source.
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However, another method to reduce the apparentkipanagnitude is by
controlling the operation of the laser source itsélor instance, the laser is traditionally
operated CW and/or can be synced as desired im#ggng system integration window.
However, within that integration window, the lagan be driven at a quasi-CW rate, by
modulating the power supply to the laser itselfy ®&erlaying a megahertz class duty-
cycle onto the laser supply, the spatial and teaip@pectral) coherence characteristics
of the laser are similarly modulated during theegnation window at the much higher
modulation frequency. To the detector system, ithakin to averaging the laser speckle
pattern by approximately the ratio of the squaw of the camera integration time to the

equivalent laser supply modulation rate.

Finally, the act of plasma spraying itself providesneans to help reduce the
speckle noise. Because most plasma sprayed partshacked onto a rotating table
during the plasma process, there is continuouscbhjetion during the integration time.

On one hand, this puts a limit on the maximum iraégn time, as the scene is constantly
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changing, so the desire to limit scene smear exisiiswever, by purposefully allowing
1-2 pixels of object scene motion during an integratime, this allows the speckle
pattern to be averaged out to a lower net magnitesigecially given the diffuse nature of
the object media), effectively reducing its impact depth noise. Now, because the
illumination projector is tied to the inertial calimate frame of the imaging system, there
is no blur or smear in the image, simply in therelation product of the object. That is
to say that resulting depth maps will be the averaiga region approximately 3 pixels at
the object in the rotation direction (and 1 pixeltihe orthogonal axis), versus achieving
the geometrical or diffraction limit (closer to I i pixel). For this effort and the
prototype collection data (discussed in Chapteithil3, was seen as a good compromise
and trade to minimize system complexity and leverdge variables already present in

the process.

(A)
Figure 28. Excerpt raw projected fringe data, (Ahvexample input speckle on top of

fringe projection pattern, and (B) illustrated patt with speckle reduction through
spatial averaging.
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CHAPTER 4: Plasma Spray Process Data & Measuremesit

As part of the development effort, research was theested into better understanding
the plasma spray environment and its potential anpa the sensor performance. Here,
historical data was not readily available or puidd, to help determine the potential
plasma properties that would exist during the dejoos either due to the proprietary
nature or the potential to “tune” the process \desa to meet the desired end-product and

thus invalidate any general rule-of-thumb that mighist for some length of time.

Plasma Spray Spectral & Radiance Measurements

One of the drivers in the development of a lasejgotor system is to determine the
operational wavelength range and required outptitapoower to establish a minimum
signal-to-noise ratio (SNR). For both specificaip the dominant noise source to
contend with is from the plasma stream and heataticfes radiance, as part of the
deposition process itself. As such, key measurégsnerre made of the plasma source
behavior during the most likely gas mixtures foe tHSZ deposition process, which

helped to refine the path-forward for the fringejpctor system.

Plasma Spectral Bandwidth
To capture the plasma's spectral emittance verswelangth, various setups inside the
spray booth were mocked up. Emphasis was givehdwarious parameters that affect

the detected spectral content, including: gasuméx{argon vs. argon and hydrogen, as
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the base gas constituents), particle flow (nonenaium-nickel base, vs. YSZ ceramics),
view angle (in-field view, vs. reflection off of @hless steel target). These various
configurations were all captured with a calibrat@dean Optics USB (300 to 1,000
nanometers) spectrometer, as mated to a 100unfibereoptic cable and 0.5” diameter
collimator / collection aperture. From here, & teatrix was developed to capture the
dominant modes of operation for the gas and partieddia, as captured in Table 3. This
list of test configurations helped to establish wkpectral power content would be

evident during the multi-step process of a thernaatier coating, plasma spray process.

Table 3. List of Primary Studied Plasma Spray Setup

No. Description Gas Mixture (LPM?*) :?1 i{ﬂgfg Geometry
Ceramic, Argon (37.6), 1 .
1 Reflection Hydrogen (12) VSZ Reflectiori
Base Metal, Argon (68.1), Aluminum .
2 Reflection Hydrogen (14) Nickel Reflectiorl
3 Gas Only, Direct- Argon (68.1), None Side-view of
View Hydrogen (14) Plasma

*LPM = Liters Per Minutes
"In reflection, plasma stream is orientated normaitainless steel flat target, and camera / speeter is set 40 degrees
off-axis viewing target area.

Yitria-stablized Zirconia

For each case described, the relative spectraub@itpm 400-1000 nanometers
was captured, as depicted in Figure 29. Here aparent, that with only the gas “on”
(case 3) the signal is fairly broadband acrossahele visible spectrum, with mainly the
Hydrogen spectral lines super-imposed. In facthwist the gas blowing across the
plasma stream, the integration time had to be as@é by a factor of five (5), to 15
milliseconds, and have the camera aimed directlfhat plasma side-stream view to

increase the signal proportional to the other t@jocases, when particle media was then
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injected into the gas stream. A view of the comfagion for the “side-view” plasma

geometry is presented in Figure 30 for clarity.
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Figure 29. Plasma Spray Relative Spectral Radidnc€ase, Across Visible / Near-
Infrared.

For example, when the aluminum-nickel base layetighes are sent through the
plasma stream (case 2), there is an increase nalbeenission, but it preserves the same
spectral-lines, indicating both a significant rinethe plasma stream temperature profile
and that the specific spectral emission lines dog-product of the gas species. Finally,
when the YSZ ceramic particles are injected, thiputuprofile temperature dramatically
increases again, with an apparent blackbody teryperamear 4,500 Kelvin. However,

the spectral content is still otherwise preservathese data sets illustrate that the main
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noise source in the visible to near-infrared regisnfrom the super-position of the
particles' “blackbody” temperature profile and tjges spectral emission lines, which is
illustrated by the deposition of the ceramic pdesc(namely as this is the highest

temperature step in the deposition process).

Collection Optics

Figure 30. Test setup for measuring emission speectf plasma source, as setup for
“side-view”.

Ultimately, since the spectral radiant emissiofaidy flat for each case, our goal
in choosing the operating sensor wavelength (lasether device) is mainly focused on
staying outside of any atomic emission lines cidte hydrogen and argon. This will
ensure the minimal noise and interference pos$iléhe chosen illuminators. As such,

a region around 625 to 640 nanometers is highlghte Figure 29 to showcase a
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potential region of operation for the projectionstgyn prototype, where known
commercial laser diodes are available that couldlifthe requirement of the fringe

projection system, to be discussed in more dettaf|
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Figure 31. CV-A10GE Camera Spectral Response, esyidf JAI (JAI, 2014).

Relative response

Related to this trade is also the sensitivity amafggmance of the detector
package. To control cost and preserve easy audidbr larger detector array sizes, a
self-derived requirement that the detector pacl@mrate with a monochromatic silicon
detector was enforced. These detectors typicalg laacut-off wavelength spanning near
900 to 1050nm, depending on operational temperancevendor. For this phase, the
selected GIigE camera operates from 400 to justrizegcg000 nm, per Figure 31, and will
accommodate a large viable spectral window thaviges opportunities for low cross-
talk with the plasma noise (as would be set byirtisision of an appropriately matched

notch-filter to the laser operational bandwidth).
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Plasma Relative Radiance & Source Selection

Equally important, to the spectral content of theesma, is an understanding of the total
radiant flux that is being emitted. In order tdphbenchmark that expectation, a GigE
camera with a 10 nanometer Full-Width, Half-Maxim@@WHM) notch-filter was setup

to look at the reflected plasma and particle plumnde also viewing a reflected in-band
laser source. For the same three (3) setups dsredpn Figure 29 and Table 3, the
camera viewed a 300 mW laser diode source (wavidlesfgs64nm) as reflected off of a

diffuse (assumed Lambertian) flat stainless steejet. This allowed the known laser
power source to be directly compared to the plasmatput within our filter's spectral

passband. In addition, this wavelength overlappstithe top flux of the 656 nanometer
peak spectral emission line present in the plasmahe result points to a “worse-case”
scenario, for performance expectations. Overapraovided a direct comparison of the
camera'’s digital counts from the plasma to thahefknown laser, effectively giving us a
relative radiometric measurement. A view of thiugds shown in Figure 32, detailing
the location of the camera to the target and plasmarce geometry during data

acquisition.
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Figure 32. Image of plasma relative radiance dapdure setup.

For this study, the camera gain was held consétamt,the exposure time was set
to 1.0 millisecond. This exposure time was basedhenoptimal value, factoring in the
robotic arm's movement speed (holding the plasm@}@nd the setup's geometry, while
simultaneously avoiding motion blur and over-satoraof the camera'’s output. Also, as
the spectrum data previously illustrated, all thcases emitted the same relative spectral
envelopes and emission lines, but case number Hner¢vided the largest total signal
output, and thus was the focus of this relativaarack study. As such, the plasma feed
was set to distribute YSZ ceramic particles ont gtainless steel target, making passes
in the camera field-of-view, while the referencedatarget was imaged simultaneously

on the right-side of the camera field-of-view.
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____________

100

Figure 33. Extracted image of reflected plasmalager relative object irradiance, in the
provided camera integration frame.

200 300 400 500 BO0 700

An extracted frame from the video stream is showm ifalse-colored image in
Figure 33, illustrating the comparison between fi@sma and laser relative scene
irradiance. From this data set, it is clear the laser and plasma peak radiance are
approximately equal (peak digital counts are simifarange), but the plasma's total
surface area is significantly larger than that e taser image area. By summing and
comparing the total counts between the two souegeons, it was determined that the
plasma’'s equivalent energy, as seen by the detestapproximately 28 times greater
than the laser. Note that this measurement incletiesaking of the particles before
plasma impact, which would also exist in a fieldgdtem since this geometry mimicked
the eventual projection system layout desired (i camera to the side of the plasma

source).
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Options exist to improve the ratio and thus lirhi¢ plasma impact on the imaged
scene, one of which is directly tied to the notitteif employed. The camera had an
optical notch (narrow bandpass) filter with a centavelength of 670 nm and a FWHM
of 10 nm, which implied that the 664 nanometer V@vgth laser itself was reduced in
transmission to approximately 40%. This means 8086, or 2x more energy, is readily
achievable, by simply using an optimized filterls@, there was a small amount of out-
of-band transmission through the filter at lowenelengths around 650-660 nanometers,
especially taking into account off-axis angle cesibehavior for a dichroic filter
bandpass. This happens to overlap the strongesbdgnak emission line coming from
the plasma, centered at approximately 656.3 naremiet This could account for
approximately a 5X increase in perceived plasmaarmg as-seen by the detector.
Consequently, care must be taken in selecting tar filhat maximizes the laser's
transmission while simultaneously maximizing the-ofiband rejection of the plasma
emission lines. Overall, the combination of filteansmission (approximately a 2X
improvement feasible) and minimized plasma emisb@ckground (approximately a 5X
improvement feasible) puts the plasma power outpuatparable to approximately three
(3) times the 664nm returned laser source fluxpugiven at 300 mW). With this in
mind, the chosen source would need to have a;

(1) minimal coherence length (> 0.5 meter) to emsoonsistent and good

visibility for fringe generation;

(2) wavelength that fits within our chosen Phaseaimera system's FWHM

responsivity (~400 to 700nm);
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(3) source with minimal volume profile to fit withithe test setup on / around the
robotic arm (approximately one (1) cubic-inch); and
(4) operates in a wavelength region that avoidsctlispectral overlap with any

background light (plasma or heated particle meda@asge") within the chamber.

With this information in-hand, it was determinedtttoperating within the 630-
640 nanometer region presented the best systersechd@perating at ~640nm allowed
the projection system to work within the commerclatector's peak spectral sensitivity,
and avoided any direct emission spectra overlagtaying within the 500 to 650 nm
range. Also, there are commercially available rladeodes operating near 640
nanometers, easily exceeding one (1) Watt totghudubptical power, which facilitates
the potential for a broader illuminated area urstady. In addition, there is an upper-
bound on the allowed optical spectrum bandwidth KWMVtraditionally), in order to
preserve a minimum coherent path-length dispant/taus fringe visibility on the target
under test. This enforces a minimum spatial cofereover the source for the same

reason, or predictable phase over the source @m@iften any point in the profile.

For this prototype development, the Mitsubishi EiecML501P73 laser diode
was then chosen. This laser diode is housed i6 anh open-can package, per Figure
34, and can operate at (equivalently) over 1 Wéienwused in a pulsed fashion (duty
cycle < 33%), which matches per the operationalaigbe projection system (as synced

to the camera frame rate and exposure time). Tdser diode facilitated a small
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completed package, providing a cost effective iglformance source at less than $100
each, even at small quantities. All subsequentggeaand data measurement events
within this dissertation are also as captured whik source. Laser diodes such at this
generally output an asymmetric irradiance profile the emitted numerical aperture
(NA). However, for this system, that effect is iggited both by the source's alignment,
relative to the fringe's orientation, and by pdigtimverfilling the projection lens's exit
pupil. The net effect is a small, robust sourcat thllows rapid integration and test
deployment. In the future, if similar or more pofwe sources are utilized in a
commercial venue, than a laser safety review woeled to be completed. Fortunately,
due to the nature of the process, and for sustpiaiplasma arc, the deposition booth is
already well-equipped and easily updated to allo@lass 1lIB or IV laser operation

(namely integrating laser power supply into dodellock and adding proper signage).
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Figure 34. Outline drawing of projection systenelasource.
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Prototype Fringe Projector Development

As a proof of concept, a prototype of the fringejgction system discussed above was
demonstrated in a relevant coating chamber enviembmThis helps to flow back actual
measurement results to compare and contrast wahntodel simulations; as well as
determine the best path-forward to improve uponféli@dational concepts. The system
needed to be ruggedized to withstand transportati@mdling, and the vibration /
temperature swings anticipated in the coating cleambrherefore the design decision
was made to keep the projection system centerachdrthe Savart plate interferometer,
as previously discussed, because of the commorabgtath that will directly mitigate
the environmental challenges listed. Building ugbat decision, the collimator and
objective lens @) were also combined into a single lens elementli(Gator / Relay),

to provide a set divergence product and thus omjeage size on the target under test.
This is captured in Figure 35 for clarity. Als@ded on the chosen laser diode source,
the focus element and pinhole were left-out in btdemaximize power throughput, and
allow some overfill to help clean-up and circularithe beam. Note that the pinhole is
primarily used to set the spatial coherence andnelgp any higher-order transverse
modes exiting the laser, which was not requiredtf@ chosen prototype laser diode
source. Following the optical path, from left-ight, the laser source expands per its
designed numerical aperture into the collimatoelay lens, which will allow tuning of

the divergence product to set the desired fringgiaipperiod. Because the Savart plate
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interferometer resulting fringe spatial period earas a function of the samples working
distance, this will allow per setup optimizatioithe resulting spherical wavefront then
goes through a linear polarizer ()Rn order to ensure a stable and known polarinatio
state into the Savart Plate (SP). By careful atignt of the laser fast-axis and the
polarizer, the majority (90% or more) of the laseergy can be preserved through this
element, ensuring an efficient overall throughp@oing through the SP next, the beam
is split into its two orthogonal polarizations st From here, the output's analyzing
polarizer (LR) sets the fringe coherence and visibility, viewalgverywhere in the

“object space”, where the spatial frequency of fiieges (Ip/mm) can be set by the

source's divergence and the sample's working distéas previously discussed). Note
that in Figure 35, this diverging beam is exaggetdo illustrate the operational concept.
In future versions of this system, the ability tmé the fringe frequency can be removed
to decrease alignment needs and increase usedliness (such as switching to a
Wollaston prism). However for this prototype scémathis is a useful feature for initial

data capture flexibility.
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Figure 35. Schematic of the fringe projection systdesigned for incorporation into the
Phase I in situ prototype.
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Prototype Opto-Mechanical Design

In order to support an iterative design, this pngie will be mocked-up utilizing
commercially available optical and opto-mechanicamponents, specifically down-
selecting to the Thorlabs© 30mm cage system. Gage allows easy modification and
alignment to the optical system while providingabust “exoskeleton” of support for
mounting and stability requirements. With that s#1o as the prototype opto-mechanical
framework, the requisite lenses, polarizers ancerothounting brackets were chosen
from that family to fit the optical components régd. Another feature of this approach
is that the laser agnostic interface allows theqgtype to remain flexible for future needs.
In effect, any source within the wavelength rangdar consideration, which can be set
to the proper F/#, can be mounted to this fringgegation prototype and operated with
minor modifications (e.g., by fine-tuning the coilator and objective lenses). The cage
system also has standard interfaces for both fibapled and direct-inject diode sources.
A solid model view of the end-design result for firetotype fringe projector system is
shown in Figure 36. Here, the selected 5.6 mmadiader is mated to the cage system,
and the necessary optics are down-stream in theabptaith (moving towards the right of
the image), as described above. For clarity, dduwl view of the system is also
presented in Figure 37. This cage system is theunbted onto an interface adapter, and
subsequently mated to either the robotic arm or be®th appropriately. A block
diagram of the fringe projection operation in-liwigh the plasma deposition process is
captured in Figure 38. This helps to illustrate th situ nature of the proposed fringe

projection system.
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Figure 36. Prototype fringe projector mechanicéidsmodel, from external off-axis view
with annotated features.

Figure 37. Prototype fringe projector system wignter cut view, annotated with core
components.



75

Direction

Objective Lens

Camera

Figure 38. Block diagram of fringe projector ogema with plasma spray operation.

A view of the completed optical path of the fring®jector prototype is presented
in Figure 39. As shown, the source is hidden athiéick of the Z-axis mounting stage on
the right-hand of the image, and would project phetto the left, where the collimator /
relay, polarizers and Savart plate reside. Aftidation that the system was operational
and tuned appropriately to maximize the fringebilgy envelope, it was then integrated
into its sealing sleeve, per Figure 40, which ideld a 50 millimeter diameter glass
window in front to help limit the potential of pamlate contamination and thermal
gradients entering the system. This exoskeletooroggh is also compatible with
commercial off the shelf (COTS) brackets that caailitate easy adaptation for any

mounting orientation desired during testing. Thmalf length of the projection system
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was close to 280 millimeters, and 70 millimetersizsg (width and height). This is
considered acceptable for the prototype, althoughuah smaller package (2-3X by

volume) is feasible with the ability to customizetoptical and mechanical components

in the future.

Figure 39. Front view of prototype projection systen benchtop.

Figure 40. View of front and back of completed @i@gnprojection prototype system.
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Prototype Data Capture Architecture

The fringe projection system provides the necesdlarpination and surface profiling in
order to discern thickness changes in time (ov@&danensional region), but needs to be
integrated with the camera and software captureoagp. In specific, it would not be
efficient (on both electrical power and thermal fpenance) to run the laser in a
continuous-wave fashion, being always on. Instédslsystem is developed to allow the
laser to be synced to the camera integration tuwnéch reduces the duty-cycle down to
the range of 0.5 — 5.0%. This in turn allows taser to be driven in a pseudo-pulsed
fashion, allowing a higher in-scene illuminatedadiance for improved SNR capture.
The synchronization control is completed through ¢amera itself, which sends a TTL
(+5V, “on”) pulse right before integration starfThis triggers the output of the laser,
which is held up during the full TTL pulse, as dimcides with the full length of the
integration time. The approach described herewslithe laser to be driven at any
arbitrary frame rate and integration time to fiethcene and coating conditions with
minimal overhead. This pulse logic is directly iaddled into the constant-current laser
driver, as shown exposed behind the system enéasufigure 41 . This driver is then
interfaced to a keyed military-qualified connectmm the back plate, allowing easy
integration throughout testing and qualificatio@verall, this package allows the laser
diode and power supply to be isolated and protetttemighout the numerous tests, and

points to the future capability of the system temgpe in an imbedded system.
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Figure 41. View of prototype fringe projection st laser driver electrical interface.

Prototype Laboratory Performance Results

As part of the prototype characterization, a kn@meating sample was then measured as
illuminated by the fringe projection system. Hete prototype was set to approximately
40 degrees relative to the camera capture systath,fa 380 millimeter separation
distance from the sample. The corresponding ce@tuaw data (image) is shown in
Figure 42 (A), and the as-processed 3-dimensidmiakriess result (in millimeters) is
shown in sub-figure (B). Here a clear delineaimmade for the applied thermal barrier
coating (TBC) on the right hand side of the staslsteel coupon, with an average height
of 0.20 millimeters, which matches very well to fhleysical measurements. Collecting

these samples will also allow a built-up calibratgcale factor to remove any systemic
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error, for example from distortion in the imagingstem, to achieve 1:1 consistency in

future measurements.

(A) (B)
Figure 42. Coating sample image, (A) as illumindtedh prototype fringe projector,
with (B) processed 3-dimensional thickness resuath( Z-axis).

To facilitate in situ measurements, the prototypege projection spatial period
was then tuned to 300 micrometers for the nomifalldgree off-set angle to the camera
system. This will ensure that each coating padsclwmay only put down 10-30
micrometers at any given time, is within the meamant capability and sensitivity of the
system. From here, the prototype was locked domah sealed for operation in the

coating environment.
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In situ Coating Deposition Measurement Results

As part of the next step in the prototype verificaf in situ testing was performed on a
thermal barrier coating (Yttria-stabilized Zircopias deposited on a rotating steel
cylinder, using a plasma torch. This is capturedFigure 43, showing the inherent
geometry, test cylinder as mounted on the rotatibde, and the sample illuminated area
from the prototype fringe projector system. Thénder was rotated at a speed of four
(4) hertz, and with an outside diameter of 100imgtters had an exposed linear velocity
of just over 1,250 millimters per second. To siifypthe data collection, and ensure that
similar regions of the cylinder were measured tghmut the coating process, a COTS
optical trigger was aimed at the base of the rotastage. This trigger was setup to
provide an active pulse for the fringe projectigistem at the same area on the part,
regardless of inconsistencies in the table rotataia. Although the trigger took just a
few minutes to setup and could be utilized in aufaitimplementation, the system
approach could just as easily be mounted on thetiolarm, or integrated into the
coating program to provide the similar function measuring the surface over larger
regions multiple times to monitor the coating builo. This approach taken with the
optical trigger is simply an effective way to fuioet with multiple coating booths and

parts for the prototype development.
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Figure 43. Typical physical setup of the fringejpotion system.

Raw data from the measurement results was chosem&of the torch passes over
the part. This corresponded to frames 1438 to 14&3e of which are shown below in
Figure 44 to aid in the post processing’s desapti As part of the measurement
extraction, a reference frame was selected fronntlage sequence. This corresponded to
Image 1440, since this represents the frame thattaken just before the coating enters

the field of view. Next, the data were processeddcordance to our previous reports:

1. The 2-dimensional (2D) Fourier transform was tagehoth the reference and
sample images.

2. The carrier modulation was isolated using a Hammimglow filter in both
frames.

3. Aninverse 2D Fourier transform was taken of bdtered sample and reference
images.

4. The filtered sample image was divided by the refeeamage.
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5. Extraction of the phase, which is multiplied b¥2 , where is the projected
fringe period.

Image 1438 | Image 1440 | Image 1443

Image 1445 | Image 1446 | Image 1448

Figure 44. Raw data for selected frames spanni§ 1@ 1448. The coating can be seen
being deposited from the top to bottom of the franaad shows up as a slightly brighter
region.

First, these data were post processed and thentsskprofile was observed at the
location identified in Figure 45. This location wakosen because it represents the
maximal coating thickness that can be measuredddéfe coating reaches the bottom of
the frame. This will be important for the jitter roection that was implemented in

subsequent post processing steps.
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Figure 45. Spatial location for which the thickndssa was observed (red circle) and
area that was used for jitter compensation (blueus).
For now, without jitter correction, the thicknesaprappears as detailed in Figure
46. Jitter from the setup creates a relativelyytickness profile. Additionally, the jitter
across some frame sequences appears as a fagdysignal that could easily be mistaken
for a change in thickness. The jitter terms seethis measurement set are primarily a
result of the optical trigger performance limitasoand mechanical setup relative to the

robot / plasma arm.

Thickness (mm)

O I I
1440 1445 1450
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Figure 46. Thickness profile without jitter correct.
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In order to alleviate jitter in the data set, antoawated image registration
algorithm was used in the lower right-hand corrfethe raw data. This area is indicated
previously in Figure 45 and is bounded by a blueasg. This algorithm registers the
phase of the fringes in the sample image, withnegion that the coating has not been
applied, to the fringes in the reference imagentthis alignment on the small image
area, a translation offset (dx and dy) is calculated applied to the entire sample image.
This removes jitter-induced phase changes betweeisample and reference. However,
since this procedure assumes that the region haeating, once the coating is applied
within this region, the phase is re-compensated lacits original reference value.
Therefore, any thickness measurements made usimdetthnique are differential with
respect to the uncoated region. In the future, @ecoated and coated region could be
imaged simultaneously by attaching the camera angd projection system to the torch
head; in this case, the region without a coatirdjtae region with a coating could always
be in the field of view and differential comparisonould be made and accumulated

across the entire part.

Ultimately, with jitter compensation, the thicknedsta appears as Figure 47. For
this system configuration, the projected fringetgrats period was approximately =
300 m. Using this to calibrate our phase data yieldddfarential thickness of 62.5m.
Comparing this to our pre- and post-measurementshef cylinder's thickness, we

estimated an average per-pass coating of approslyn@a0025" or 63.5m. This is close
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for this particular pass; however, as will soondeenonstrated, the per-pass thickness

appeared to vary as the part was coated.
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Figure 47. Thickness profile with jitter correctiohlote that the thickness profile is
diffferential due to the correction technique tisaimplemented.

The data were also processed across the entire i@ data set, as captured
during the deposition process using the same mdererame. This vyielded the
differential thicknesses depicted in Figure 48. nofe, the data depicted in Figure 47
corresponds to peak number 3 as labeled in theroftiot of Figure 48. The total
thickness deposited onto the sample can be cadculat adding the peak values from the

differential measurements of each pass, as showabte 4.
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Figure 48. Captured in situ thickness data. (ToffeEential thickness profile for the
entire sequence of images. (Bottom) Magnified negibthe coating deposition. Two

coating passes are separated by approximately 8geisn

Table 4. Peak differential thicknesses for eacls pashe torch, in addition to the

cumulative thickness.

Peak Value
(_m)
355
98.7
64.5
86.7
74.1
88.8
54.2
85.1

587.6 m

Peak Index

O~NO U WN B

Cumulative Thickness
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In addition, the part was measured after the cgatwas deposited using a
micrometer. This yielded a thickness of 533, yielding an error between the post-
measurement and our system of approximatelyrB4Residual error could be caused by
cooling of the coating after deposition, stress;autainty in our projected fringe period

, or residual influences of jitter. Note that jitteould still be a concern, even with jitter
compensation, because the peak differential vaduenly 1 datapoint out of the many
data points that were collected. Essentially, dhlgatapoints from the 2500 datapoints
were used to calculate the cumulative thicknessaning that Jitter could statistically
influence our measurement. That being said, wighpttoper geometry, we could improve

our estimate against such fluctuations by takingensamples across the field of view.

The above cumulative thickness measurement proeeduld be done
automatically with a synchronized thresholding apien. For instance, any peak with a
maximum value exceeding a threshold value (as ample, the green line in Figure 48
(Bottom)) and synchronized to a known pass coulcabeumulated. However, further
noise reduction would be required yet, as the fiests of the coating has a tendency to be
very thin due to poor adhesion to the basecoat $abdequent coating passes are much
thicker due to the foundation deposited) (Schroe@6d?2). Additionally, the current
analysis is not taking into account the directidrihe@ torch (i.e., whether or not it goes
from the top of the field of view to the bottom wice versa). This could introduce
additional error into the measurement; howevewyltesre still fairly consistent with the

post-micrometer measurement.
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Updated Production Booth Prototype Performance Resu Its

After the positive initial testing results, the ptype was re-evaluated and characterized
again to facilitate the next opportune testing iakér Air Force Base (AFB). Following
the similar approach and algorithm as describedigusly the prototype system was
setup in Tinkers production plasma spray boothett the deposition depth and depth-
rate on a 100 millimeter diameter steel cylindertlze base layer of the thermal barrier
coating (aluminum-nickel alloy) was deposited. Tgeometry of this configuration is
captured in Figure 49, where the robot arm andnpdagun are out of the image to the
right-hand side. The substrate was mounted irtadion chuck that was operated at 300
RPM (5 Hertz), while the fringe projection sens@ssmounted to a tripod and positioned
perpendicular to the plasma stream (left in figurBuring the test deposition phase, the
robot arm would move into place next to the substrand make 14 individual passes of

the coating (7 as transitioning up and down, retbpelg) onto the steel substrate.

Fringe Projector FOV

«—>
Torch Direction

Camera

Figure 49. Image of the thermal spray booth at &irkB, illustrating the geometry for
jitter correction and differential thickness measuents.
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The sensor took an image on each rotation and ecteat database of
measurements over the course of approximately @itesn Indexing each measurement
according to time and displaying the full time sewial database, Figure 50 shows the
unaltered measurement phase (green and blue lemed)the extracted actual deposition
measurements (red line) utilizing the differentégdproach. As is evident, without the
differential technique, the induced jitter from ghisetup masks any single-pass
measurements that are clearly depicted in the paa#tsnulls of the jitter compensated
data set, although the general increase in phasetfre full coating is visible in the trend

of the uncorrected measurement.
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Figure 50. Full dataset (right) with extracted sinignage (left), showing full scan phase
results versus time during the deposition process.

Processing and calibrating the jitter-compensagsalts of Figure 50 yields the
calibrated data depicted in Figure 51. Startingraét = O s, the plasma torch is first
moved over the target to provide uniform heating gowder), which registers a spike in
the data set due to the large thermal gradientishattially applied. Subsequent thermal

passes however are not as severe and do not regisige the background. This is
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required to pre-heat the surface to improve théainadhesion and avoid imparting
thermal shock or locking in further stress / stiaithe coating. The torch then returns to
the “home” position as it awaits a stable feed ofvger stock (denoted as no activity
from 40-130 seconds approximately). After thisnpothe plasma operation proceeds
with the coating passes (14 individual passes),cwhare captured for the next
approximately 230 seconds. These are denoted bydandual pass number in Figure

51, according to the coarse time-table at the tdpeofigure.
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Figure 51. (Differential) measured single-passainiease coating, as-deposited on
cylindrical steel target.

Each single-pass measurement is then tabulatedh@sn in Figure 52, and
accumulated to yield the total deposited coatirigktiess. This operation calculated a
coating thickness of 316 +/- 20 micrometers, whbee traditional measurement, taken
with a digital caliper, estimated 330 +/- 25 miceters; less than 5% deviation and well
within significant value of each other. The instiental accuracy was calculated by

taking the standard deviation during the “no passige set from the time block of 40 to
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130 seconds, while the micrometer measurement was@ed over four measurements
across both the inner and outer diameter, to ni@igasidual heating and localized point

effects.

Figure 52. Stem plot of resulting coating passasated above background signal.
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CHAPTER 5: Depth Resolution and Sensitivity Improvements

Ceramic coatings are a key technology enabler imymadustrial applications. As
previously mentioned, these coatings are typicdbyposited on metal components to
provide protection from harsh operating environmgenhcluding protection against
thermal stress / fatigue and abrasion. The prina#tributes for a reliable coating are to
achieve both good adhesion and proper thicknestlgsracross the surface. Good
adhesion is primarily addressed in the surfaceéparation, chosen stoichiometry of the
layers, and deposition parametezsy(,temperature, gas pressure and volume, feed rate,
etc.). Meanwhile, thickness is typically deterndrierough trial and error and controlled
by the process timing and duty-cycle exposure.erAfihe coating is deposited, witness
samples are historically created and tested, usoth non-destructive and destructive
methods, to determine if the coating’s parameters.,(thickness, porosity, and density)
are acceptable. If not, then the part will reqdiingher deposition passes, or if unable to
be reworked, would be failed and scraped. Howeseen the combination of process
controls and sample testing leaves the potentraéfir and latent failures to be missed,
as the actual part is untested for either thickraseverall uniformity, which can be

critical to both the fit and function in its endeuapplication.

As has been discussed in previous chapters, a appebach to provide real-time,
in situ thickness measurements has been demonkstrathis method, utilizing optical

fringe projection on the 3-dimensional surface gaphy, allows for near instantaneous
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feedback for the applied plasma spray coating (8yemroviding a new tool for
automated process refinement and control. HoweRisrtechnique is still limited by the
optical imaging system employed for the overalleabjdepth of field. With defocus
present, the fringes modulation transfer functioopd in visibility and goes to zero. This
presents limitations on part geometry that can easured, namely due to sharp
transitions or edges, which can result pnv@apping errors, hereafter referred to as phase
ambiguities. To help overcome these hurdles andige greater capability to the fringe
projection method, two unique techniques are dsmdis (1) a plenoptic detector

approach, and (2) inclusion of multiple (statiadgnamic) projected fringe periods.

Figure 53. Qualitative figure of merit for deptisodution capability limits.
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These potential additions to the base system axthite allow for maintaining the
desired depth resolution while improving the operal dynamic range. Figure 53
gualitatively illustrates the operational rangemeasure and correlate smoothly varying
depths profiles for a given object scene measuref@nnon-zero but continuous slope,
such as from a tilted plate through the depth oti$). Here, due to spatial resolution and
depth-of-focus limitations, any given system arettiire will only be able to operate
within a given depth range. This boundary is cumily evolving, based on new
technology and research; which is estimated withgray dashed lines in the figure to
“bound performance capability”. Ultimately, the ajoof adding a multiple fringe
frequency or plenoptic component to the fringe g@ctyr is to expand both the fine
resolution and large depth range measurement dapatespectively. This is idealized
through the red box in the figure as well, whiclptcaes the anticipated dynamic

operational range of the fringe projector with #gn@aprovements.

Multiple Spatial Fringe Frequencies

The ability to project multiple spatial frequencies the target allows a direct path to
improve the depth resolution limit and dynamic rand-or the application of measuring
plasma spray coatings, the depth resolution ofcaded scene is constrained by the
combination of the camera system magnificatiormeaslved pixel resolution (including
motion induced loss in contrast during integratione), and fringe spatial period (with

stability and residual characterization errors)or the former two, the imaging system
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performance can be tuned for the application, ohdg increasing the illumination
irradiance on the scene to allow a decrease igraten time, as well as operating with a
faster (lower) f-number objective. However, theagiables can only be tuned so far as
the system operational requirements and ultimadédfyaction limit allow. In order to
improve the system design trade-space further, ficatons to the fringe spatial period
can be assessed. Specifically, by simultaneousiggqting two (2) or more spatial fringe
patterns onto the scene, that have different periaad possibly orientations, a net

improvement in the operational dynamic range isifda.

In addition, by careful selection of the periodsl arientations, a solution to a
finite range of phase ambiguity errors is achiegablSpecifically, an unambiguous
solution for the measured depth change is possibés the effective wavelength,,

given two (2) spatial fringe wavelengthslafand! ,, where (Malacara, 2007)

/%

1 2

/1'/2 .

(25)

e

If the spatial fringe wavelengths ;(andl ;) are defined when viewed at an angle
relative to the projection direction, than thisedily gives the maximum depth change
that can be resolved. Otherwise, if those spai#alelengths are as viewed normal to the
projection direction, then they would need a waighfactor to convert to the projection

geometry desired, which effectively shifts the mead spatial fringe frequency as,

I:]Depth = /effective,viewed angle = (/ _/ )XSiH y (26)
1 2



96

As an example, assumg andl , are respectively 0.30 and 0.50 millimeters, and the
angle from the projection normad, is set to 30 degrees. For this scenario, the

equivalent wavelength in the projection system woog 1.50 millimeters, allowing a

larger unambiguous measurement range

If the fractional phases at both the shorter andvadent wavelengths are known,
than the equivalent wavelength can be used insteadcorrection for the smaller spatial
wavelength and provide an even larger dynamic rddgeGroot, 1994). For example,
the unambiguous depth can be extended to multipiethe effective wavelength, N,

defined as

N =|int

1
7.7 | (27)
o

For example, assume the previous case has ingtedidl svavelengthd,; andl ,,at 0.30
and 3.20 millimeters respectively. Using this dgumg the unambiguous range would be
ten (10) times longer than the equivalent wavelengt 0.33 millimeters, or 3.30

millimeters.

As described, the noise in a two-wavelength megsent is still proportion to the
equivalent wavelength utilized. That is to sayt iththe noise was measured at 0.1 waves
for any of the constituent spatial wavelengthsyatuld still be 0.1 waves at the longer

equivalent wavelength, which can cause issues keblution as that value increases.
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To maintain the single wavelength noise figure @taktending the unambiguous range,
one can use the second wavelength purely in a plasection mode. In this manner,
the scaled equivalent wavelength measured phasengpared to that of the single
wavelength, to account and correct for any phaseigniies (Creath, 1986). The
drawback here is that noise or errors in the peeckeffective wavelength phase that are

bigger than 0.5 waves can cause erronepyarps.

There are numerous approaches to consider in dgangerthe multiple spatial
frequencies. For instance, one can generate rieulifmatial fringe frequencies through
the same projector system, within the same illutmnmaspectral bandwidth. This is
discussed in further detail in external papers @l M., 2014); but in short it allows
the projection of multiple spatial frequencies otite scene simultaneously, and utilize a
modified Fourier filtering process to extract thespective carrier frequencies (which
would be separated in the frequency domain). R tesearch, the path to generate
multiple illuminated spatial periods is completddough spectral diversity, as illustrated
in Figure 54. Effectively, each spatial period jpoved onto the scene would be
accomplished through a separate spectral sourcprotade independent control over
performance attributes, and more importantly, min@the potential for cross-talk in the
frequency domain as deployed with a plenoptic systerhich inherently places more
requirements and trade-offs for scene spatial uéisol and/or field of view). Of note,
this approach relies upon the ability to discrinenaach respective spatial frequency

through spectral diversity. For example, this dsn accomplished through separate
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camera systems with appropriate notch filters, ughothe patterning of spectral notch

filters on the pixel array directly, or by applyitige filters directly to the microlens array.

Laser
Small Spatial Source

Frequency Channel

Laser
Source

Plasma Torch

Orientation Plasma Stream
Direction

Objective Lens

Camera

Figure 54. Conceptual operation of dual-fringe pctgr system, illustrating both fine
(red) and coarse (blue) spatial frequencies.

As such, the same algorithm used to extract scepthdor a single fringe period
(Trail, Kudenov, & Dereniak, 2014) continues to ppvith the caveat to first leverage
the approach to each spatial period individualhd &hen contrast the results to solve for

phase ambiguities if present. In particular, tiage ambiguities can be solved for a
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range at least equal to the unambiguous wavelengtiich is effectively the beat
between the two fringe spatial periods utilizedh this manner, the resolution can be
maintained as related to the smallest spatial defamd imaging system diffraction
limits), while still allowing a larger dynamic raag The primary trade-off is then related

to the overall increase in system complexity (idahg final packaging size and cost).

Plenoptic Imaging

Plenoptic imaging is a computational imaging apphodo passively acquire 3-
dimensional (3D), or ‘depth to every scene resofutiell’, to improve dynamic range in
a distance measuring capacity. Here, the poteisti@ allow significant object defocus
and still recover the required depth informatiomweell as provide a way to benefit other
techniquese.g.,dynamic refocusing of a projected fringe or spaigtern, as utilized in

this application, to preserve depth sensitivity.

The plenoptic camera was first proposed by Lippraarfintegral photography”
(Lippman, 1908), and subsequently improved throtighfollowing years (Ives, 1928)
(Levoy & Hanrahan, 1996) (Adelson & Wang, 1992).ecBntly, with the advent of
digital imaging and improved processing capabditiplenoptic imaging has found
resurgence. Even so, its utility has been tragdtiy hampered by the associated
reduction in image resolution in most applicatioeffectively trading object spatial

resolution for angular resolution, and thereby Hejpformation. For the application
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discussed herein, spatial resolution is not a leuirement and can be traded in the

system architecture to improve the dynamic range.

(A) (B)

Figure 55. Plenoptic 1.0 (A), and Plenoptic 2.0 (Bmera Configurations.

Over the last few years, a few variants of the &dic camera architecture have
surfaced. However, most of them can be reduceditteer the “Plenoptic 1.0” or
“Plenoptic 2.0” (Lumsdaine & Georgiev, 2009) desifamilies shown in Figure 55,
which primarily consists of an objective lens felled by a microlens array, which is
located in front of the detector array. Plenomt#aneras sacrifice spatial resolution to
capture the greatest angular information for theppses of ‘digitally refocusing’ the
resultant image. The first architecture, Plenoptitas shown in Figure 55 (A), positions
the microlens array coincident with the objectivéfsage plane, and positions the
detector slightly behind the microlens array, ldistance equal to their focal length, such
that the objective’s exit pupil is imaged by thaedtor array. In this configuration, the

spatial resolution is directly linked to the numbafr microlenses, as the system is
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otherwise defocused. The pixels, which sampldigi from any given microlens, thus

provide the angular resolution that supports preiogsalgorithms to estimate depth.
Meanwhile, Figure 55 (B) depicts an optical desigmm of the Plenoptic 2.0 camera
system. Here, the microlens array is displacednietine objective’s image plane, and
acts as a lens which relays part of the sceneetdekector (Georgiev, New results on the
plenoptic 2.0 camera, 2009). From paraxial opticss, follows the form of H + 1hb =

1/, wheref is the microlens focal length, and variabéeandb are the microlens object

and image distances, respectively, as illustratedrigure 55 (B). With the focused

plenoptic camera, a final image can be renderet utiblzes many pixels behind a

microlens, preserving more spatial resolution whsl@mpling the scene’s angular
information. Taken from another viewpoint, the rRlptic camera can be seen in
comparison to a Shack-Hartmann Sensor, wherebynmafion about the local ray

gradient in angle-space can be determined. Fomthposes of this evaluation, the
aforementioned Plenoptic 1.0 is deemed to be thst miable for our application, as it

obtains the highest angular resolution. Specificah the application of thermal spray

reducing the scene spatial resolution to deternsmdace profiles is considered an
acceptable trade, as the information of interestelated to the fringe frequency and
higher frequency content, such as surface roughmessxture is not desired. For this
application, the Plenoptic 1.0 design architectaep known as a Lippman sensor or

“Plenoptic Camera”, is utilized.
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The plenoptic camera allows simultaneous positepdinension and angle (-
dimension) measurements to be made of the scertentonn three dimensional space,
0 and p are two-dimensional vectors, and the lightfield radiance profile of the
recorded scene would be represented as the fowrdional productr(q,p). As
derived in industry for a plenoptic camera (Lumséa$. Georgiev, 2009), this formulism
can be used to determine the irradiance of anytpoithe image, as an integral over the

radiance for incident angular directions, such that

_ - _ _1_
Edetector(q) = rf(q’ p) dp: f(q- fx pT q) dF . (28)
p p
wherer; represents the local radiance at the detector flagleind the microlenses) per
Figure 55(A). Taking into account the finite diamretf the microlensed, which is also
equal to the lenslet pitch, the respective lerfelel length {), and assumingis constant

across the microlens for a givpmirection, then the integral can be completed as

q . (29)

_._d 1
Edetector(q) = T r O’T

From this relationship it can be seen that: (1 Mpatial resolution of the
captured image irradiance is linked to the micrslarea; and (2) Each spatial point at the
detector, behind the microlens, corresponds tdferdnt angular direction. This can also

be visualized through the representation of a numbeixels, corresponding to two (2)
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microlenses in the two-dimensiona),[f) plane, as provided in Figure 56. Beyond the
variables previously defined, represents the detector array pixel pitch, anghgcally

demonstrates a pixel resolution in both spatiabi6) and angular (Y-axis) coordinates.
Here it is evident that the plenoptic camera presitoth spatial and angular (directional)
sampling of the scene’s content to preserve thiengiaksional radiance, with the caveat of

sacrificing image resolution for angular ray infa@ton.

An image is generated from the raw measured data devo steps. First, the
sensor imagé&(q) is converted into radiana€q, p), with the detector pixels as sorted
by common reference angles. Then the respectiedspiinder each equivalent microlens

are integrated over the sorted directional anpgles

A 4

Figure 56. Radiance sampling at a distance f bethi@anicrolens array. Example pixel

resolution in both spatial positiog)(and angular directiorp) is captured by a rectangle

box, while the microlens sampling space is provided and (dlf, respectively. Adapted
from (Georgiev & Lumsdaine, Focused plenoptic canaad rendering, 2010).
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Plenoptic Model Implementation

A model of the projection and imaging system wasetigped to study the plenoptic
function. This model, incorporated into FRED Oalti€ngineering, captures the input
scene illumination, variable target conditions, andepresentative plenoptic imaging
system. This is idealized in Figure 57, with amrmple cylindrical object shown under
test. Here the general optical path is illustratedich mimics the anticipated geometry
of the plasma booth system. For this simulatiordiffraction-limited (“blackbox”)
optical system was utilized in the imaging patthe Tmaging pupil was then set at a 254
mm distance from the object under test (on-axi®), given a focal length of 80 mm, with
an f-number of 3.15 (4.60 working f-number). Thesults in a magnification of -2.175
for the intermediate image plane, which is wheee éhtrance pupil of the microlen’s in
the array are located. The lenslets were chosebet@ square array to maximize
packaging efficiency (nearly 100% fill-factor); hewer, the optical parameters were left
as a variable based upon the illumination scendeecribed in each respective approach
(section 4.0). Based upon desired system requitesnthese attributes can obviously be
refined as necessary to improve angular or spsdialpling fidelity, but provide a starting

point to evaluate the system performance.
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Figure 57. Representation of Plenoptic FunctioRlasma Spray System (Overhead
View).

To capture the flat-field illumination and illusteathe role of the microlenses, a
flat panel was placed into the object scene at&fiaks relative to both the illumination
and imaging system normal vectors. A uniform ir@ade field was then incident on the
panel, which behaved as a white Lambertian surfdde result is captured in Figure 58
to illustrate the general geometry of the simulatiand shows the preservation of the
square microlens field of view, as well as the weiimg the occurs near the edges, both
due to the limited illumination size and the tilgganel orientation (with overlaid outlines

of example square microlens positions for cledhestration).



106

Figure 58. Example plenoptic image for flat-fieldiminated scene. Denotes square
microlens array apertures and respective images.
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Figure 59. Relationship between (A) Plenoptic nlens images across an array, to (B)
Source Scene Irradiance Distribution Showing Oyeaiad positional shifts across the
Plenoptic Microlens Array.
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In addition, the flat panel was also simulatedilasninated with a collimated
cross or “X”, with one leg/line in focus throughdut the plenoptic camera, and the other
along the object scene in line with the 30 degiiéedirection. The resultant detector
irradiance (across multiple microlenses) was capturThe image result is presented in
Figure 59 (A), along with the previously describegut object illumination profile
captured in Figure 59 (B). The result highlightghothe inherent field-of-view of each
microlens at the object scene (discussed previpasdywell as the behavior in image
irradiance from one microlens to another in thayras the scene is relatively defocused.
This is useful to visualize the Plenoptic procesgenerating neighboring images behind
each microlens. The combination of these sub-imamge associated irradiance patterns
allows a 3D view of the scene, functionally similer stereoscopic vision. As is
graphically evident, the detector irradiance fors thonfiguration shows a changing
irradiance distribution as a function of object atefs, and immediately highlights the

inherent ability to extract focus behavior.

Sparse lllumination

Sparse illumination departs from the fringe pramtttechnique, and implies working
with illumination features (at the object locationder study) that when imaged onto the
detector have finite irradiance patterns less thamicrolens dimension. Each source
radianceL;, would be mapped to a corresponding irradiancenegn the FPAE;, and

allow a correlation of the feature size to focuslates such that
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E (X, %) =Ty Li (X0, Yo, uV), and (30)

Dobject = K (DX| X lyl) ' (31)

whereTsysrepresents a generic imaging system transfer mggpirction (irradiance and
magnification);xy, andyy, represent the spatial coordinates at the imagehbjatt plane
(respectively), whilau andv capture the angular directionality of the sourag. r Once
the critical area of the source is determined (surgnmage area associated with each
illumination source), it can be directly convertetio the depth map through a system
calibration factor,K, taking into account the optical path, aberratiottderances,
environment, etc. Therefore, measuring the ctiilt@age area of each source, there is a
1:1 mapping to focus depth within the dynamic ran§é¢he system (and the ability to
determine when the result is out of the dynamigean

For instance, an array of illuminated “dots” canemeisioned at the object plane,
which is separated appropriately to present an @rthgough the Plenoptic system that
does not overlap neighboring sources. Here, velgtilarge and square microlens
diameters were chosen (0.25mm), with a focal lengi®.86mm (allowing 50 pixels at 5
um diameter across each microlens dimension). Wighconstraint of avoiding image
overlap met, the system can avoid cross-talk eramid allow operation even as the
microlens field-of-view does not align centered hwite illumination pattern (which
would then require summation of neighboring micnglesignals and correlated to a
unique source). This allows the system to direatlyasure the transfer function, the

effective point-spread function (PSF), through ithaging system to correlate image size
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and irradiance distribution to absolute focus. éwample from a simulation of this
scenario is presented in Figure 60 (A), showingréselltant detector image for an array
of 19 x 19 dots (here behind a 19 x19 array of odmrses) as illuminated on the
previous flat board target set to a 10 degree siopke object focal plane (correlates to
vertical dimension in the figure). Here, it iswadly evident that the average irradiance
of each microlens image has a vertical linear sltypgher at the bottom of the figure as
presented). This graphically shows the ability dorelate average image size / irradiance
to scene depth for the scenario presented. Irtiaddtigure 60 (B) shows the extracted
depth map from this resulting image for a targetasf 10 x 10 millimeters, based upon
each individual microlens pixel critical signal ardimensions. This depth map also
highlights the primary residual depth error, raiate the illumination source being offset
relative to the microlens axis (which will occurtime physical implementation), causing
both vignetting and distortions / aberrations. Tiwsult is a slight radial depth
component error as well as a bias at the edgeeottlene. Overall, this error can be
effectively mitigated with sensor calibration anadsking results to remove edge effects.
Even with this residual error though, the result sbrrelates very well to the truth model
(x0.035 in limits, within £10% bounds) and showsiathod to achieve depth sensitivity
through sparse pattern illumination. Looked abtigh another direction, this approach
can be viewed as an analogy to the “Shack-Hartmapproach, with the twist of
operating in a non-collimated beam and requiringreased pixel density / sampling

behind each microlens.
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Figure 60. Sample (A) image for 19 x 19 point seusa 10 degree tilted (vertically)
object plane, as imaged through microlens array,(By extracted depth map, showing
correlation of microlens image dimension to obpsefiocus.

The trade-off with this approach is the relativééyger microlens diameters
and/or sparse illumination sources, which both lgad comparably low spatial
information versus other approaches. In additibbis, approach has its dynamic range set
around the initial focus position. This makesntquely sensitive to small depth changes,
but will not be able to handle large depth chan@#her as the defocused converging
beam illuminates more than the neighboring micrelenstarts to interact with the image
of other sources). This can be overcome in parsdypling the field at a faster rate
(integration time constrained however), as welhatuding some extended sources, such

as structured illumination described next.
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Extended lllumination

By contrast to the previous topic, structured ilinated is defined as possessing features
that are large as-compared to the microlens sampliea in object-space. In effect, each
microlens captures the angular directionality oé ttays for a given image spatial
position. Since the illumination source covers tiplé microlens positions at the image
plane there are effectively multiple views of tHgext plane present. By comparing the
angular coordinate frames from the microlens, alfgas or shear in the result is evident
if there is any defocus present. By quantifyinig 8hear, a correlation is directly made to
the degree of defocus from the object plan. Tipigreach was also simulated in the
model, to demonstrate the functionality and utitiyin situ measurements. In this setup,
the microlens diameters were reduced to .125mnmpoove the scene spatial sampling
(reducing the angular resolution by a comparabtdofa as compared to the sparse
illumination method). For demonstration purposken{ two uniformly illuminated
letters “U” and “A” were placed as the object sgefist with both at the object focal
plane, and then with one aft and the other forshmwvcase the difference and method to

retrieve depth information.
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(A) (B) (©)

(D.1) (D.2) (E)

Figure 61. Focused plenoptic image analysis floith Woth letters "U" and “A” set at
the Plenoptic system object focus plane. Insetcgiptures traditional camera image at
same resolution; (B) Raw image through plenoptstesy; (C) Re-organized plenoptic
image by angular coordinate with two boxed sub-ien@gws shown in respective detail
in (D); and then showing the overlay of these twb-snages to denote no parallax /
image shear is present.

With the two uniform letters at the focus of thierptic imaging system, the
result is as captured in Figure 61 with the imag@ysis steps involved in generating the
necessary sub-image views. First, inset (A) castwhat the scene would look like to a
traditional (non-plenoptic) camera system, as aalicomparison. Sub-figure (B) shows

then the raw image as taken by the plenoptic camvénde (C) captures what it looks
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like after each microlens pixel stack is insteagm@ged by angular coordinates. This is
accomplished by combining the same pixel coords&ieeach respective microlens into
“sub-images”, where the extracted pixel is placetha virtual location of the microlens

coordinate. This method groups pixels based upgular orientation, rather than spatial
coordinates. From this view, two (2) sub-images identified with a “red” and “blue”

bounding box. These sub-images are then shownetaildunder sub-figure (D),

respectively. Finally, these two (2) sub-imagesarerlaid 1:1 in Figure 61 (E), to show
that that they fall exactly on top of each otheamgular coordinates. This illustrates that
for object points at the focus plane, there is amllax evident in the resulting plenoptic
image. In fact, the result is effectively identita a traditional camera and allows all
standard approaches to be utilized, barring theesyuent reduction in spatial resolution

given the camera detector properties.

From there, the model was modified to put thestetty” at 12.7mm closer to the
plenoptic imaging system (setting object distanee241.3mm), and the letter “A” at
12.7mm further away (object distance of 266.7mnfor contrast, the similar image
results for each stage of analysis are also captar&igure 62. As is visually evident,
the raw plenoptic image, shown in sub-figure (B)pears to have more blur associated
with the objects, as would be expected given thberasignificant defocus values
attributed to the model. Similarly, after convegtithe microlens images to angular
coordinate sub-images and then extracting two gtifip to show in detail, shown in

Figure 62 (C) and (D) respectively, there are bdifierences in the illumination
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irradiance and by close examination the positiorthef letters relative the sub-image
centroid. In fact, as the two (2) sub-images aerlaid in Figure 62 (E), color-coding is
applied to show when one sub-image has a record&d while the other is absent
(keeping to the red and blue scheme respectivelis showcases the fact that any
defocus is translated into image parallax / shieaugh the plenoptic system. More to
the point, it also captures the net direction efdefocus. For instance, both of the letters
have “red” features closer to the center of thegemand “blue” features at larger radial
distances. This offset also falls along the 45 @egector relative to the image, which is
in line with the orientation of the two (2) sub-iges from the overall array sampling per
Figure 62 (C). In addition, keeping just to thés® (2) sub-images for simplicity, to
sharpen focus of any single letter would requitateral displacement of one sub-image
relative to the other. However, sharpening oneldvdegrade the focus of the other. For
instance, moving the red sub-image to overlay gnaithe blue letter “U” would then
move the red letter “A” even further from its bestrlay position, and conversely. This
highlights the ability to extract the both the mégde and direction of the defocus in the
extended scene, as each letter is defocused diffigré&y comparing the necessary sub-

image movements to achieve best-focus (peak irledion factor).
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(A) (B) (©)

(D.1) (D.2) (E)

Figure 62. Defocused plenoptic image analysis fimith letter "U" set to 12.5 mm
closer and letter "A" set to 12.5 mm further awani sensor. Inset (A) captures
traditional camera image at same resolution; (By Raage through plenoptic system;
(C) Re-organized plenoptic image by angular coatgirnwith two boxed sub-image
views shown in respective detail in (D); and thkawing the overlay of these two sub-
images to capture the image parallax /shear fdr kditer going opposite directions (blue
/ red corresponding to areas of no overlap) dubfterent defocus directions.

For clarity, this shift and overlay procedure iggmically captured in Figure 63
by showing both the overlaid source sub-imageslaino that of Figure 62 (E), and the
necessary vector sub-image displacements to achest-focus” for the letter “U” and
“A” in the scene (Figure 63 (A) and (C) respectiel At this point, the scene can be

both compensated for focus (either locally or gliybas desired for the purpose), and the
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necessary lateral displacement and directions eatahbrated and utilized to derive the
defocus direction and magnitude. Ultimately, thenpptic system depth resolution as
operated in this manner is related to the objecive microlens array optical parameters
(including focal length, F-number, and magnifica)io For the configuration herein, the
depth sensitivity and resolution is approximately millimeters, as limited by the final
pixel angular resolution. However, there is on&erent limitation with extended
illumination, in that no depth retrieval can ocawithin the confines of a uniformly
radiant scene or feature. Effectively, a uniforrerse cannot provide any depth cues for
defocus within its interior area, only along itgyed, or with great care and calibration by
varying the illumination signal in order to utilizadiometry to assist in nulling depth
cues. Overall though, this allows both a comparabhrse defocus metric to help solve
any potential g-modulo rollover errors, and potentially even morgortantly provide
the ability to dynamically refocus and sharpendhptured image. This would facilitate
further depth determination with the aforementioffitige projection approach, which
would have potential issues as the scene deptlemomoves beyond the purview of the
traditional camera limits. For industrial thernsgray coatings, the inherent geometry
and setup means this occurs on essentially every fitherefore, this approach can be
considered an enabling technology to allow more-fogm, in situ part measurement and

verification for the industry and other similar poses.
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(A) (B) (C)

Figure 63. Sub-image analysis, capturing net vemftanage displacement required to

achieve "best-focus” for (A) the letter "U" and (@ letter "A" separately, with (B) the
source overlaid sub-image for reference.

Spatial Fringe lllumination

Up until this section, generic illumination patterwere utilized to present the approach
and methods to leverage the plenoptic sensor fatively fine depth retrieval in a real-
time manner. In effect, this is one of the inhérgmengths of the method, in that the
analysis and depth retrieval only requires certainimal requirements to be met to
utilize a technique, and is otherwise agnostich® ittumination approach taken. That
said, when operating with the unique illuminatiopatures of the fringe projection
system, that carrier frequency can be extractedrniavel manner.

By utilizing a spatial fringe period on the targeene, there is a continuous slope
in the retrieved irradiance across the image, tmée depth characteristics on the carrier
frequency’s phase. Just as with a traditional enaf the fringe projection scene, a

plenoptic camera can exploit the same algorithn® tachniques. In fact, when the
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object scene content is set away from the bestsfoithiere is the same parallax evident
between the sub-image locations across the arrily pixels as re-organized in angular
coordinates). Because the image was mapped thrthegglsame system, there is no
magnification change, only a shearing or spati#datfof the resulting image position.
This preserves the carrier frequency (with a catibn for the spatial resolution
difference), and the resulting shear or parallax tteen be viewed as a phase offset.
Therefore, between any two (2) of the sub-imadesetwill be a spatial offset which can
be processed as a normal pair of images (one kbmgeference) with the Fourier
filtering process (Trail, Kudenov, & Dereniak, 2Q14nd/or by differing the apparent
spatial / phase shift versus the net distance enatigular coordinates between the sub-
images, to derive a characteristic slope, which loatth be directly equated to defocus
magnitude and direction. An example of two subgesoverlaid on top of each other is
presented in Figure 64, with the separate sub-imagdor coded appropriately to

highlight the offset spatial relationship.
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Figure 64. Captured Plenoptic Sub-images, ShowarglRx (through color coding,
green versus pink) as Corollary to Phase Offs@arrier Frequency for Projected Spatial
Fringe
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CHAPTER 6: Discussion

The theory, models and analysis presented in tsedation are valuable tools in the
development of future in situ optical metrology hws and sensors, specific to the
plasma spray process, and more generally to tigerdandustrial thermal spray industry.
This industry has a need for new techniques andhadstto help reduce process costs
while maintaining or improving the quality and edility.

It has been shown that the model and hardware tgpEcsolution developed in
this dissertation can be used in situ to measweléposited coating layer thickness from
a plasma spray process. It has also been showththanclusion of multiple projected
spatial fringe periods and plenoptic (computatianaging) techniques can significantly
increase the depth measurement dynamic range vemieving ambiguity. The analysis
herein provided a modeling tool to determine thethgath-forward to measure the
coating layer passes from the plasma spray tonshthe order of 10-80 micrometers.
This led to the development of the differentiahfre projection method, which achieved
a standard deviation noise floor of 2.5 micromet&silitating a measurement of each
coating pass and thereby the total deposited legating. This led to a measurement of
the in situ deposited nickel alloy bond-coat thieks, at 316 micrometers, within 4.3% of
the physical measurement, and within one (1) sigtamdard deviation given the
statistical variability. In addition, advanced haecues to further improve the inherent
capability of the fringe projector were capturethis included the dual-fringe projector

technique, which allows a method to solve for thegle-wavelength approach phase
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ambiguities. Example architectures were providad anethods to extend the depth
(step-height) dynamic range by 4-10X, above thglsispatial wavelength / fringe (for
most testing, near 300 micrometers). Simulatiod analysis was then completed for
improving the sensor acquisition component to tlystegsn. A plenoptic sensor
architecture was reviewed, modeled, and analyzedhi® potentially to dramatically
increase the allowed depth-of-field for object ghadepth retrieval. In the example
provided, this allowed a 10X increase in the ranfj@bject focus, as related to the
number of linear pixel elements paired to a miarsle

The concepts and options pursued herein valideteapproach for measuring in
situ plasma spray depositions, while capturingdiseussion for performance objectives

to allow future modification and tailoring to th@plementation desired.

Accomplishments

There are many accomplishments in this dissertatkirst, a review of the fringe
projection theory is conducted. This review shakes background, theory and dynamic
capability to perceive 3-dimensional cues. Sec@ngarticular solution was identified
for the problem statement of plasma spray depasitithis included the derivation of the
projection system design, as well as initial labamadata collections. Third, the solution
was extended to include differential measuremempiloidity in order to improve the
resiliency of the measurement, and remove potesiatces of phase noise / errors in the

deliverable product. Fourth, a prototype fringeojection system was designed,
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integrated, and tested in the laboratory to updiagée simulation and model behavior
developed. Fifth, the prototype sensor was mabed production spray booth with a
commercial sensor to acquire real-time, in situ sneament results and validate the
process. The measurement results were then cethpamd contrasted with the
simulation, to better understand the inherent ciéipabnd path-forward. Sixth, analysis

was completed on the viability of dual-wavelengtinde projection techniques to

improve the overall dynamic range for depth retilebeyond any single wavelength
limitation (especially in the presence of step-heighanges, whether intentional or
defects). Seventh, simulation and modeling wasptetad on the acquisition sensor, in
order to analyze the benefits of leveraging comprtal imaging, such as a plenoptic
sensor, to further reduce the requirement for naaimg critical object focus. This is

especially important given the nature of the depmwsiprocess, current established
equipment and facilities which lack traditional iopt metrology tools, and a desire to

leverage the work for more complex geometries amdas processes.
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CHAPTER 7: Conclusion

The purpose of this dissertation is to developttie®ry and model for an in situ imaging
profilometer that can support the desired dynamnge in the plasma spray deposition
process. The biggest achievement was in the eg@lizof a prototype sensor design,
which led to the real-world capture and sensomaion with a plasma coating setup.
This sensor architecture was then extended to amwranced functions, such as dual
wavelength and computational imaging methods, deioto demonstrate the manner to
further improve upon the baseline.

Chapter 1 provides an introduction to fringe pctjn profilometry and the
desired data products. An overview of the therspahy process and governing
assumptions are also identified.

Chapter 2 provides more details on the plasmaygmacess in particular, as well
as capturing the current state-of-the-art in théspeay processes for measurement
techniques and technology.

Chapter 3 introduces the fringe projection soluspace, and background theory
to supports it operation and performance limitgisTincludes highlighting the specific
differential technique that would be employed ia tklatively noisy plasma spray
process. In addition, the initial laboratory résub confirm the development model and
analysis are captured. Finally, the optical nbésens and limits were explored and
defined, in order to determine the resolution agkgivity of the method.

Chapter 4 captures the prototype profilometer lbgweent, integration, and test.

This includes a section detailing the source charestics, given the nature of the
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concept and the environment of operation. Frometht@e optical and opto-mechanical
build were captured, including reviewing the dadatare method and confirming initial
results in the laboratory. This then led to tledding of the prototype in a production
environment, to allow an in situ measurement ohlmaramic and metallic plasma spray
coatings. The results were very positive, mapmet to both the theory and model, as
well as matching with 4.2% of the caliper measumatn@nd well within the statistical
significance, for the metallic bond-layer coatihgckness.

Chapter 5 then shows potential advanced functitgni add to the base fringe
profilometer system to improve both its overall dgmic range. This included a review
of dual-wavelength interferometric methods, as lwampplied to profilometry. Plenoptic
imaging was also analyzed for its potential to gigantly increase the allowed depth of
object focus (by factors) and still retrieve andube fringe visibility function to support
profilometry methods. In addition, illumination wliications and techniques were
captured to both facilitate and improve the plemoptanction, in order to passively
retrieve depth cues and object scene content.

The design and analysis of in situ plasma sprays@s are enabled by the
development of the model, background and tools rideest in this dissertation. The
fringe projection approach was demonstrated asablesiin situ coating thickness
measurement technique, accurate to the micron $eadd, by accumulating thickness
changes on individual plasma coating depositionsgms This work allows a path-
forward to retrieve per-pass deposited thicknesasomements of both the ceramic and

metal layers required in most thermal barrier cwpiand similar protective thermal
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spray processes. Overall, this novel measurenagahality will allow improved control
for key plasma spray deposition processes, and d&mades a practical manner to

implement in an industrial setting.

Suggestion for Future Work

This dissertation demonstrated the approach ta aiiu coating thickness measurement
process. However, more work could be completdtetp demonstrate its feasibility for
a particular customer or commercial pursuit.

In particular, the prototype method for the fringgneration was the Savart plate
crystal, and as previously mentioned this provittexinecessary variability in the fringe
period during the development phase. In the futtines could be modified to a
Wollaston prism in order to remove the sensitiafyobject distance from impacting the
perceived fringe spatial period (leading to a pté&rerror source, if unaccounted for).
The difference in approach between the Savart antlagton architectures are captured

in Figure 65 (A) and (B) respectively.
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Figure 65. Structured illuminator architecturesdaben (a) Savart Plate (SP) and (b) a
Wollaston prism (WP).

In the modeling and analysis of the dual-wavelenfiinge and plenoptic
architecture a few variables were discussed r@dtivthe inherent performance trades.
Prototyping a sensor configuration to further explthe trade-space would help to isolate
the desired end-state configuration and physiaatditions. Given this approach, further
testing in the laboratory and field would then hepmature the hardware and software
solution, and provide further confidence to movewiard with any point solution or

customer in mind.
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