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ABSTRACT

The scope of the project is to incorporate infrgfi®) thermal imaging in the fabrication process
of Electron Beam Melting (EBM) to provide layer-tgyer feedback and ensure quality products are
produced in the Arcam A2 (Arcam, Swedengtal additive manufacturing (AM) system. Layer-by
layer build surface temperature profiles were ingaged analyzed, providing information that was used
to modify build parameters (i.e. beam current, begmeed, focus offset, heating times, etc.) for
proceeding build layers.

The first task completed was to make the necessemghine modifications for a successful
transformation into a fully automated feedback exyst In collaboration with Arcama pneumatic
system was installed for the purpose of openingcdosing a shutter mechanism to protect the infrare
camera’s viewing window from metallization during kild. Proceeding successful hardware
installation was the development of a cust&BM Control (Arcam, Sweden) software version that
provides “triggers” when called to allow image capt yielding an automated image acquisition
process.

With an appropriate calibration procedure develpgethperature data within an appropriate
level of certainty was desired. The operator nprstide the camera with several input parameters
necessary to support the camera’s internal measmtefunctions, such as, the target’'s emissivity and
the reflected temperature. A step-by-step proeedwas developed to obtain a solid metal’'s emigsivit
Also, a mathematical model was established to deter the view factors associated with Arcam A2’'s
heat shield. The view factors were found to b&oali when seeking a true temperature value from IR
measurements. Along with shield wall measuremantsthe view factor, it then becomes possible to
determine the mean radiant temperature. The maedmant temperature is representative of an
isothermal enclosure in which radiation heat exgeawith the sample equals the radiation heat

exchange with the actual enclosure [Cengel, 2007].
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An automated solution was achieved by using LabVIBEwasurement and programming
software. The duration of EBM builds varies sigrahtly; the range may lie anywhere between 4 hours
to 80 hours. It is for this reason that a majaufof this work was to produce an automated swiut
acquire images throughout the entirety of a builthe images were captured at the designated process
step during the build (layer) cycle and then aretimaking it possible to correlate the image nuniber
the sequence to the layer number. By knowing thiselation, it is then possible to pinpoint any
discrepancy or defect observed in a particular entgthe location (Z-height) of the part. The IR
images captured were analyzed and processed tohskar“cold” spots or abnormal regions on the
parts surface. Parameters were modified as negegsaameters included the beam power (current),
focusing current, scan speed, preheating time, pnst-heating time. The automated image capture
solution will be the gateway to achieving a fullytamated feedback control system that will maké rea
time parameter modification.

A core objective of this project was to obtain ttamperature measurements of the surface bed,
and in particular, the solid part (the melted mater To accomplish this, a blackbody radiator was
fabricated, which becomes an essential tool inrdeteng the solid material’s emissivity. This cawi
type blackbody will have radiation coming in thrbuthe opening and undergoes multiple reflections
once inside allowing for the radiation to be retiec by the interior surfaces of the cavity befdre t
radiation can escape [Cengel, 2007]. Once falmicathe part was taken out of the machine for
thorough cleaning of the internal cavity. Fabiiogtthe radiator via EBM allows for the emissivay
interest to be in the material’'s ‘EBM’ form; that, iemissivity is a function of surface morphologgd
therefore the uniqueness of this surface will e ¢hme as future builds in EBM. Experiments were
then carried out to find the material’s unique payp, emissivity. Emissivity of Ti-6Al-4V was fouhn
to be 0.25, and literature would prove that thaigakmains nearly constant up to about 760 °C kefor

the material begins to oxidize and the emissivityréases rapidly.
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Having the ability to measure surface temperatdtegg a build enabled this project to modify
individual part-parameters for a more consistenlidbuAn experimental setup was designed to analyze
how neighboring parts would affect heat transfeeagh other in comparison to the heat transfer of a
single part (no neighboring parts). An IR imagethod build’s surface was captured after every melt
cycle for the entire course of the build. The hssobtained from the images demonstrate that non-
uniform temperatures do exist on the build’s swefacea. After analyzing an IR image of a standard
build at a build height equal to 36.24 mm, a terapee difference of up to 88 °C was noticed among
part surfaces. The build parameters of individueaits were modified in an attempt to achieve more
uniform surface temperatures. The temperaturermifice among the same cylinders was successfully
reduced to 5 °C. The two parameters modified dutire build were the speed function, which controls
the scanning speed of the beam during meltingtleetbeam’s current.

Surface temperature measurement data can be ugetbakthat may assist with fabrication of
unique materials, that is, materials that are remtessarily tailored for the EBM process. Thesa dat
may be used to quantify the impact that variousup@ters have on the material being melted. Process
development has been done in the past by visupkat®n of the part's surface during the melting
process through the observer window located intfodrsystem’s build chamber. But this requires an
operator with a certain level of experience anduireg lots of empirical work. By knowing the
correlation between parameters and surface tempesatthe amount of experimental work can be
reduced significantly.

Infrared imaging was used a process developmenmtiriothe EBM fabrication of copper. A
major obstacle when fabricating copper componerdsBEBM was the localized swelling on parts’
surfaces due to excessive heat, that is, temperdteyond the material's melting point. IR
thermography allowed for the quantification of tipsenomenon by measuring the parts’ surface. A

heat sink was implemented into copper builds thedpdd maintain a constant temperature across the
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duration of the build. With the modified heat sigbpper parts with internal features were sucodgsf

fabricated.
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CHAPTER 1 INTRODUCTION

11 PROJECT OVERVIEW

The scope of the project is to incorporate infigi®) thermal imaging in the fabrication process
of Electron Beam Melting (EBM) to provide layer-layer feedback and ensure quality products are
produced in the Arcam A2 (Arcam, Swedemgtal additive manufacturing (AM) system. Layer-by
layer build surface temperature profiles were intbgied analyzed, providing information that was used
to modify build parameters (i.e. beam current, bepeed, focus offset, heating times, etc.) for
proceeding build layers.

The first task in the integration of an IR imagsygtem in the A2ystem was to make the
necessary machine modifications for a successfnsformation into a fully automated feedback
system. In collaboration with Arcara,pneumatic system was installed for the purpospehing and
closing a shutter mechanism to protect the infrasdera’s viewing window from metallization during
a build. Metallization can reduce the transmissibimfrared rays and consequently reduce the
acquisition of accurate temperature measuremeétrtsceeding successful hardware installation was the
development of a custoBBM Control(Arcam, Sweden) software version that providegtfers” when
called to allow image capture, yielding an autordateage acquisition process.

To acquire temperature data within an approptetel of certainty, a calibration procedure was
established. The operator must provide the camghaseveral input parameters necessary for the
camera’s internal measurement functions; most iy is the target’s emissivity. A step-by-step
procedure was developed to obtain a solid metatisgvity, the mean radiant temperature (reflected
temperature), and external optics transmissiometontributing parameters are discussed.

With the assistance of the custom EBM Congadtware, it was possible to successfully
intercept voltage signals from the AZiatput module to act as a trigger source to operchse the

shutter mechanism that gives the IR camera thaldfuhe build surface inside the chamber. Using
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the programming software LabVIEW (National Instruntsg Austin, Texaspg code was developed to
capture single-snapshot images during designatezees steps in the layer build cycle.

The thermographs obtained from the images werkyzathto identify defects or cool
temperature zones on the build’s surface. An exyartal setup was designed to analyze the effdcts o
part placement on the start plate, and, in ess@naeiding insight to the heat transfer taking plac
inside the build chamber. Using the acquired sertamperature data, parameter build modifications
were implemented manually to assess the impaengperature feedback on product quality control.

Additionally, the thermal imaging system was alsed as a tool to develop processing
parameters for the fabrication of copper via EB&bpper is a non-standard material in EBM
technology, and due to its high thermal conduatiaiire, it was quite a challenge to maintain a t@ots
temperature throughout the fabrication processypgropriate melting with the electron beam. Swafac
temperatures versus layer plots were attainablealties infrared images acquired during the paramet
exploration phase; the plots were found to be albigantage in the time to successfully develomugti
processing conditions. Finally, the feasibilityfoll and automated implementation of the IR imagin
system in a closed-loop control algorithm for galdrication within the existing Arcam ARBM

machine is discussed.

1.2 LABORATORY INVOLVED

The work accomplished for this thesis was complea¢édhe W.M. Keck Center for 3D
Innovation (Keck Center) within the University oéXas at El Paso (UTEP) Mechanical Engineering
Department. In 2000, the state-of-the-art addithenufacturing laboratory was established through a
grant from the W.M. Keck Foundation and has be@awarg in research and innovation since. The
Keck Center was recently awarded funding from tlexaB Emerging Technology Fund (ETF), the
University of Texas System and industry partneed tesulted in an expansion to over 13,000 square

feet [Office of research and sponsored project$2R0
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The center now houses more than 40 AM machinedy lbommercial and experimental,
consisting of at least 10 distinct layer processmghods, with several custom AM-based patented and
patent-pending systems [Wicker, 2012]. The lalmwyahas over 50 actively involved faculty, staffida
students in various multi-disciplinary projectshelwide scope of these research projects may ieclud
manufacturing functional devices that include 3f&ural electronics, metallic structures of nunusro
alloys for the aerospace and medical industry, icaedcular flow research, and tissue engineering
[Wicker, 2012]. The lab’s researchers have actesombined facilities for advanced manufacturing
and machining, reverse engineering, metrology asgdction, materials characterization and testing,
and experimental fluid mechanics [Office of reshamod sponsored projects, 2012]. The facility fiost
more than 1,000 visitors each year to people ranffom artists, K-12 students, educators, to variou

high-level government and industrial scientists andineers.

1.3  ADDITIVE MANUFACTURING

Many see additive manufacturing as the “renaissancenanufacturing”, especially to those
economies associated with high-technology industfMurr et. al 2009]. The technology did not
always have this optimistic outlook, during its lgatevelopment the process was known to many as
rapid prototyping (RP). The emphasis was on argatomething quickly with the output being a
prototype or basis model for manufacturing furtbesign models and eventually the final product
[Gibson,et. al.,2010]. Users of RP technology have come to reahaé this term is insufficient and
does not fully describe the more recent applicatiohAM. Improvements in the fabrication process
and raw material have closed the gap between ‘pymds” to the final product in various AM

technologies.

The basic principle of AM technology is that a miodaitially a three-dimensional model
generated using computer aided design (CAD) sofiwean be fabricated without any specialized
tooling for the uniqueness of the model. AM tedbgy certainly simplifies the process of producing

complex 3D parts, as opposed to other manufactymngess that require detailed analysis of the part



geometry to consider things such as the order icwtlifferent features will be fabricated, what I®o
and processes need to be used, and any additienaies that may be required to successfully fatec
the final part [Gibsongt. al.,2010].

AM parts are created by taking its respective 3DDQAodel “slicing” it into successive layers
of a specified thickness, this slicing is done pgaal software that will output digital data titain be
read by the AM machine. The AM parts are madeddjrey material in layers, each of these layers is a
thin cross-section of the slices already created la@ing interpreted by the machine (Figure 1-1).
Obviously, each layer must have a finite thicknéssit and so the resulting part will be an
approximation of the original 3D CAD model [Gibsaat, al.,2010], and hence the goal of most AM
research is to replicate this CAD model to precisid’he major differences between the various AM
technologies are the materials that can be used,the layers are created, and how the layers are
bonded, other than that all AM machines use a l&gsed approach [Gibsoet. al.,2010]. These
differences become significant when they becomefdbtors that will determine accuracy of the final
part, material properties, mechanical propertiabyi€ation time, post-processing time, the sizehef

AM machine, and the overall cost of the machine @nodess [Gibsoret. al.,2010].

3D CAD Model “Slicing” AM Process Finisthéart

FIGURE 1-1 SCHEMATIC SEQUENCE OF AM PROCESS [BRANDL, E.,ET. AL., 2011]
14 ELECTRON BEAM MELTING: STATE OF THE ART

The EBM technology is a relatively new direct-mdtakform fabrication process that has been
commercialized byArcam[Cormier, et. al, 2004]. The machine uses a metal powderuff® 160um

diameter) to build solid parts in layer-wise fashioside a vacuum chamber maintained @t*mbar



(Figure 1-2 Schematic of the electron beam columd wacuum chamber [Arcam AB, 2011]) by
following 4 steps: 1) spreading a layer of metalvger (typically in the range 0.05 — 0.20 mm thick)
across the build platform by using the machine’kinga mechanism, 2) preheating the layer to
approximately 50% of the metal’'s melting temperat(if60°C for Ti6Al4V) using the electron beam
gun at relatively low beam current and high scaeedp(the preheating step lightly sinters the metal
powder to hold it in place for subsequent meltind also transmits heat to the part that helps rairat

low thermal gradient between the melted layer dmal rest of the part —greatly reducing residual
stresses), 3) selectively melting the preheateddeowy increasing the beam power and reducing the
scan speed to effectively reach the material’s ingelpoint, and 4) lowering the build platform an
amount equal to one layer thickness [Cormétr,al, 2004]. The process is repeated until the part is

complete.

1.4.1 THE PRINCIPLE OF THE ELECTRON BEAM

The electron beam is generated inside the elettgam column by heating a tungsten filament
to above 2000 °C by the filament current. At theggh temperatures the electrons are “released fro
the filament [Arcam AB, 2011]. The electron, ifsét a negatively charged elementary particle exfyv
small matter £9.1 x 10731kg) [Arcam AB, 2011]. The released electrons are thecelerated within
an electrical field, obtained by applying a hightage 60 kV) between the filament and the anode
(Figure 1-2). The beam current, the number oftedes within the beam, is controlled by the control
electrode, or grid cup. The beam is focused byfdbasing coil, an electromagnetic coil [Arcam AB].
Figure 1-2 is a schematic of the beam column wighmajor parts and the vacuum chamber where the

fabrication takes place.
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FIGURE 1-2 SCHEMATIC OF THE ELECTRON BEAM COLUMN AN D VACUUM CHAMBER
[ARCAM AB, 2011]

The electrons are accelerated at about 0.1 tarfettthe speed of light, with the energy density
of the electron beam reaching6 kW /cm? [Arcam AB, 2011]. To avoid any collision of théeetron
beam with gas atoms, both the electron beam colmdrpowder surface are maintained at low pressure
levels of 10~*mbar (vacuum environment). Once the electrons reaelptwder surface, and further
into the powder grains, their velocities slow tonttheir kinetic energy into thermal energy [Arc&f,
2011], effectively reaching the metal’s meltingqtpias long as the powder is already being maiethin
at about half its melting point from the preheatprgcess step. Failing to maintain the powdehist t
elevated temperature can cause poor melting, neguit un-melted particles. To maneuver the etectr
beam, the electron beam column uses electromadaesies, or deflection coils, facilitating the ¢tea
beam to scan the powder surface from one sideetatiiner melting the metal powder at the positions
corresponding to the digital data from the “slic€&D model.
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1.5 RESEARCH MOTIVATION

The Electron Beam Melting process is a promisirghitelogy in the rapid manufacturing of
metal components. EBM has the potential to redheecost of metal parts by minimizing the use of
raw materials and machining time. The EBM techgglbas several advantages over other additive
manufacturing (AM) technologies of metal, such anuafacturing speed and mechanical properties of
the finished parts. For the process to be acceptethe aerospace industry as a flight-ready
manufacturing technology, however, improved con@mod feedback must be implemented in the
building process for better part quality and umifoproduction in manufacturing. As part of this
research, an IR imaging system was implementech iAraam A2 EBM(Arcam AB, Sweden) system
providing another level of control for the EBM pess that could lead to rapid certification of fligh
ready parts.

The integrated thermal-imaging system will permefett detection on the part surface. These
defects can be classified as “cold” spots on thequaface that may indicate a localized regiorhwii-
melted particles that may result in porous produgetecting defects to a certain level of accuraicg
size becomes critical when developing a closed leeplback control system. Additionally, infrared
thermography is an excellent non-contact tempegatoreasurement tool. Measuring absolute
temperature values aids in the development of gegarameters for various metals that may be
compatible with EBM. Maintaining a constant targ@inperature throughout the entirety of the build
cycle becomes critical to a successful build. h# powder surface temperature is too hot, therelect
beam may cause swelling or distortion of the pérte temperature is too low, this may cause poor
melting and porosity. Although, a uniform temparatis usually desired for a given build, future
research activities may call upon for a part witjradient temperature, this system yields the agptxc
do both. The only feedback from the commercial almc A2 system (Arcam, AB) is a single

temperature measurement from a thermocouple placeér the start plate, and this causes many



limitations to capabilities of the EBM technologR®y having a temperature measurement of the part's
surface, process parameters may be modified assageto reach the target temperature that wiltlyie

quality parts.

1.6 SUMMARY OF RESULTS

Emissivity is a critical parameter in making IR reegements. A procedure was implemented to
determine the emissivity of the unique surfaceie®Al-4V built components. Emissivity of Ti-6Al-4V
was found to be 0.25, and literature would prows the value remains nearly constant up to abodit 76
°C before the material begins to oxidize and thassmity increases rapidly. A vital calibration
procedure was established to make true surfaceet@type measurements of the Arcam A2’s build
surface.

This calibration procedure made it possible to mheitee several input parameters that must be
assigned to the IR camera to make accurate measotenwith a certain level of accuracy.
Atmospheric and external optics transmission wasdoto be 94%. Reflective sources also need to be
accounted for since an IR camera will measure nbt thermal radiation being emitted by the target
object but also any radiation being reflected b sample. It is for this reason that a mean madia
temperature, or reflected temperature, needed toabmilated. This was done by determining the
necessary view factors associated with the geonuéttiye Arcam A2's heat shield. After calculating
the view factors it was then possible to use therublished formulae to determine the mean radiant
temperature associated with Ti-6Al4V builds, andgicund to 341 °C.

The development of process parameters for uniquerraks not tailored for the EBM process
has shown to be lengthy and requires a lot of @aogbiwork. Surface temperature measurements can be
correlated to the various parameters being moditfiegughout the course of the build. In this stuéy
surface measurements became a tool in developmgegsing parameters for non-standard materials

such as copper to be used in the EBM system. &unfeeasurements helped quantify integrated thermal
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management solutions into copper builds. The masnising solution in fabricating copper parts with
internal features was to incorporate a heat sitiktime build that helped in maintaining a more ot

temperature throughout the course of the build.

1.7  THESIS OUTLINE

The subsequent chapters cover the literature ree&perimentation, calibration, findings, and
results. They are organized as follows. Chapteo\&rs a literature review of thermography for non
destructive testing, theory of infrared thermogsgphlackbody radiation, emissivity, heat transfer
analysis, and infrared technology. Chapter 3 dassrthe experimental setup and procedures, the
machine modifications necessary to install the diera, architecture for IR feedback control, ared th
IR camera calibration procedure. Chapter 4 cotlessoftware development phase of the project, the
initial manual IR image acquisition, automated imarquisition, and image processing. Chapter 5
provides technique demonstration and validationpt®senting the necessary blackbody calibrations,
emissivity studies, infrared temperature measurésnemd qualification of these results. Chapter 6
introduces infrared feedback as a process develapito®l by discussing the process parameter
development of copper in EBM, the fabrication meéthmplemented, and mechanical properties of
EBM fabricated copper samples. Finally, Chapteoficludes this thesis by giving final conclusioms o

the project and recommendations.



CHAPTER 2 LITERATURE SURVEY

A background in additive manufacturing, electronarme melting technology, infrared
thermography, and radiation heat transfer is esdettt understand the context of this work. The
following sections include a literature review thatll support the data, findings, and conclusions
presented in this work. There is enormous reseanchliterature related to infrared thermographg an
even more on radiation heat transfer. The liteeatwrvey presented in this chapter is relevanheo
present study and key contributions to the sulgeztited.

Topics include the modern use of thermography fon-destructive testing and theory of
infrared thermography. Important concepts pem@nio this theory include blackbody radiation,
emissivity, and radiation heat transfer with an bagis on evacuated enclosures all of which will be
discussed in detail in their corresponding sectidn.introduction to modern infrared technologylso

presented.

2.1  ADDITIVE MANUFACTURING

As described in Chapter 1, every part fabricateth vAM technology begins as a three-
dimensional CAD model; the model is then “slicedfol successive layers of a specified thicknesss Th
sliced model is now ready to be read by the AM nreeh The AM system will fabricate the 3D model
to as close precision to that of the model by sssigely adding material in layers. AM materiale ar
divided into two main categories: polymers and iseta Polymer AM technologies include
stereolithography (SLA), fused deposition model{g®M), and selective laser sintering (SLS). SLA
uses laser technology to cure layer upon layerhaitgpolymer resin, that is, polymer that changes
properties when exposed to a light source of aipecavelength. The laser is directed into a pobl
resin where it traces the cross-section of theedlimodel for that particular layer and cures (sidisl)
the resin. A platform that holds the part beingtbis then lowered to the specified layer thickaeand

begins the new layer.
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The FDM process uses a polymer that changes tadlnyhen heat is applied, and solidifies
when cooled, called thermoplastic [AM, 2013]. Thaterial is injected, or extruded, through a nozzle
onto a platform while tracing the cross-sectiorthef particular layer; the material solidifies befdhe
application of the next layer. SLS, or SLM for @ist technology uses a high power laser to fusdl sma
particles of material (polymer, metal, ceramicgtass) being dispensed into the lasers path. &lk&,
the platform is then lowered by the specified laygckness to begin the next layer.

EBM is different from SLM in that it operates invacuum environment without the need for an
inert gas, such as nitrogen or argon. Also, th&HmRIild platform is maintained at a high temperatur
during the fabrication process which reduces therntlal gradient between the part and platform,
effectively reducing the thermal gradients. Ascdssed in Chapter 1, EBM makes use of a powerful
electron beam to melt the metal powder; the beaocomsrolled by magnetic coils to correspond to the
digital data from the CAD model. After the melicty has completed for a given layer, the platfosm i
then lowered to the desired layer thickness, tWyida the range 0.05 — 0.20 mm, the system’s rake
mechanism then fetches powder from the gravityhigbers to re-coat the platform with a new layer of

material.

2.2 THERMOGRAPHY FOR NON-DESTRUCTIVE TESTING

Thermography is one of many techniques used to teeeunseen.” Generally speaking,
thermography is a contactless technique that recerddistribution of surface temperature. The
procedures that are currently used in thermogrdalhyinder two main categoriepassiveand active
thermography [Maldague, 2001]. In thermodynantes)perature is an important state variable that can
be used to help determine energy states as walsast in determination of heat transfer. Heatstiex,
or temperature, is an important state variableshatlld be measured and monitored.

In passive thermographwabnormal temperature profiles denote a potept@blem — the

temperature differencelT) with respect to some reference that is of conc®assive thermography is
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usually a qualitative process since the goal igpbirto identify irregularities. In the case of theal
modeling, the investigations provide quantitativeasurements, such as relating measured surface
temperatures to surface flaws [Maldague, 2001].ahexample of passive thermography, an infrared
camera can be used to gather thermal data dunyingdpeed needle sewing in the automobile industry.
Understanding needle heating during high-speedatipes makes it possible to optimize sewing
operations through needle redesign. Due to thigomsl of products sewed daily (seat cushions, ggba
etc.), the implemented IR data acquisition wilhgrsubstantial economic and product quality besefit
[Maldague, 2001]. The proposed thermal imagingesydalls under this category.

Active thermographgnakes it necessary to bring some energy to tharmpadnspected in order
to obtain the required temperature differencesdeove the presence of any surface anomalies and
defects. Depending on the particular applicatibare are various methods that can be adoptgided
thermography(PT) consists of heating the specimen from a fellsaconds for high-conductivity
materials to a few seconds for low-conductivity enels and then recording the temperature decay
curve. Instep heatingSH) the increase in surface temperature is madtduring applicationLock-in
thermography(LT) is executed by periodic deposition of heataospecimen’s surface while the
resulting oscillating temperature field in the stasry regime is recorded remotely through thermal
infrared emission [Maldague, 2001Y.ibrothermographyVT) is another common technique wherein
mechanical vibrations are induced externally ttracsure and heat is released by friction at lacegi

where defects such as cracks are located [Mald2§@d,).

2.2.1 HISTORICAL NOTES

Before further discussion of this state-of-theragasurement technique, it is beneficial to turn
back for some historical context on infrared tedbgy. Heat transfer has been a concern throughout
the existence of mankind. Early mankind strugglétth a reliable method of creating fire by means of

friction so that the fire could provide light anddt and to keep away dangerous animals. Lated goo
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guality metal and glass work depended on the glmfiskilled artists to relate the “glowing” (brigtess
and color) of a gob of glass to the moment it mdseto be shaped, that is, the relationship between
target temperature and emitted radiation to accsimpheir work [Maldague, 2001]. Today, the
concerns are possibly more sophisticated dealinth weuch things as weather forecasts and
environmental temperature extremes.

Galileo took the first step toward accurate measerd of temperature when he designed the
first glass thermometer. A few centuries laterllfh Herschel accidentally discovered the planet
Uranus on March 13, 1793 [FLIR, 2010]. It was tnent that would lead him to the discovery of
infrared rays. In the year 1800, the existenchefnfrared portion of the electromagnetic speutru
was not known (Figure 2-1 Electromagnetic spectiMiyn NASA data, 2012]). Herschel was searching
for an optical filter material to reduce the brigéss of the sun’s image in telescopes [FLIR, 2010].
During his tests of several samples of coloredsglasich gave similar reductions in brightness, las w
attentive to find that some of the samples passeglittle of the sun’s energy while others passed
much heat energy that he ran the risk of eye daratigeonly a few seconds.

This led Herschel to set up a formal and systeneatperiment with the objective of finding a
single material that would have the desired reduacin brightness and a maximum reduction in heat
transfer. He decided to conduct an experimenthhdtsimilarly been performed by Sir Isaac Newton
where a prism was used to separate the varioussoolidight from blue to red [Maldague, 2001]. bgi
a mercury thermometer, he noticed that temperattag still elevated beyond the red band where
radiation was no longer visible. Unlike Newton,rétghel was the first to notice that the distanceneh
the heating was greatest had a specific locatioectihg him toward the notion of the existence of
different wavelengths [Maldague, 2001]. He calgidiscovery “invisible rays” or “rays that ocoasi
heat.” It is now known that visible light and iafed energy are both forms of electromagnetic tiadia

of different wavelength and frequency. The firdtared image was produced by Herschel’'s son, John
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Herschel, in 1840 with the use of an evaporogrépdimage was formed by differential evaporation of
a thin film of oil [Maldague, 2001]. This serieSaevents has brought infrared technology to whei® i

today.

2.2.2 THE ELECTROMAGNETIC SPECTRUM

Figure 2-1 Electromagnetic spectrum [My NASA daPf)l12] shows the electromagnetic
spectrum. An object’s “electromagnetic spectrumthie characteristic distribution of electromagneti
waves that the particular object will absorb or temiThe spectrum is divided subjectively into
wavelength regions called “bands.” Thermographgsube infrared band that is arbitrarily subdivided
into four smaller bands. They are: Oygi% < near infrared< 3 pm; 3um < middle infrared< 6 um; 6
um < far infrared< 15um ; 15pm < extreme infrarec 100um. Infrared cameras make best use of the

mid-infraredregion since hot objects such as metals radiatagly in this range.

THE ELECTROMAGNETIC SPECTRUM
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FIGURE 2-1 ELECTROMAGNETIC SPECTRUM [MY NASA DATA, 2012]
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2.3 HEAT TRANSFER

A frequently asked question is the difference betwehermodynamics and heat transfer.
Thermodynamics deals with the study of system&anmal equilibrium and the amount of heat transfer
as a system undergoes a process from one equititstiate to another, while heat transfer deals thigh
rate at which this takes place [Cengel, 2007; Mgu@a 2001]. Heat transfer adds the time variable,
concerned with calculations of temperature distrdsyy and heat transfer exchange in a system
[Maldague, 2001]. Heat may be defined as the fofrenergy that can be transferred from one system
to another as a result of temperature differenige;science that deals with the rates of such energy
transfers is heat transfer [Cengel, 2007]. Heamtdsfer science gives the ability to predict thergyne
transfer taking place between two bodies solelyaotemperature difference. Such a prediction is
extremely valuable in helping observe phenomena siscabnormal temperature patterns, in studying
building envelopes, to compute heat losses, insuldactors, the size and position of heat sinksdus
repeatedly in engineering systems.

There are three basic mechanisms of heat transtewection, conduction, and radiation.
Convective heat transfer is the mode in which e&ransferred from a surface by moving fluid (lidu
or gas). It involves the combined effect of condutiand fluid motion. Heat transfer by conductisn
the transfer of energy from the more energeticiglag of a substance to the adjacent, less energeti
ones. The rate at which heat transfer by conduatitl occur has to deal with the material’'s thetma
conductivity, denoted, and will be introduced in the following sectioais well. The final mechanism
is radiation, which is the energy emitted by maittethe form of electromagnetic waves (or photass)

a result of the changes in the electronic configoma of the atoms or molecules [Cengel, 2007].e Th
latter two are of interest for this thesis workyca convection effects are minimal, if any, dughe
system’s vacuum environment. That is, there ifluid motion taking place inside the vacuum chamber
during the fabrication process since it is heléxtemely low pressured @ *mbar). For this reason,
only conduction and radiation effects will be calesed and discussed in following sections andHer t

remainder of this thesis.
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2.3.1 CONDUCTION

Heat transfer by conduction is the transfer of gpefrom the substance’s more energetic
particles to the adjacent, less energetic oness cém take place in solids, liquids, or gasesndbotion
in liquids and gases is due to the collisions aiffdsion of the molecules during their random matio
In solids, conduction occurs by the combinatiorvibfations of the molecules and the energy trartspor
by free electrons. Conduction through solids isnbérest for this work. The rate of heat conduttio
through a medium depends on the geometry, its ek material’s thermal conductivity, and the
temperature difference across the medium. It heenbconcluded that the rate of heat conduction
through a plane layer is proportional to the terapee difference across the layer and the heasfean

area, but inversely proportional to the thicknesthe layer (Equation 2-1)

(Area)(Temperature dif ference) 2 -1

Rate of heat conduction « -
Thickness

. dT
Qcond = _kAE 2-2

Equation 2-B .ona = —kA% 2-2 is called Fourier’s law of heat conduction wéleis the

thermal conductivityA is the area normal to the direction of heat transfnddT/dxis the temperature
gradient. The temperature gradient (the rate ahgk ofT with X) is the slope of the temperature curve
on aT-x diagram at locatior [Cengel, 2007]. Since heat is conducted in thection of decreasing
temperature, then the temperature gradient becopgettive a3 decreases with increasingthe

negative sign in Equation 2-2 ensures a positiantity.

2.3.1.1 THERMAL CONDUCTIVITY

Thermal conductivity of a material is defined as thte of heat transfer through a unit thickness
of the material per unit area per unit temperatlifference [Cengel, 2007]. In other words, the enat

property thermal conductivity is a measure of thatamal’'s ability to conduct heat. A high thermal
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conductivity value means that the material is adgoonductor, and a low thermal conductivity value
means the material is a poor conductor, usuallgsdi@d as an insulator. Metals tend to be good
thermal conductors, such as copper and silver ithae a thermal conductivity of 401 W/m °C and
429 W/m °C, respectively [Cengel, 2007]. Insulatatll have much lower thermal conductivity values

such as brickk= 0.72 W/m °C) and aikk(= 0.026 W/m °C) [Cengel, 2007].

2.3.2 THERMAL RADIATION

Radiation is the energy emitted by matter in thenfof electromagnetic waves (or photons) due
to the rotational movements of the atoms or mokulSince particles at a temperature higher thian 0
are always moving, radiation (thermal) is alwaysitesd, only increasing with temperature. Heat
transfer by radiation differs from convection ar@hduction in that it does not require an intervgnin
medium. This is the fastest form of heat tran&ieithe speed of light) and suffers no decreaspérd
in a vacuum. In solids, radiation is usually cdesed to be a surface phenomenon for opaque (non-
translucent) surfaces such as metals, since emétidtion by interior regions of the metallic bodil
never reach the surface, and the incident radiatiiosuch a surface is absorbed within a few microns
[Cengel, 2007].

Heat transfer by radiation is a complex phenomehahneeds to be analyzed thoroughly when
conducting temperature measurements by radiationagge. The theory on this is covered in detail in
section 2.6. First, it is important to identifyetdifferent properties of surfaces, and addreds ithpact

on radiation analysis.

2.4 RADIATION PROPERTIES OF SURFACES

2.4.1 ABSORPTIVITY, REFLECTIVITY, AND TRANSMISSIVIT Y

When measuring temperature of surfaces, one musableeto identify certain characteristics to
accurately analyze the interchange of radiant gnef®nce most engineering materials do not behave
like blackbodies, it is then necessary to knowahsorption, reflection, and transmission charasties

of the given material to make accurate surface &atpre measurements. When radiation strikes a
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surface, a part of it will be absorbed, a pareftected, and the remaining is transmitted. Theaterial
properties or variables are then defined as dimetess quantities, known as the absorptivity
reflectivity p, and transmittance, all with a value between zero and one [Sparrewal., 1978;
Maldague, 2001; Cengel, 2007]. For opaque surfareh as metals, the transmittance is zere ()
— these are the surfaces of interest for this shekerefore these surfaces will be analyzed ithéur
detail. Figure 2-2 shows the radiation flux incitlecalled “irradiation,” denoted b§, on an opaque

surface such as a metal sample.

Incident radiatiorG

ReflectedpG

FIGURE 2-2 THE ABSORPTION AND REFLECTION OF INCIDEN T RADIATION BY AN OPAQUE
(E.G. METAL) SURFACE.

That is,
__ Absorbed radiation _ Ggps 2.3
- Irradiation T 6
__ Reflected radiation _ Gref 2.4

Irradiation G

whereG is the radiation flux incident on the surface, &@g;, andG,.; are the absorbed and reflected

portions of it, respectively. According to thesfitaw of thermodynamics, the summation of the

absorbed, reflected, and transmitted radiation vélequal to that of the incident radiation. Dingl
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each term in this summation by the incident radra@ and noting that=0 for opaque surfaces, yields
the relation

a+p=1 2-5

The above definitions pertain to total hemisphénxaperties, since the incident radiation flux
on the surface from all directions over the hemesgal space and over all wavelengths. Meaning tha
a andp are the average properties of a medium for adlatiions and all wavelengths [Cengel, 2007]. To
define these properties for a specific wavelengtiif@ direction, the spectral directional absoriptiv
and spectral directional reflectivity of a surfaze defined as,

Il,ref(}we,d’)

T3.abs(4.6,0)
al,e(ll 0! ¢) = u and p)"e(l’ 0’ ¢) - Ili(lfeﬂ(p)

1,;(2,6,9)

In the same fashion, the spectral hemisphericalrabigity and spectral hemispherical reflectivitfyao

surface are defined as,

G a, S()') G re ()')
a;(d) = —’16';2/1) and p;(1) = —’161(’;) 2-7

where G,is the spectral irradiation incident on the surfeaedG; ,,s and G, ., are the absorbed and
reflected portions of it, respectively [Cengel, ZD0 The average absorptivity and reflectivity of a
surface can also be defined as follows in spetdrais as,

_Jy a@;GydA
7 6GydA

Iy p;Gada

and p = (= Gyda 2-8

2.4.2 EMISSIVITY

Any real surface has a distinct surface properit ttates its ability to emit energy, this
correction factor is called emissivity, denotedand varies between zero and one [Cengel, 2007;
Maldague, 2001]. The emissivity of a surface ifindel as the ratio of the radiation emitted by the
surface at a given temperature to the radiatiorttechby a blackbody at the same temperature [Cengel

2007]. In other words, emissivity is a measurd@iv closely a surface approximates a blackbody, for
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which e=1. The fundamentals behind the blackbody tool @ discussed in detail in section 2.5

Blackbody Radiation.

The emissivity of a surface is not constant; itiemrwith the surface temperature, the
wavelength, and the direction of the emitted radimfCengel, 2007]. It is then appropriate to adlnce
the spectral directional emissivity, defined asréit@ of the intensity of radiation emitted by thaface
at a specified wavelength and direction to thenisity of radiation emitted by a blackbody at thenea

temperature and wavelength, defined by Equation 2-9

1;.(4,6,,T)
81’3()., 0, ¢, T) = AIIMT 2-9

The total hemispherical emissivity, or simply theage emissivity, of a surface at a given tempeeat
represents the ratio of the total radiation enemytted by the surface to the radiation emitted by

blackbody of the same surface area at the sameetatape.

ET) _ Jo &A(AT)Epa(AT)dA

&(T) = Ep(T) oT*

2-10

Radiation is a complex phenomenon, and by consigéhie wavelength and direction
dependence of emissivity makes the analysis thahrmore complicated, assuming the acquisition or
data on these properties even exist. In radiatratysis, bodies are usually assumed to be gray and
diffuse surfaces. A diffuse surface has propeitidependent of direction, and a gray surface has
properties independent of wavelength. When a sarfaassumed to be gray and diffuse, the emigsivit
of this surface is the total hemispherical emisgj\or average emissivity, because it is independén
direction and wavelength [Cengel, 2007].

Although these approximations are usually madadhation analysis, the validity of these

assumptions is really close to its real value. dkding to Cengel, emissivity with respect to direat

&g, Whered is the angle measured from the normal to the serfi@r conductors such as metgjs
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remains nearly constant for abéut 40°. This becomes important when considering theeaagivhich
the instrument (IR camera) is acquiring emissiaityl temperature measurements, discussed in more
detail in Chapter 3. Figure 2-3 shows the miniefédct of the gray approximation on emissivity and
emissive power of a real surface. Many of thewdatons done in this thesis use the grey

approximation assumption and such assumptionshaey s stated.

& Ey

Blackbody, € =1

e Blackbody, E,

Gray surface, € = const.

Gray surface,
E, g ek,

Real surface, €;

Real surface,
Ey =& Ep

/
T = const. 4/ T =const.

(a) (h)

FIGURE 2-3 COMPARISON OF THE EMISSIVITY (A) AND EMI SSIVE POWER, (B) OF A REAL
SURFACE WITH THOSE OF A GRAY SURFACE AND A BLACKBOD Y AT THE SAME
TEMPERATURE [CENGEL, 2007].

25 THERMAL EMISSION

All matter produces thermal emission. A distinotaoes exist between gases, liquids and solids.
In the case of gases, thermal emission is volumaetdrticles within the gas contribute to the eioiss
As for liquids and solids, the emission is a siefpbenomenon, which will be the focus of the follogv
discussion. Energy is released by particles inllagon in the form of thermal emission [Maldague,
2001]. Particle (electrons, ions, atoms, or mdkEgu oscillations themselves are caused by the

temperature of the matter. Energy transfer byatash travels at the speed of light and does not
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decrease in a vacuum environment [Cengel, 200¥{adt, heat transfer in an evacuated space cair occ
only by radiation, in the same manner that thesudiation reaches the earth through space.

Thermal emission transportation is better undetstdoy considering two concepts:
electromagnetic waves and photon emission. Electgmetic waves transport energy just like other
waves, at the speed of lighf = 2.9979 x 108 m/s, and are characterized by their frequerfcpr

wavelength [Cengel, 2007]. The two properties are related by

a=: 2-11

Wherec is the speed of transmission of a wave in thatiomed The speed of transmission in a medium
is related byc = ¢,/n, wheren is the index of refraction of that medium. Far and most gases the
refractive index is essentially one, for glass arader it is about 1.5 and 1.33, respectively [Cé&nge
2007]. The unit of wavelength is generally expeglsgn micrometer m). The frequency of an
electromagnetic wave depends only on the sourckkeuthe wavelength, it is independent of the
medium through which the wave travels, and is esged in hertz (Hz) (the number of oscillations per

second).
The second concept, photon emission, where, acmpridi Max Planck in 1900, photons are

energy particles with zero mass at rest and wittoliection of discrete quantity of energy called
guantum [Cengel, 2007 and Maldague, 2001]. Platates that each photon of frequerfthas a

liberated photonic enerdg¥ given by

W=hf="% 2-12

Whereh = 6.626069 x 10734] - s is Planck’s constant. It is important to undemdtéhat the energy
emitted from a surface has various anomalies; thited wavelengths have an unequal distribution of
energy, furthermore, emission is not uniform inditkections [Maldague, 2001]. This phenomenon of

radiation brings us to the next concept of blackb@dliation or a perfect radiator.
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2.5 BLACKBODY RADIATION

The amount of radiation energy emitted from a s@fat a given wavelength depends on the
material, condition of the surface, and its surfsm®perature. Therefore, two distinct bodies at th
same temperature will emit different amounts ofaion per unit surface area. To know the maximum
amount of radiation that can be emitted by a unsuréace or material at a given temperature reguire
defining an idealized body, called a “blackbody.”

At a specific temperature and wavelength no surtaceemit more energy than a blackbody, and
so it is defined as a prefect emitter and absoobeadiation [Cengel, 2007]. A blackbody essehtial
becomes an instrument that absorbs all irradiateztgy from any direction and wavelength. The
instrument also has the property of reemitting #nergy until thermodynamic equilibrium is reached
with its surrounding environment, thus earning tiagne of a perfect radiator [Maldague, 2001]. The
amount of radiation energy emitted by a blackboelyymit time and per unit surface area is defireed a

E,(T) = oT* 2-13

wheres = 5.670 X 108 W /m? - K* is known as the Stefan-Boltzmann constanthisdthe absolute
temperature of the surface in Kelvin [Cengel, 200&{juation 2-13 is known as the Stefan-Boltzmann
law whereE,, is the blackbody emissive power with umt/m?.

Although blackbodies are mostly theoretical andaghmmatical concept, they do, in fact, exist.
They can be made from a large cavity with a snyadining. The idea is that radiation coming in
through the opening undergoes multiple reflectiosge cavity, and thus it has several chancegto b
absorbed by the cavity walls before any radiatim escape, see Figure 2-4. Once the surface of the
cavity has reached an isothermal state, the radiagflected out of the cavity, after undergoindtiple
reflections, has a diffuse nature. This is whakesahe cavity act as a perfect absorber and ejrattel

producing a blackbody at the small opening on thiéase [Cengel, 2007].
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FIGURE 2-4 BLACKBODY CAVITY WITH RADIATION INTERCHA  NGE CHARACTERISTICS.

2.6 RADIATION HEAT TRANSFER

The true nature of radiation and its transport me@m have not been fully understood to date
[Arpaci, 1991]; fortunately there are tools thatkmahe complexity of the analysis much easier by
making assumptions and using certain factors thaltes) radiation heat transfer analysis achievable.
Radiative heat transfer does not require a medwtransfer its energy, thus radiation exchangased
solely on surfaces relative to each other, or é@fbns”, due to the enclosure walls. Thus, theagry
interest in radiation problems is the quantity afliation exchange between two or more surfaces.
Radiation heat transfer between surfaces dependieonrientation of surfaces relative to each other
and their radiation properties and temperaturesparameter referred to as a view factor defines the
fractions of incident radiation is absorbed, refelc or transmitted to another surface. The thedry
view factors and their dependence on the surfacksure is discussed in detail the following setdio

The determination of view factors for this workpiesented in Chapter 3.

2.6.1 THE ENCLOSURE

When calculating the radiant interchange at anyasar it is required to include radiation
arriving at that surface from all directions in spgSparrow and Cess, 1978]. To make certainaat

radiation is accounted for, it is essential to ¢autd an enclosure and specify the thermal statetlas
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radiation properties of each wall of the enclosurdn important assumption to consider when
developing surface enclosures is that not all sedaneed to be material surfaces, such as an open
window. This “open window” may be assigned radiatproperties and blackbody temperatures that
correspond to the rate at which radiant energygsatzough the fictitious surface into the enclesur
[Sparrow and Cess, 1978].

When conducting radiation transfer calculationsaasumption that is usually made is assume
black surfaces, and this assumption makes theti@diproblem relatively easy to solve, but in pieet
most enclosures involve non-black surfaces. Teseblack surfaces allow multiple reflections to
occur, and, in turn, makes the radiation problemy veomplex unless some commonly-accepted
assumptions are made [Cengel, 2007]. To make tlaglsation problems possible, surfaces are usually
assumed to be opaque, diffuse, and gray. Theses t@ake surfaces out to be nontransparent, they are
diffuse emitters and diffuse reflectors, and thaidiation properties are independent of wavelength.
Additionally, each surface of the enclosure ishsotal, and both the incoming and outgoing radmatio

is uniform over each surface [Cengel, 2007].

2.6.2 VIEW FACTORS

The view factor, denotef,;, is not only a parameter but a necessary tooate lin the analysis
of radiation heat transfer. This factor is depend®ly on the geometry of the enclosure, and nmay b
defined as representing the fraction of radiateaving a uniform surfacethat directly strikes surfage
[Love, 1968]. In general, this determination i® tmost tedious part of diffuse radiant-exchange
problems. The view factor is based on the asswmgkiat the surfaces are diffuse emitters and skffu
reflectors, that is the reflectance is not a fuorcof the incident nor direction in which it leaj@engel,
2007; Love, 1968]. For diffuse surfaces, the raoinaleaving the surface (via emission and reftacti
will be the intensity times, called radiosityd. Radiosity is also defined as the total radiatoergy
leaving a surface per unit time and per unit a@enfgel, 2007].

Ji=Ln 2-14
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In order to develop a general expression of thev\etor, two differential surfacegd,; anddA, on

two arbitrarily oriented surfaces, andA, are considered, as seen in Figure 2-5.

FIGURE 2-5 GEOMETRY FOR THE DETERMINATION OF THE VI EW FACTOR BETWEEN TW O
SURFACES [CENGEL, 2007].

The distance between the two differential areas ilse angle between the surface normal 4f to the
liner is 8, and@, for surface normatl4, to the same line. The total rate at which radiation leaves
dA; via emission and reflection in all directionshe tadiosity times the surface area.

Qaa, =J1dA; = ml,dA, 2-15
It is important to note that the radiation leavangurface consists of emitted and reflected pand,the
calculation of radiation heat transfer between ame$ involves the total radiation energy streaming
away from a surface, with no regard to its origis discussed in the previous section, for the
assumption that surfades gray and opaque(= a; anda,; + p; = 1), the radiosity may be expressed
as

J1 = (Radiation emitted by surface 1) + (Radiationreflected by surface 1)
= &1Ep1 + p16G4

= £1Eb1 + (1 - 81)61 2-16
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WhereE,; = oT; is the blackbody emissive power of surfdcand G, is the radiation incident on
surfacel per unit time per unit area, or irradiation.

The fraction of radiation leavindA; that strikesdA, directly, is the differential view factor, denoted
AFaa,aa,-

QdA dA cos 01 cosb
dFdAldAz = 172 — 1 ZdAZ 2'17

QdAl nrz

Finally, to determine the fraction of radiationVesy finite aread, and striking finite ared,, which is

the view factorF;,, is given by [Cengel, 2007]

Qaq4 1
F =F = —= 172 —
12 aay =g, == 4 fA

s

cos 01 cos@
#dA1dA2 2-18

2 1

The view factolr,, is determined from Equation 2-18 by interchangheysubscriptd and2. This
integration may become rather complicated and oftest be accomplished by numerical methods. For
many problems and common geometries, however ng@eer may resort to published formulas,
tables, or graphical schemes for the determinatfaghe needed view factors [Love, 1968]. This lsatv
was done for the present work. The formulas usegresented and implemented in Chapter 3 where

the determination of reflective sources is carnat
2.7 INFRARED TECHNOLOGY

2.7.1 THEORY OF OPERATION

Today's infrared (IR) thermal imagers are capaligroviding excellent qualitative thermal
images, but their accuracy is only as good as ¢heumtability of environmental conditions. Measgri
the environmental conditions is critical to theiloadtion procedure of IR cameras. As emphasized in
the previous sections, the radiant energy receir@d an object will be a function of its temperatur
spectral emissivity, reflections from its surroumg, and atmospheric transmission. Figure 2-6 is a

schematic representation of the sources that ang Iseeasured by the IR camera in conjunction with
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the target object. As radiation passes throughatheosphere, the strength may be attenuated due to
scattering and absorbed in the atmosphere. Faelynacattering is negligible for wavelengths leng
than 2 um; IR cameras are designed to operate dhsveange. In the regions of minimal disturbance
from the atmosphere, the spectral range for thdRFEC645 IR camera (FLIR Systems, Wilsonville,
OR) is 7.5-13 um. The main sources of “disturbarase reduced to ambient sources, or reflecting
sources, and the target's emissivity itself. Arthugh calibration procedure to account for this is

detailed, and executed in Chapter 3.

SurroundingsT,,,- (Mean radiant temperature)

< )
AN

IR Camer.

Target, Ty, €
Atmosphere-
emission and absorption

FIGURE 2-6 SCHEMATIC OF THE VARIOUS SOURCES OF RADI ATION THAT AN IR CAMERA
MEASURES.

2.7.2 THERMAL DETECTORS

IR cameras use thermal detectors as their sourcenfoverting thermal radiation to a measured
signal that can then be converted temperature valte incident radiation on the thermal deteceath
the surface and the heating affects a properth@fhieated material such as the electrical condtygtiv
This translates into variation of the signal outpuMialdague, 2001]. Thermal detectors respond to
absorbed radiant power, regardless of its spedtsaiibution [De Lara, 2001]. The various types of

thermal detectors available are many, such asnmikers, microbolometer, ferroelectric, thermopiles,
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pyroelectric, photonic, quantum, etc; each with a&n response time and thermal sensitivity
characteristics. The IR camera used in this wedsuarge-dimensional infrared array, also knowa as
“focal plane array,” with an uncooled microbolometetector. It is appropriate to give a brief

description on the mechanisms behind this techryolog

2.7.2.1 FOCAL PLANE ARRAYS

Infrared images can be obtained by the use of fxareéd imager, one type is the focal plane
array (FPA). This chip does not require any eteoichanical scanning mechanism (no moving parts)
for image forming [Maldague, 2007]. FPA imagers hased on the charged-coupled-device principle;
they are made of an appropriate objective, a damtemtray (e.g. microbolometer), and associated
electronics. Advantages of FPAs are their relftiv@mple construction, quick reading time, and
simultaneous acquisition by all detectors in theyfDe Lara, 2001]. Modern FPA imagers have a
nonuniformity correction built into its architeceudue to the relative nonuniformity from detector t
detector in response to temperature. This is nlodwa to variations in the manufacturing process an

the detector’'s material [De Lara, 2001].

2.7.2.2 UNCOOLED MICROBOLOMETER

A microbolometer is a specific type of resistoridta vanadium-oxide (VOXx) resistor with a
large temperature coefficient on a silicon elemeith large surface area, a low heat capacity, aratig
thermal isolation [FLIR, 2008]. When infrared ratibn from a specific range of wavelengths strikes
the vanadium oxide, upon doing so, the radiatioanges its electrical resistance. These changes in
scene temperature cause changes in the bolometpeitature which are converted to electrical signals

and finally processed into an image.

2.8 SPECTROPYROMETER — A MULTI-WAVELENGTH PYROMETER

A multi-wavelength pyrometer, or spectropyrometeFelice, 2012], which uses a
spectrophotometer as its detector has been comatigravailable since 1997. The data output of the
instrument includes: temperature of the object, ttlerance (the accuracy of the measurement), and

signal strength (an emissivity value at given wamgth) [Felice, 2012]. This instrument’s data was
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used compared with that of the IR camera’s datafatysis of the spectropyrometer’s functionality a
capability. These data is presented in Section SE3nissivity Studies.

The spectropyrometer works by adding wavelengtenisities given off by a material at an
elevated temperature, this instrument works in tiege of 300 °C to 2000 °C [Felice, 2002].
Electromagnetic radiation is given off by materiafoon being heated, the spectropyrometer deteists th
radiation and relates it back to a look-up tablectvluses the concept of Planck’s law, or as meation
earlier the law that defines an ideal blackbodyiatad. The law describes the amount of
electromagnetic energy with a certain wavelengitiatad by a blackbody in thermal equilibrium

defined by,

-1
2h 2 L
L, = Tg [elksT - 1] 2-19

Wherel, is the radiance in energy per unit area per uni per steradian per unit wavelength interval,
h is Planck’s constant is the speed of ligh# is the wavelength of the radiatiok; is Boltzmann’s
constant, and is the absolute temperature of the material. 8gl\Rlanck’s law for temperature by
dividing the intensities at two different wavelelmngtand making the usual short-wavelength-temperatur

assumption yields [Felice, 2012],
2-20

T., = 2(/41-1/23)
12 ™ InR-51n (13/4)

Wherec, is the second radiation constant, &k the ratio intensities at the two wavelengthse T
method employed by the spectropyrometer multi-wervgth pyrometer, is to calculate all possiﬁjp
for an collective of discrete wavelength/intengirs and average them [Felice, 2012]. This metkod
well suited for noise-free data collected on gradypor blackbody sources, and for non-ideal targets
alternate approach has been implemented.

Making use of the standard deviation, or the imsent's tolerance output, if the result is a
single-value, it indicates that the sample is g/lgpely and any absorptions that may be presentare n
significant [Felice, 2002]. If the calculated sland deviation is large (greater than a singlealu
result), it indicates one of the following: emiggnis a function of wavelength, atmospheric absors

are present, the temperature is not single-valaedhe optical elements have changed characteristic
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[Felice, 2002]. The first two items can be detdaad corrections can be made. Since it is kndwah t

un-oxidized metals typically exhibit an emissivityat decreases with wavelength, previous work has
shown that a three-wavelength pyrometer can sawéeimperature if the dependence of emissivity is
linear [Felice, 2002]. The capacity of multiple wegengths of the spectropyrometer, a correction tha
assumes emissivity can be represented by a lirdationship. The assumption is deemed to be

successful if the result of the standard deviaisogingle-valued [Felice, 2002].

2.8.1 DESIGN AND APPARATUS

The multi-wavelength pyrometer, or spectropyrometeses a fiber optic cable to direct laser
light to the target object and simultaneously d@tgcwavelengths emitted by the target by making us
of a spectrophotometer which is device that separtite wavelengths. An electrical transmissioa lin
then sends the information to the analog-to-digtahversion system within the device where
computations are executed and results (temperadigregl strength, and tolerance) are displayedheo t
operator. These computations use an algorithm demg an expert system to make the calculations
and determinations discussed earlier and are incatgd into software suitable for a desktop compute
[Felice, 2002]. Figure 27 shows the schematic h&f $pectropyrometer system patented by FAR
Associates (Macedonia, OH). The detector operat¢se spectral range of 1000 — 1700 nm with a
spectral resolution of 3 nm, as mentioned eantimyides the system with a temperature range oft@00
2000 °C [Felice, 2002]. The experimental setup eeslilts of the spectropyrometer are discussed in
Chapter 3.
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FIGURE 2-7 SCHEMATIC OF SPECTROPYROMETER; FROM US P ATENTS 5772323 AND 6379038B
[FELICE, 2012].
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CHAPTER 3 EXPERIMENTAL SETUP AND PROCEDURES

This chapter describes the experimental logistiod setup used to acquire IR images. The
Arcam A2 (Arcam AB, Sweden) system is not commdcidesigned for the purposes of infrared
thermography; therefore a majority of the energytlia project was focused on transforming the A2
machine into a fully automated thermal imaging fesak-control system. As mentioned earlier, the
commercially available A2 system’s feedback isha form a single temperature measurement from a
thermocouple placed under the start plate. Tha fnandow allows for the operator to observe thédou
surface as the machine works, but this is quite emkness since this requires a certain level of
experience and provides little to no quantitativatad Infrared imagery allows for a full-field
temperature mapping of the surface, and additipnglovides a non-intrusive (non-destructive)

technique to verify quality of the products beiafricated.

3.1 ARCAM A2 SYSTEM MODIFICATIONS FOR IR CAMERA INS TALLATION

Several modifications were made to tAecam A2system to integrate the FLIR SC645 IR
camera. First, there were a number of items reméwedake way for the drilling of new holes for the
flap mechanism and actuator. The upper and lowambler door cowling, column turbo pump, and
column assembly with film drive were all removedg{fe 3-1). Five holes were drilled atop the build
chamber using a steel template provided by Arcamiicating the size and placement of the holes
(Figure 3-2). It is important to note that thesdéebowvere drilled with precaution to preserve thghhi
vacuum requirements within the electron beam ngelboild chamber. The components were then
reinstalled, and an additional chamber frame thased to hold the FLIR camera mount was alsomput i
place. The mount was then installed and the folhgvd@omponents were put in place (see Figure 3-3):

e Zinc-selenide (ZnSe) glass with O-rings above agldw the glass. The retaining ring is held in
place with two clamps.
e Flap feed-thru mechanism with O-ring seal. The {féred collar holds this in place.

e Air-supply is then connected to the input regulatoithe pneumatic panel.
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e The pneumatic panel is powered by tapping intocttember vacuum gauge in the wire breakout
panel on the wall of the chamber cabinet. A paratle is run from the new D-sub connector
in the electronics rack to the connection box angheumatic panel.

e The pneumatic piston is now connected to the pn&apanel.

e The push button switch that attaches to the cororetiox is then installed outside the system
(Figure 3-4 A2 System with IR camera upgrade).

e Once powered, the flap is in the closed positioth thie micro-switch is in the ‘normally closed’
state allowing the beam to come on.

e The IR camera is now put into position for imagptaee.

e A stainless steel covering is placed around the ceawera upgrade to protect against the leakage
of X-rays. Due to the zinc-selenide’s excelleansmittance in the infrared spectrum, this also
holds true in the transmittance of X-rays, therefibiis protective shield was designed to protect

against any harmful radiation (Figure 3-4 A2 Systeith IR camera upgrade).

FIGURE 3-1 REMOVAL OF COLUMN ASSEMBLY AND CAMERA WI TH FILM DRIVE. THE O-
RING SURFACE OF THE LOWER COLUMN IS COVERED AND PRO TECTED.
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FIGURE 3-2 TOP OF CHAMBER WITH STEEL “TEMPLATE” IND ICATING THE SIZE AND
PLACEMENT OF HOLES TO BE DRILLED.
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FIGURE 3-3 TOP OF ARCAM A2’'S BUILD CHAMBER WITH NEW COMPONENT LOCATION AND
IR CAMERA
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FIGURE 3-4 A2 SYSTEM WITH IR CAMERA UPGRADE
3.2 METHODOLOGY FOR IR FEEDBACK CONTROL IN ARCAM A2 SYSTEM
The methodology for IR image capture is present@ Im the form of a flow diagram (Figure
3-5). To automate the opening of the flap mechar{e shutter), capturing a voltage signal, toascta
trigger, from the Arcam system was required. Tgnhal was received and interpreted by a modular

controller from National Instruments (NI cRIO-9074ustin, TX). These signals were then
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incorporated into the standard process steps @is{preheat step, followed by the melt steppfgiven
layer. There are three different process sigmesdan be used during the build process for a lalyer
example, signal one can be assigned to assertebgferpreheat step, signal two before the melt, and
signal three after the melt. A collaborative effaith Arcam ABresulted in a new version of tiEBM
Control software that allows the selection of these pr®csps to be incorporated into the standard
process step cycle. A detailed description on howmplement these new process steps into the

standard process steps of a build is discussetiapter 4.

To complete the implementation of a feedback cdmslystem, the next step was to intercept the
output signals from th&2’s output module. The intercepted signal is fed t@kaetromechanical relay
(opens/closes the flap mechanism) that connecttheéomodular controller. The NI cRIO-9074
controller is the central unit for feedback frome #h2 system. This unit allowed the attachment of
various modules to realize tasks such as meassigmgls and issuing commands. Once the controller
received the signal to open the shutlesapVIEW was used to program the IR camera to render a
snapshot of the surface bed. Thermal images aceded, archived, processed and analyzed. Chépter
discusses this software development phase of thegbiin detail.

Once images are captured, the operator then asallgedR images to justify (e.g. “cold spots”,
or defects detected) if there is a need to modifyameters. The two main parameters modified during
the experimentation of Ti-6Al-4V builds, were thpesd function (scan rate) and the beam current.
These parameters were chosen because they havbighest influence on surface temperature
manipulation of the part once the part has alrestdsted the build cycle. Otherwise, the initia@rshg
temperature would be the more obvious parametehoose. This would easily cause the temperature

change required.
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FIGURE 3-5 ARCHITECTURE FOR IR FEEDBACK CONTROL IN ARCAM A2 SYSTEM
3.3 IR CAMERA CALIBRATION

The FLIR SC645 used here images and measures tittecemR radiation from an object. As
shown in Figure 3-6Figure 3-6 A schematic represtéori of the general thermographic measurement
situation. 1: Surroundings, 2: Object, 3: Atmamph 4:Camera. [FLIR Systems AB, the radiation
measured by the camera is made up of emission th@mobject,etW,,;, reflected emission from
ambient sourceg,1 — €)tW,.s;, and emission from the atmosphefe,— ©)W,.,,. For the camera to
measure temperature accurately, the following patara are required to be known and supplied to the
camera: emissivity of the object, reflected appatemperature, and temperature and emission of the

atmosphere.
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FIGURE 3-6 A SCHEMATIC REPRESENTATION OF THE GENERA L THERMOGRAPHIC
MEASUREMENT SITUATION. 1: SURROUNDINGS, 2: OBJECT, 3: ATMOSPHERE, 4:CAMERA.
[FLIR SYSTEMS AB]

Figure 3-6 shows three different sources of powérthat the IR camera receives and translates
to a camera signdJ that is proportional to the power input (powerkn camera) [FLIR, 2010]. The
signal U is obtained by multiplying a constaft (FLIR Systems AB) by the radiation power W
[Maldague, 2001]. The total received radiation powan now be written in terms of the total meadure

camera output voltage,,;.
UtOt = STUOb]. + (1 - E)TU,.eﬂ + (1 - T)Uatm 3'1

Here,¢ is the emissivity of the object ands the transmittance of the atmosphere and thesafenide
window. By supplying the IR camera with the reqdiparameters, the FLIR Systems thermographic
equipment will use the above general formula toesdor U,,;. U,p; is the calculated camera output
voltage for a blackbody of temperatufig, ;- a voltage that can be directly converted inte trequested

object temperature [FLIR, 2010].
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3.3.1 CAMERA ANGLE

An important factor to consider throughout thissisework is the fact that the IR images
captured appear cooler atop the image. This appearis caused by the camera angle to the surface
normal, which is at 25 ° and the relatively smaksof the window that the camera must look through
(see Figure 3-3) — the camera must be positiondldet@orrect angle for maximum visual. Any slight
deviation from this will significantly cause a redion in visual area. Assuring maximum visual &&n
accomplished by adjusting the tilt angle (with theld’'s start plate already put in place on the gew
bed) and watching the camera display to ensurethigatnaximum area of the start plate is in view.
Once the camera has been tilted to the appromregke, the hex-screws on the adjustment mechanism
are tightened while simultaneously holding the cante avoid angle deviation. It should also besdot
that FLIR SC645 camera comes with a default 25atetgns and by using a higher degree lens, such as
a 45 degree lens available from FLIR (FLIR Systeims,, Wilsonville, OR)- the maximum surface area

in visual may be significantly increased.

3.3.2 ATMOSPHERE AND EXTERNAL OPTICS

When using external optics as a viewing window tbe camera, the transmittance and
temperature of the optics need to be assignedetacamera. The external optics used in the Arcam A2
system is a zinc-selenide glass, an ideal choicéht® FLIR SC 645 IR camera’s spectral range, 7.5-
13 um, because it has the highest transmittance whepared to other common IR window materials.
Figure 3-7 shows ZnSe as the only material to atayve 90 % for the operating spectral range of the

uncooled microbolometer FLIR SC 645 model.
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FIGURE 3-7 COMMON IR WINDOW TRANSMITTANCE AT DIFFER ENT WAVELENGTHS [IRISS,

2009]

Determining the correct transmittance coefficieatdmes critical when aiming to acquire true

temperature readings. To do this, two images aegled, one without the use of the window and the

other with the window installed. An Omega blackpddt plate calibration source (Omega model: BB-

2A, Stamford, Connecticut) was heated to 300°Ce fblowing steps were then carried out:

1.

In ThermaCAM Researchset the emissivity to 1.00 in the object paransesettings tab.

Place the hot plate in the chamber, get it uprigetaemperature and allow at least 10 minutes to
elapse for temperature stabilization (this is thpraximate amount of time for the hot-plate to

reach steady-state as determined through expeiaamt

Via ThermaCAM Researchemeasure a large area average temperature ornutlaees of the
blackbody without the ZnSe window present.
Install the ZnSe window.

Change the “External Optics” setting until it redls temperature from step 3.
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The transmission of the ZnSe window was found t®#4%. In the calculation, anything that is not
transmission is considered emission. Therefore,06%he radiation reaching the detector is from the
window and the software needs to account for tAikis procedure should be repeated frequently (at
minimum every 10 builds) as the window is exposextaroften, and the metallization of the window is
more likely to occur. To lessen the likelihoodtinsmittance reduction, the ZnSe glass was cleaned
every three builds using Kimwipes (Kimberly-ClarkoBal Sales, Inc., Roswell, GA) and isopropyl-

alcohol.

TABLE 3-1 EXTERNAL OPTICS TESTING OF ZNSE WINDOW - IR IMAGE PARAMETERS

ASSIGNED
Object Parameters and Analysis
Figure Label Emissivity Ext. Optics Temp. Ext. Optics Transmission Avg. Temp. Std. Dev.
3.5 Without ZnSe 1.00 20°C 1.00 309 °C 5°C
3.6 With ZnSe 1.00 20°C 1.00 298 °C 2°C
3.7 With ZnSe 1.00 20°C 0.94 309 °C 2°C

FIGURE 3-8 IR IMAGE OF OMEGA HOT PLATE WITHOUT THE USE OF THE ZNSE WINDOW
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FIGURE 3-10 IR IMAGE OF OMEGA HOT PLATE WITH THE ZN SE WINDOW INSTALLED AND
ADJUSTED TRANSMISSION PARAMETER

Figure 3-8 shows an IR image capture of the bladilmalibration source without the ZnSe

window put in place. In this case, only the atniesp was acting as a medium between the camera and
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surface, hence the external optics transmissicanpatier was set to 1.00. The blackbody was set to a
target temperature of 300 °C, and the average tetye was then measured by using a circular area
tool placed on the blackbody “zone” of the hot @JatsingThermaCAM Researchsoftware. The
recorded temperature was measured and recorded30d°C. Figure 3-9 is an image capture of the
blackbody at the same temperature setting as FR{8rdout now with the ZnSe window installed. The
window now acts as a medium between surface anchtinera, with the external optics transmission
still set at 1.00, the recorded temperature was’298The external optics transmission coefficiat
then reiterated until the average temperature redttie temperature of the image taken without the
window. Following this procedure, the externalicptransmission coefficient (0.94) was then assiign

to the camera to produce a corrected image (Figudf@) to match the original image (Figure 3-8).

3.3.2 CREATING A BLACKBODY SPECIMEN

An isothermal cavity heated to a uniform tempematgenerates blackbody radiation, called a
cavity radiator, the characteristics of which ae¢etimined solely by the temperature of the cavitiis
cavity radiator becomes a necessary tool when rdeterg material radiation characteristics and for

calibrating thermographic instruments such as acaRera.

The construction of a blackbody source is simplé common blackbody used in IR
measurements is a cavity with a small opening (fig8-11 Blackbody cavity). This cavity-type
blackbody will have radiation coming in through theening and undergoes multiple reflections once
inside allowing for the radiation to be reflectedthe interior surfaces of the cavity before th@iaton
can escape [Cengel, 2007]. The level of blackmasemissivity, obtained at the aperture is 99@.2
[Castrejon-Garcaget.al, 2010] using the given dimensions (shown in FigB##2) and is capable of

handling almost all wavelengths.
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FIGURE 3-11 BLACKBODY CAVITY

To determine the emissivity of a Ti-6Al-4V specimea rectangular prism with outside
dimensions of 37 mm x 37 mm x 40 mm was built vieME For the cavity, an orifice diameter of 2.5
mm with a depth of 5 mm was fabricated with anrmé spherical cavity of diameter 30 mm (Figure
3-12). A second sample was also built, a cylin@@:mm (diameter) x 40 mm (height), with same
dimensions for the internal cavity (Figure 3-13).is important to note that the construction oégé
samples in EBM also helps support the true emigsixalue since emissivity is a function of surface
morphology, and therefore the uniqueness of thitase will be the same as future builds in EBM.
Once fabricated, the parts were then cleaned toveran-melted powder from inside the cavity. One
specimen was then placed back in the A2 systemyabigum chamber was activated, and the block was
heated to 760°C with the electron beam. The beastopped and sequences of images were captured.
Using ThermaCAM Researcher Professiorsaftware, the emissivity of the aperture, whichsely
resembles a blackbody, was set to 0.99 [Castrepmedbet.al, 2010]. Using a spot measurement tool,
the temperature of the aperture is recorded. Nwwvmeasurement function is moved to the specimen
surface. Using the software to determine the ewitigof the sample’s surface, or simply equating
Stefan-Boltzmann for both surfaces (the apertureé te Ti-6Al-4V surface) and solving for the
unknown emissivity, yields the new emissivity valu&@he emissivity data gathered is presented in

section 5.3  Emissivity Studies.
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FIGURE 3-12 WIRE FRAME VIEW (WITH HIDDEN LINES) OF BLACKBODY CAVITY MODEL
SPECIMEN-CYLINDER (LEFT) AND RECTANGULAR PRISM (RIG HT)

3.3.2 REFLECTIVE SOURCES

The influence that surrounding surfaces have orarape is critical to account for when
conducting infrared measurements. As discussetthenliterature review in Chapter 2 section 2.4,
radiation of an object being measured and “seenthBylR camera consists of radiation being emitted
by the target object and reflections striking thgét from the surrounding environment. The geaéh
is to obtain the view factors associated with th@ewheat shield used in the Arcam A2. Recall, that
view factor is used to account for the geometriatrens involved in how surfaces view each other
[Narayana, 1998]. Once the view factors have lwadculated, temperature data of the enclosure (heat
shield) walls is used to determine the mean rademperaturd,,, that can then be accounted for in
infrared measurement calculations to acquire a tiengperature value of the surface. Mean radiant

temperature data and surface temperature measurearerpresented in Chapter 5.
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The following procedure will help reduce the ernortemperature measurements significantly.
Although the analysis may be cumbersome and tegdibusecomes necessary to conduct accurate
surface temperature measurements. Fortunatelyyvigwe factors is the most tedious variable to
determine, and the same view factors calculated imary be used for future measurements in the Arcam
A2 system, regardless of the material being usediong as surface wall temperature measurememsts ar

gathered for said materials.

Electron beam
columr

IR Cameramm———////

Powder
hoppers

Heat shield

Build platform

Build tank

Vacuum chambe

FIGURE 3-13 CAD RENDERING OF THE ARCAM A2 VACUUM CH AMBER WITH IR CAMERA
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3.3.2.1 SIX-SURFACE ENCLOSURE

The first step in determining the mean radiant terafureT,,, is to identify the reflections
striking a surface. The Arcam A2 system uses & $tgald that is placed atop of the build surfdua t
serves as an insulator of the build platform- tfp feonstrain the heat being generated by the electr
beam to within the powder bed. The heat shielplased directly over the build platform, as seen in
Figure 3-13. The heat shield is the primary sowfeeflection onto the build surface- the targét o
interest and what is seen by the IR camera. The steeld (front, left, rear, right, and top shjetohd
the build surface make a six-surface enclosure.

Figure 3-14 shows a CAD rendering of the Arcam AR&at shield, and the build platform.
Note, the size of the build platform used in thiofeing calculations is equal to 160 m¥%120 mm
which is representative of the field of view thaetIR camera can see at its stationary positionr0.3
above the build surface. When calculating radiat@rchange at any surface, it is necessary tadecl
radiation arriving at that surface from all surfatieat make up the enclosure. This is to makaicead!
radiation is fully accounted. Once the enclossra&eéntified, the thermal state and radiation proge
on each surface of the enclosure are specifiedri@paand Cess, 1978]. In the current analysis, the
surfaces are assumed to be opaque, diffuse, agdrgeaning that the surfaces are nontranspareayt, th
are diffuse emitters and diffuse reflectors, ane mdependent of wavelength. This is a common
assumption made in radiation problems to make alsimnalysis possible [Cengel, 2007]. Also, since
the heat shield rests 50 mm above the build platféeaving an open space between the build surface
and the shield walls, equivalent radiation progsriére assigned to the side and top openings fiound
the enclosure. These assumptions are most oftereddgn radiation analysis. This fictitious erslme
is represented by the dashed lines seen in Figd#e Jhis assumption may be seen as analogous to a

control volume assumption made in thermodynamicsflamd mechanics problems. Also, each surface
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of the enclosure is isothermal and both the incgnaimd outgoing radiation is uniform over each stgfa

[Cengel, 2007].

Heat shiel

Build platform

FIGURE 3-14 CAD RENDERING OF HEAT SHIELD AND BUILD PLATFORM; MAKING A 6-
SURFACE ENCLOSURE.

3.3.2.2 CALCULATING THE VIEW FACTORS

In radiation analysis, an enclosure consistingNafurfaces requires the evaluationNof view
factors [Cengel, 2007]. The evaluation of 36 vieetors is neither practical nor necessary, sihee t
mean radiant temperature may be calculated expetathe by only evaluating the view factors
associated with the target surface to the surragndialls, that is, only five view factors for a six
surface enclosure. The mean radiant temperatuyeb@alefined as the temperature of an isothermal
cavity whose radiation heat transfer to the sangpllie same as the real cavity [Coppa and Consorti,

2005]. T, is determined from the following equation

T = 4’2]’ T;'I'Fs—j 3-2
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Where,F;_; is the view factor between the sample and-thewall which represents the fraction
of the radiation leaving the surfas¢hat strikes thg-th wall, andT; is the temperature of theh wall

[Coppa and Consorti, 2005]. Temperatures of theldhvalls were gathered using thermocouples; the

procedure is discussed in the following section.

Rear shield wall

Left shield wall

Right shield wall

Thermocouple

locations (3) Top shield wall

Front shield wall

FIGURE 3-15 CAD RENDERING OF THE BOTTOM VIEW OF THE ARCAM A2 HEAT SHIELD
(WIDE)

Figure 3-15 shows the bottom view the heat shmidhow the build surface “sees” its enclosure.
The view factor for each wall of the enclosure wadculated independently by using published
formulae and plots, and were then verified usingtldtasoftware (MathWorks, Natick, MA). A
summary of all view factors calculated is givertlted end of this section. The following sub-sections

present the procedure in which each was calculated.
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3.3.2.2.1 SURFACE TO TOP SHIELD

First, the view factor from the surface to the tlgeld is analytically calculated by using
published graphs with view factors that are neggssaconduct the evaluation. The first step ie th
procedure is to represent both surfaces by a sdie(Régure 3-16) with the same dimensions as the
two real surfaces. This drawing will aid in quicldgtermining surface areas, any symmetry that may
become useful and any distances required. Thagtoafion seen in Figure 3-16 is two rectangles of
unequal size in parallel planes. Published grapitstables only exist for two parallel rectanglés o
equal size, therefore, the two unequal rectangftessactioned into equal rectangles to where flux

algebra may be applied to determine the sought ate factor.

|
[Top sh|ield

a5

o/
'_'1'(.
l |
|
- I < = S
i G S 7 7 a ./'Jf H 1
— 8 JI'/\ _ "/ Al unitsin
— — _! - .
e millimeters

FIGURE 3-16 SCHEMATIC REPRESENTATION OF SURFACE TO TOP SHIELD GEOMETRIC
RELATION.
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FIGURE 3-17 VIEW FACTOR BETWEEN TWO ALIGNED PARALLE L RECTANGLES OF EQUAL
SIZE [CENGEL, 2007]

The view factor to be determined is denofgd,,, (surface- top shield) or from the diagram,
Fys16_558- 10 determine this view factor, it must first diwided into smaller sections of the known
view factors From Figure 3-17. For instance, frbrgure 3-17 the following view factors are known:
Fgry_5, =0.0430, F5r_5 = 0.0328, andF,/_, = 0.0123. From reciprocity, it is known that

Ay Fy _5=AgFy 5> Fy_5= j_;:Fs’—z 3-3
From flux algebra,
Fy5i 52 = Fgi_5+ Fpr_g+ Fg_y+Fp_, 3-4
Then applying reciprocity to each term,
Agi 1 Fsi oy 55 = AgFgr_5+ Ay Fyr 5+ AgFgr_y + Ay Fyry 3-5

Then solving foiFs:_, by using 3-3, gives,
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F., _ ASI’ZIFSIIZI_S’Z—A51F51_5—A21F21_2 3.6
5-2 244

Equation 3-6 yields numerical valué;_, = 0.0106. Calculations for the remaining view factors that
make-up the view factor of interest, 5 o/_, 5 g, are carried out in a similar fashion, with theeption
of making use of the special reciprocity relatinrsome cases. Special reciprocity occurs becdube o
symmetry with which the various areas are locaWekbelt, 1966]. That is, whenever sets of areas
located on planes are arranged such that the lohitdegration on the four dimensions are
interchangeably equal, reciprocity will be valid igllelt, 1966]. A special reciprocity relation used
the calculation of the this view factor was,

A4’F4’_2 = A5,F5,—1 3_7

View factorF, 5 o1, 5 g Will expand by the principle of flux algebra angpéying reciprocity to each
term results in,

Ay soFysie_258=AyFy 53+ AyFy s+ Ay Fy g+ AgFg 5+ Ag'Fg_g+ AgrFgr_g +
A6’F6’_2 +A6’F6’_5 +A6’F6’_8 3'8
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3.3.2.2.2 SURFACE TO LEFT, RIGHT, AND REAR SHIELDS

Figure 3-18 represents the geometry for the sutfatiee left shield wallF,r_, , 5 - .

FIGURE 3-18 SCHEMATIC REPRESENTATION OF SURFACE TO SIDE (LEFT) SHIELD
GEOMETRIC RELATION.

The surfaces here are more distinctive than theque case, mostly due to the irregular angle betwe
the two surfaces (71.5°) and the addition of atrighngular extension on one side of the rectgngle
therefore no published tables or graphs existhigrarticular setup. Instead, a published fornioita
the configuration of two rectangles with one comredge and an included angle between the two

planes was used, see Figure 3-19 and Equation 3-9.
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FIGURE 3-19 VIEW FACTOR CONFIGURATION: TWO RECTANGL ESA; AND 4,, WITH ONE
COMMON EDGE AND INCLUDED ANGLE ® BETWEEN THE TWO PLANES [HAMILTON, 1952].

The governing equation to the configuration abave i

2

(L tan~! + N tan™ (—) —+VN2 + [Ztan™1 (;) n %l { (1+L2)(1+1v2)] [L2(1+L2+1v2)] [(N2(1+L2+Nz) ] })

INEiLE a+n2+12) | [a+2)aen2)| | (1) (12+N2)

A=

3-9
Where,N=a/b andL=c/b. Equation 3-9 was evaluated using the Mathemabtfiavare (Wolfram,

Champaign, IL) for the various sub-rectangles guFe 3-18 and solved in the same fashion as the
previous view factor (surface to top shield), byngslux algebra and reciprocity relations. Altlybu
there was an assumption made in the calculatiae, that in Figure 3-18 surface 2 is the only triang

was assumed that half the radiation striking serthand 7 is striking surface2. The logic is #hat
triangle is half the area of a rectangle. ThaFjs,, = §F4f_7‘8. Note that due to symmetry, the view

factor for the surface to the left shield wall caial to the view factor striking the right shielcyv

View factor surface to rear shield is calculatethviiquation 3-9 as well, also by making the
same assumptions. Here, the rear shield hasnalgian either side, each was assumed to be réetang
to determine the view factor in the same mannéheaprevious, then when acquired reduced by half (a

triangle has half the area of a rectangle).
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FIGURE 3-20 SCHEMATIC REPRESENTATION OF SURFACE TO REAR SHIELD GEOMETRIC
RELATION.

3.3.2.2.3 SURFACE TO FRONT SHIELD

To determine the view factor of the surface toftbat shield, the configuration is first identified
as perpendicular rectangles with a common edge. r@&l edges of the surface do not actually met, b
the fictitious edges of both surfacds,?',3'-1,2,3) do. Therefore, the method in determining thewie
factor will be the same as in calculating the stefto top shield view factor, only now making uge o
view factor graphs for perpendicular rectangleshveitcommon edge (Figure 3-22). The front shield
also has triangular sides, and therefore the sasumgtion was made here as before. The triangdes a
first assumed to be rectangles. Once the view ffagtoalculated for this “rectangle” it is then aied in

half based on the awareness that a triangles arealfi of a rectangle under the assumption thatethe
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surfaces are isothermal and both the incoming ardoing radiation is uniform over each surface

[Cengel, 2007].

FIGURE 3-21 SCHEMATIC REPRESENTATION OF SURFACE TO FRONT SHIELD
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FIGURE 3-22 VIEW FACTOR BETWEEN TWO PERPENDICULAR R ECTANGLES WITH A
COMMON EDGE [CENGEL, 2007].

3.3.2.3 VIEW FACTORS RESULTS
The view factor result from the analysis of eachl walependently is summarized here. These

factors will be used to determine the mean radiamperaturef,,,, presented in Chapter 5 whefg,

plays a critical role in measuring true temperataieies of the surface bed.
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TABLE 3-2 ARCAM A2 VIEW FACTORS

View Factors for the Arcam A2's Heat Shield- A Six Surface Enclosure

Analytical MatLAB % Diff.

Surface to Top Shield: F(S-TS)= F(4'5'6'-258)= 0.052323 0.0524622 0.27
Top Shield to Surface: F(TS-S)= F(258-4'5'6")= 0.056779 0.0568567 0.14
Surface to Left/Right Shield:| F(S-LS)=F(S-RS)= F(4'-24578)= 0.25324 0.256632 1.32
Left/Right Shield to Surface:| F(S-LS)=F(S-RS)= F(24578-4')=  0.072741  0.0756361 3.83
Surface to Rear Shield: F(S-RrS)= F(5'-456789)= 0.16953 0.183491 7.61
Rear Shield to Surface F(RrS-S)= F(456789-5')= 0.072184 0.0807008 10.55
Surface to Front Shield: F(S-FrS)= F(5'-456789)= 0.11393 0.118385 3.76
Front Shield to Surface: F(FrS-S)= F(456789-5')= 0.052726 0.0551668 4.42

Note that both the analytical value and those ¢aled by MatLAB (MathWorks, Natick, MA)
are tabulated, as mentioned in the beginning of sthetion, the MatLAB software was used as a
verification tool of the analytical and graphicalaulations. In Chapter 5 the MatLAB values wid b
used in the analysis, since it has a higher orfi@rexision, the results will be more accurate.isTh
because MatLAB uses a 64 bit double precision t®rcalculations (about 16 digits), and a Ti-89
calculator (used in the calculation) uses a 3ptatision (about 12 digits) [Mathworks, 2013; To13].
Additionally the assumptions made during the amnedytanalysis may have caused some deviation from

the real value, such as the triangle assumptiamgdealf of the rectangular view factor.
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CHAPTER 4 SOFTWARE DEVELOPMENT

The duration of EBM builds varies greatly with respto size and geometry of the part being
fabricated. This range may lie anywhere betweeoutto 80 hours. It is for this reason that aanaj
focus of this work was to produce an automatedt®wmitto acquire images throughout the entirety of
any build. The images were to be captured at #sggdated process step during the build (layerlecyc
and then archived making it possible to correlagiinage number in the sequence to the layer number
By knowing this correlation, it is then possible gmpoint any discrepancy or defect observed in a
particular image to the location (Z-height) of theat.

Additionally, the automatic image capture will beetgateway to achieving a fully-automated
feedback control system that will make real-timeap@eter modification. The IR images captured will
be analyzed and processed to search for “cold”sspotabnormal regions on the parts surface.
Parameters will be modified as necessary; thesenpgers may include the beam power (current),
focusing current, scan speed, preheating time pasttheating time. Similarly, Olszewska and Friede
[2004] proposed a system based on neural netwarksdntrolling the acquisition and processing of
information of an electron welding machine whichoaked the real-time correction of parameters.
Recently, IR monitoring has been successfully eggdoin the monitoring of other additive
manufacturing (AM) processes (e.g. selective laseiting) with valuable results [Griffitrgt.al. 1999;

Hu and Kobacevic, 2003; Xiongt.al, 2009].

41  AUTOMATED IR IMAGE AQUISITION

41.1 CAMERA SIGNAL SETUP

In order to automate the opening of the flap merdmar{or shutter) that is used to protect the
zinc-selenide window from metallization during al@ua voltage signal output from the Arcam system
was required. This signal was received and ingtgor by the modular controller dbmpactRIG9074

(National Instruments, Austin, TX). There are thdifferent process signals that can be implemetated
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a layer during the course of an entire build. &wmmple, signal one can be assigned to come omebefo
the preheat step, signal two before the melt, amubhkthree after the melt. A collaborative effaith
Arcam software engineers resulted in a new vergfdhe EBMControl (Arcam AB, Sweden) software
that allows the selection of these process stdje following shows how to set-up the signal-prgces
steps in EBMControl:

¢ In EBM Control, set Menu\Machine Setup\Film Feeder\ Camdrae and a camera theme will

appear on the process setup page.
e Use the camera theme on the process setup pageitie dn which process steps to take camera

images (seen in Figure 4-2 Process steps with i{D#lames for image capture).

Properties

Measurement process s. [1]: Met
Measurement process s... [3]: Met
Measurement process s... [8]: Met
Buffer time 727 ms

FIGURE 4-1 CAMERA THEME WITH ASSIGNED SIGNAL PROCES S STEPS

e Figure 4-1shows an example of implemented prodgssissteps in camera theme (step numbers
1,3, and 8).0n the process setup page set a Net theme agfhfostapturing an image (see
Figure 4-2 Process steps with ‘Delay’ themes faagecapture). The process step number is

when the EBM ‘A3’ output module will supply the 24signal.
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Select Material Camera Status

[ ==y = Build Setup
- i'] fz‘ Build Project: Ti6Al4V = [' —_Z) User\kuber v
= — T u Process Setup
Configure Process Steps
Step 1- 8 |Step 9 - 16 | Step 17 - 24 | Step 25 - 32‘
‘ Steps | | Theme ‘ | Model

1 i‘g'_ .‘_.—I] z__;_'g, Build Project: Delay 9 Jenny25x\Net

2 | il —_g, Build Project: Ti6AI4V-PreHeat 9 0 models

3 = “ _fj'gi Build Project: Delay 9 Jenny25x\Net

4 _‘E:| I *;g’ Build Project: Ti6Al4vV-Melt 770 7 7 3 2\Part

5 :*-—.‘i' 'I] :____;_'g, Build Project: Ti6Al4v-Melt_770_7_7 9 3\Part

[ ‘t:m —g, Build Project: Ti6A4V-Melt_770_7_7 Q 4\Part

7 :II] —gi Build Project: Ti6AI4V-Melt_770_7_7 9 S\Part

8 = :II *jg’ Build Project: Delay 3 Jenny25x\Net

FIGURE 4-2 PROCESS STEPS WITH ‘DELAY’ THEMES FOR IM AGE CAPTURE
To control the time of the delay there are two @psi (as recommended by Arcam)
1. Create a model with a number (e.g. 25) of smalhdgrs of the same height as the real
build. In a Net theme, set
= Current=0mA
= Spot time = delay time / number of cylinders. Ddiaye should be at least 2000
ms to ensure compensation of the input delay tifrieeoNI 9411 digital input
module.
= Offset > the radius of the cylinders (will leavega spot to melt)
= Block offset = true
2. Create a model with rectangular prisms of the shenght as the real build. In a Net
theme, set

= PointDist = contour length of the rectangle/numtigpoints with zero current.
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= Current=0mA
= Spot time = delay time number of points with zenorent. Delay time should be

at least 2000 ms.

Properties

Enabled True
Current 0 mA
Spot time 100 ms
Focus offset 0 mA
Multispot Deflection slew rate

Min length 8 mm
Max length 30 mm
Length proportionality 0,42

Jump distance to ena.. 60 mm
Speed 155000 mmy/s
Enabled False
Properties

Offset 0 mm
Block offset True
PointDist 0,1 mm
Heating

Enabled False
Maximum heat time 20 s
Heating factor 0,7
Heating between models True

FIGURE 4-3 EXAMPLE OF NET THEME PARAMETERS FOR ‘DUM MY’ BUILD

Note, that the delay time is equal to the spot timtiplied by the number of cylinders in the dummy
build (e.g. 25). From the example in Figure 4-Zple of Net theme parameters for ‘dummy’ build
the delay time is calculated as follows,

delay = Spot time X # of parts = 100 ms X 25 = 2500 ms 4-1

4.1.2 VOLTAGE SIGNAL INTERCEPT

Now that the EBM software has been customized tputuigital signals, the next step in the
implementation of a feedback control system isntercept the output signals from the AZiatput
module. In the electrical cabinet of the ,Aftgital output module ‘A3’ was powered from the ¥4
power unit ‘T4,’- 18L+ to socket 11 and 9M to sockO. Sockets 12, 13, and 14 (from module ‘A3’)

output a 24 V signal for process steps 1, 2, angshectively (see Figures 14 and 15). These s®cke
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were wired using a solid single-conductor wire,RAW¥G, rated at maximum of 30 V, directly to the NI
9411 6-channel differential digital input moduleThe NI 9411 digital input and the NI 9481
electromechanical relay (opens/closes the flap am@sm) are mounted on to the modular controller NI
compactRIO-9074 (Figure 4-4).

The NI compactRIO-9074 controller was the centrat for feedback from the A8ystem. This
unit allowed the attachment of various modulesetiize tasks such as measuring of signals anchigsui
of commands. As has been mentioned before, timsalter received the initial voltage signals frane
Arcam machine and sent the open command to thexflsghanism, allowing the IR camera to view the
surface bed. The controller then received thenthérmage and processed the data to issue commands,
as needed, to the Arcam control unit. This autedhatolution, in the future, will allow the remote
control of build parameters. Figure 3-5 is theh@ecture for IR feedback control in the Arcam A2

system.

FIGURE 4-4 NI CRIO 9074 MODULAR CONTROLLER
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4.1.3 SOFTWARE USER INTERFACE —FRONT PANEL

The user interface or ‘front panelimage acquisition.vseen in, is the primary software used to
acquire images automatically. The operator must $upply the ‘Pre-Run Settings’ (camera type,
device, interface) followed by the object and capmrameters. The object parameters that are
assigned here are critical when attempting to aeduile temperature values. The ambient temperatur
(Kelvin), or reflected temperature, is used to cengate for the radiation being reflected from the
object being measured. The object distance (#tarte between the surface of the object and tise le
of the camera), relative humidity, and atmosphioperature may be left at their default valuesesin
the camera is at a short distance (0.3 m) frortartget object, and therefore have negligible e$fect

the amount of radiation lost to the atmospheree &tternal optics temperature and transmissio (0.9
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and 315 K, respectively) are set according the aredsvalues discussed in section 3.3.1. The medere
temperature is simply a reference value to malkaivel measurements to this user-specified valee; th
result is simply the difference between these taloes. Finally, the emissivity for the material is
assigned.

The user may now execute the program by pressmglty button on the front panel window
toolbar. The ‘IR Image Display’ section providde tuser with temperature data corresponding to a
specified pixel, and the real-time camera displéty.the ‘System Monitoring’ section the user has th
flexibility to manually open the flap mechanism (#tler), without the input of a voltage signal frahe
‘A3’ module, by toggling the ‘Open/Close Shuttexvigch. This section also includes three ‘LED’
displays with their corresponding signal numbet t@mes on once a voltage signal is received. The
‘Stop’ button ends the entire image acquisitioncpss. It can easily be restarted by clicking tlag p

button, and the image sequence will begin frontegsimage capture.
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FIGURE 4-7 FRONT PANEL (USER INTERFACE) OF IR IMAGE ACQUISITION VI

4.1.4 PROGRAM CODE -BLOCK DIAGRAM

The program codevirtual instrumenior simplyvi, introduced in Figure 3-5 Architecture for IR
feedback control in Arcam A2 system) developedbabVIEW is described here. To successfully
employ an image acquisition program using a FLI&dpct (SC 645 IR camera) through the National
Instruments’ (NI) data acquisition and programmsieffware LabVIEW, the suitable solution was to
use the ThermoVision LabVIEW Digital Toolkit softreadeveloped by FLIR (FLIR Systems,
Wilsonville, OR) for quick integration with the inps (shared variables) being grabbed from the NI

modular controller (cRIO 9074). By using the tabtkeveloped by FLIR, the time devoted to
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programming was reduced considerably by avoidiegting ‘sub-vi’'s’ needed for controlling camera
requirements, such as the assignment of input petesnfor accurate measurements. Figure 4-8
through Figure 4-11 below show the block diagraod) that makes the IR automation solution
possible.

Step one in the diagram uses tpen.vias a ‘driver’ to establish the camera connectidhis
digital vi is then wired to two parameter configuratiois: set camera parametevs andset object
parameters.vi As mentioned earlier, assigning the correctalparameters (external optics
transmission and temperature, emissivity, ambemperature, etc.) becomes critical to obtaining tru
temperature values. ThRIAQ create.vior simplyIMAQ), also seen in step one, creates a temporary
memory location for an image, thiswill yield the real-time display of the camera inedgy wiring the
subvi's- IMAQ array to image.vandIMAQ wind draw.vi(seen above the case structure in Figure 4-8).

Within the while loop (the grey boundary line) st&pakes place wherein the signal is
intercepted from the EBM main module to act asgaér for image capture. The purpose of the while
loop is so that everything inside of it continuguskecutes during the course of a build, only sitogp
after the operator pushes the ‘Stop Process’ buttatme front panel (discussed later). The thigeads
generated from the digital output ‘A3’ are seeh.abVIEW as shared variabl&d0, DI1, andDI2
(digital inputs) for process signals 1, 2, ande3pectively. The logic carried out in block diagra is
to generate a Boolean true value when any oneedhtiee signals from module ‘A3’ is activated az th
manual open button is pressed. The Boolean triue v&then passed over B0 (digital output 0) -
the electromechanical relay. Once activated, laetremechanical relay then closes the circuit and
opens the shutter (flap mechanism). If the Booledne is false, then no command will be sent to
capture images - step 6 in Figure 4-10.

Now that the signal has been intercepted, it axtstaigger to send a Boolean true value (step 3

in block diagram 1) to the image acquisition casecture. The case structure in its ‘true’ stateeen
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in step 4 from block diagram 2 (Figure 4-9). Totcae images, fouhermovision digital/i’s are used.
Togetherget recording parameters.andset recording parameters.greate a file path to save multiple
images in a designated folder. Thesg are then wired to theecording action.vihat directs an action
to take place once called — in this case the coh&mgle snapshot recording’ is used to acquirly o
one image at a time. Thisis called every time the ‘A3’ output module supglia 24 V signal. That is,
the case structure will capture and save an imageglthe execution of the allocated ‘delay’ theme
step number (see Figure 4-2 for an example ofdbly’ theme in the process steps). If the Boolean
value is “False” then no image is captured — stepFigure 4-11.

The fourth and finali in the image acquisition process (step 4) is@werding action.viwhich
was configured with a ‘stop recording’ action camgtto end the camera’s internal recording function
A time delay is also placed inside the ‘true’ cagacture equal to 1500 ms (1.5 s) to accounther t
time delay between the electromechanical relayodd81) and the opening of the flap mechanism — this
avoided capturing an image of the protective flegiead of the EBM work piece. The image
acquisition cycle ends outside of the case stracnd out of the while loop. Here, the image a@igpl
window is closed withMAQ wind close.vand the temporary memory space created WQ.vi is
destroyed and cleared wilAQ dispose.vi Finally, the connection to the camera is closéd the

digital close.vi.
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4.1.5 OBTAINING MEASUREMENTS FROM ADDITIONAL THERMO COUPLES

The scope of this project required simultaneoudipialsurface temperature measurements to be
made. The system works in a vacuum environmenteoaires that a high standard of vacuum pressure
(10~*torr) be maintained if any external equipment is toristalled inside the vacuum chamber. A
special thermocouple feed-through (Model: 120XTK®18, Feedthrough, Thermocouple, Type K,
ISO-KF NW 16, Pfeiffer Vacuum Inc., Boston, MA) wased to add three additional thermocouples to

the inside of the chamber (this feed-through maydreaup to five thermocouples). To acquire andesav
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data, the thermocouples were connected to a Natiestauments thermocouple input module (NI 9213,
Austin, TX). This module then connects to the samma&ssis (CRIO-9072, National Instruments, Austin,
TX) that the electromechanical relay and digitgpluhmodule use, seen in Figure 4-4. Figure 4-1Rds

front panel that shows the temperature (°C) readiaghe additional thermocouples inside the chambe

i 13 A2 Chamber - addtl TC'svi Front f’anefonArcam_phasel.lvprojfl‘u‘[yCompu‘ter s || @
i File Edit View Project Operate Tools Window Help
4 —— : — —— : .
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FIGURE 4-12 FRONT PANEL — A2 CHAMBER — ADDTL TC’S .VI

A thermocouple that is connected to slot 1 in thexlate is seen as a shared variable “1” in the
project. The shared variable (TC1) is placed msaddwhile loop so that a temperature display is
constantly displayed while the program is runninfC1 is connected to a thermometer and a digital
display as seen above in the front panel. The WiZd is connected to Insert-Into-Arraythat will act
as a temporary holder of all data measured duhegkecution of the while loop. From there, theada
are taken outside the while loop via a shift regishito Number-To-Fractional-String.then to Build-
Array.vi where the final data measurements are gatherediraily sent to Write-To-Spreadshest--

once the program is stopped, thisvill prompt where to save the data and name3et-Date/Time-In-
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Secondwi and Get-Date/Time-String.both make-up the second set of data acquired-rie gtamp,

and are fed to Write-To-Spreadsheen the same fashion.
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4.2 IMAGE ANALYSIS

The scope of this project dealt more with the asialpf images rather than image processing.
The two should not be confused. Image processaadsdwith the manipulation of images by using
look-up tables, filtering, morphology, and segméontathat helps to clean up and alter images taraid
the examination of an IR image [Klinger, 2003; R2004]. Image analysis uses image pixel intesiti
to compute measurements and statistics, most ndteyvéemperature values. Analyzing images
becomes a form of nondestructive testing to vatidatd quantify part quality. The images were
analyzed using the softwaféhermaCAM Researcher ProfessioffieLIR Systems, Wilsonville, OR].
This software has the capability of assigning amssivity value to a region of interest (ROI) thaayn
differ from that of the rest of the image. This s critical when investigating accurate absolute
temperature values of an AM part during fabricatithhat is, the solidified (melted) geometrical area
seen in the image. Due to the fact that emissiatyextremely variable; it varies with material
composition, crystalline structure, phase, surfaw@phology, temperature and wavelength [Felice,
2012], it is therefore critical to assign the cotremissivity to its pertaining area in the imaggéhe
emissivity of a metal powder, sintered powder, aha solid metal will be significantly differenthe
analysis of pixel intensities will be focused om #plid metal region, emissivity data acquisition &

solid metal will be discussed in Chapter 5.

4.2.1 TEMPERATURE PROFILES

Temperature profiles become useful when evaludtiegtemperature variation along or across
the surface of an object. The line profile funatisimply visualizes the pixel values along a line
[Klinger, 2003] — the line may be manually drawreothe area of interest (most convenient). Several
of these lines may be drawn on different regionshef image. The direction of the line may also be
reversed depending on how the data are to be pegsen

Figure 4-14 IR image capture of copper cylindeterahe melt cycle with the center cylinder’s
temperature profile shows an IR image of a groupopiper cylinders after the melt cycle of a pattcu

layer. A line was drawn on the center cylinderthwis respective profile displayed below the image
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From the profile, the wide distribution (non-uniioy in temperature across the surface can be easily
observed, having a minimum of <100 °C and maximdira33 °C with a standard deviation of 202 °C
(Figure 4-14). This scattering in temperature mesasent across the circle’s surface is attributed t
surface morphology and not necessarily the temperaitensity of the pixels. That is, the geoméiag

a rough surface and extreme curvature that caligggdtions in emissivity across part’s surfacéiege
images were taken during the parameter developpterge of copper in EBM (discussed in more detail
in Chapter 6) and therefore the optimal focusingent was not established yet, causing this “bubble
like surface. These discrepancies on the surfanée easily seen for this particular image anditiee
tool may not necessarily be required here, butrteed does arise for materials in which surface
inconsistencies may not be so apparent, espeadign modifying parameters to obtain a smooth
surface.

Figure 4-15 is an IR image of a group of cylindegamized in the same fashion as Figure 4-14,
in this image the cylinders are of the titaniunol{Ti-6Al-4V). The image was also captured aftex
melt cycle had finished. A line was once agairnairaon the center cylinder. The line profile now
shows a more uniform temperature, yet there issstihe deviation of about 26 °C from the average th
is not easily detected by simply looking at theci®tor scale. The line profile plays an importaoier
for cases like these. The values provided by ithee profile are the maximum and minimum values of

intensity, maximum minus minimum value, averageigabnd standard deviation.

80



l_ Wt r—ﬁ)—

[ 51839188 40906022 |—i 54005630 _|_1
= S - -

2

| &R |F Results | |- Profile | I Histogram | (& Plot] B Multi

Label Value [*C] Min Max Max - Min Avg Stdew
Image <100 1462 *1362
T
1000 |J01

<100 933

833 *583 202

FIGURE 4-14 IR IMAGE CAPTURE OF COPPER CYLINDERS AF TER THE MELT CYCLE WITH
THE CENTER CYLINDER'S TEMPERATURE PROFILE

81



MC[2].02-09-12 after_melt] - ThermaCAM Researcher Professional 210 -

slso7 slulo o]

\TashZLMCLOZ051Z e

[ -[7 't — [ Q)]
TR S = el S 2
sTis527 105147072 [ | 3122200 = A

11437°C
|k 1140

L 1120
L 1100
L 1080
L 1060

L 1040

L 1020
L 1000
L es0
960
940
920
900
280
860
240

650.8°C

& 1R [ Results | k= Profile | I Histogram | [ Plot| E' Muli |

920

900 Label Value [°C] Min Max Max - Min Avg Stdev
8804 Image <100 1061 *961
%63 LI01 734 841 107 759 26

840

820

800

780

760

740

720

700

680

660

FIGURE 4-15 IR IMAGE CAPTURE OF TI-6AL-4V CYLINDERS AFTER THE MELT CYCLE WITH
THE CENTER CYLINDER’'S TEMPERATURE PROFILE

4.2.2 QUANTIFY AREAS

To quantify areas or regions of interest (ROI) e iR image, analysis tools are used which
provide valuable measurements and statistical d@tae analysis tools come in basic shapes such as
circles, squares, spots, and rectangles to morepleanshapes such as polygons to allow the
measurement of a wide variety of geometries. A spa measures the temperature of a single spot on
the image. The polygon tool is actually a requeatrwhen measuring surfaces of parts with internal

features, since these features will have depositedder, the intensity of those areas will be
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significantly different and must therefore be exlgdd from the measurement. The polygon tool allows
to ‘sketch’ around those areas that will cause aten from the desired measurement. An example of
one of these images may be seen in Figure 6-1(hglilsese measurement tools will permit a different
emissivity value than that already assigned tord@st of the image to the particular ROI. Since the
interest here is to measure temperatures of thd swterial, this tool is required to obtain thaital
The data output will be the average temperatureevastandard deviation, and the minimum and
maximum. This tool has been utilized in the deteation of parameter modification (discussed in

Chapter 5), as it aids in the analysis of per fgarperature gathering.
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CHAPTER 5 TECHNIQUE DEMONSTRATION AND VALIDATION

When referring to a ‘true temperature’, it is thesalute temperature of the material. A core
objective of this project was to obtain true tenap@re measurements of the surface bed, in pantjcula
the solid part (the melted material). This chappeesents the acquisition of true temperature
measurements of Ti-6Al-4V (solid) during the EBMofecation process. The procedure discussed in
Section 3.3 may be applied to any material to datex its unique surface property, emissivity. To
accomplish this, the blackbody radiator fabricgeidcussed in Section 3.3.2 Creating a Blackbody
Specimen is an essential tool in determining thel somaterial’'s emissivity. After fabrication, the
blackbody radiator was taken out of the machina@sum chamber for removal of the sintered powder
inside the cavity. The procedure to clean thermatiecavity will be described in detail in Sectibr8

Emissivity Studies. First, the experimental pohge implemented to determine the mean

radiant temperature is introduced.

5.1 MEAN RADIANT TEMPERATURE

Recall that a sample surrounded by surfaces ardift temperatures, can be represented by a
mean radiant temperature. This is the temperadfira fictitious isothermal enclosure, in which
radiation heat exchange with the sample equalgatiation heat exchange with the actual enclosure
[Cengel, 2007]. Coppa and Consorti found that Xyeeimentally measuring the temperatures of the

enclosure walls, the mean radiant temperature edaund from [2005],

4,
T = Zj T;'I'Fs—j 5-1

Where,F,_; is the view factor between the sample andjhewall calculated in section 3.3.2.2

Calculating the view factors and the results sunzed in section 3.3.2.3 View factors results,
and T; is the temperature of theth wall. The temperatures of the enclosure (shield)lsnwere
measured using a type K thermocouple (Model: HKQIU-26, Omega, Stamford, CT) and cemented
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onto the shield wall using high-temperature air gahent (Omegabond 400, Omega, Stamford, CT).

The open chamber with the heat shield installedthednocouples put in place is seen in Figure 5-1.

Thermocouple 2

/

P OWd er ................ : . . " .‘F’
Hoppers - : ‘ ‘ ‘

Heat Shield

Thermocouple 1 =

Build tank

Vacuum chamber=

FIGURE 5-1 VACUUM CHAMBER WITH ADDITIONAL THERMOCOU PLES PUT IN PLACE FOR
HEAT SHIELD TEMPERATURE MEASUREMENT.

A total of three thermocouples were placed insigeghield on three different walls, left shield
wall, rear shield, and top shield. This set-ughiswn in Figure 3-15 in Section 3.3.2. The achest
shield with cemented thermocouples is shown in féigi42, note that the front shield has been removed
for visual access. Temperature measurements weoeded during three different builds of Ti-6Al-4V,

and the statistical data are presented in

Table 5-1. The thermocouples were also rotatesutitrout the three different builds to verify
consistency in measurement. That is, ‘thermocotpleas placed on the top shield for build 1, then
placed on the side shield for build 2, and on #se shield for build 3; the same was done for thero

two thermocouples.
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TABLE 5-1 A2 SHIELD TEMPERATURE MEASUREMENTS

Shield Surface Wall Temperature Measurments

Build 1 Build 2 Build 3 Average

Duration of build 0:41 5:15 13:45

No. of measurements 83 631 1648

Top Shield Avg. Temp., °C 301.4510 315.3976 315.5685| 310.8057
Top Shield Std. Dev., °C 27.6038 13.3877 8.5798| 16.5238
Side Shield Avg. Temp., °d 364.7776 369.3416 369.4226| 367.8473
Side Shield Std. Dev., °C 31.0847 14.5647 9.3637| 18.3377
Rear Shield Avg. Temp., °C| 353.1651 370.9358 371.1597| 365.0869
Rear Shield Std. Dev., °C 31.1143 14.5504 9.2179| 18.2942

*All builds of Ti-6Al-4V

Thermocouple
on top shield

Heat Shield : —

Thermocouple
§ on side shield

Thermocouple
on rear shield

3

FIGURE 5-2 ARCAM A2 HEAT SHIELD (WIDE) WITH CEMENTE D THERMOCOUPLES

Note that only 3 of the 5 walls were measured duartited amount of additional thermocouples

inside the chamber, and therefore it is assumedldfieshield and right shield have the same
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temperature, as well as the rear and the frons ithportant to note that since the front shisldbcated
adjacent to the machine’s observer window, the arhofiheat transfer radiated may be significant] an
therefore this assumption should be correctedrfduiure work. Also, recall the assumptions foe th
surface walls mentioned in Section 3.3.2.1 Six-&ef Enclosure, each surface of the enclosure is
isothermal, and both the incoming and outgoing atah is uniform over each surface. For
convenience, the view factors (Table 3-2) usedénfollowing calculations are relisted here, alenth

the shield wall averages from Table Brtor! Reference source not found.

TABLE 5-2 MEAN RADIANT TEMPERATURE CALCULATIONS

View Factors and Average Shield Wall Temperatures
T4F,_ j
Fsurface—top shieta= 0.052462 Top Shield Avg. Temp.(K)= 583.9557 6100509483
Fsurface—teftshieta= 0.256632  Left Shield Avg. Temp.(K)= 640.9973 43324704506
Fsurface—rearshieta= 0.183491 Rear Shield Avg. Temp.(K)= 638.2369 30446852669
Fourface-rightshieta= 0.256632  Right Shield Avg. Temp.(K)= 640.9973 43324704506
Fsurface—front shieta= 0.118385  Front Shield Avg. Temp.(K‘)= 638.2369 19643746305

Z T*F,_;—  1.42841E+11
7
Tor (K) = *|3;T*Fs_f 614.7702653
Ty (°C) = 341.6202653

The mean radiant temperatdtg, = 342 °C can be seen as a standard for IR measurements for
standard Ti-6Al-4V builds. This value is necessargrder to acquire true temperature measurements,
as it is one of the most important input parameferdine with emissivity) assigned to the IR camer
This parameter is used to compensate for the radiegflected in the object, if the enclosure wallse
a lower temperature than the object, then the evitissan be strongly influenced by reflection [Gup

and Consorti, 2005].
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52 VALIDATION
To validate that a fundamental procedure has begalied to acquire absolute surface

temperature values, an experiment to prove thiseisessary. A hot plate (Corning Model PC-420,
Corning, Tewksbury, MA) was put inside the vacuumarober and placed on top of the build platform.
The blackbody was placed on the hot plate and e kythermocouple was cemented (High-temperature
cement, Omegabond 400, Omega, Stamford, CT) omofhasurface, a second thermocouple was also
cemented on one of the side walls of the heatdl@etlosure, and the third type K thermocouple was
cemented to the top shield of the enclosure. Rdrmocouples used in this experiment were type K
with a range of -270 °C to 1372 °C, Model: HKQIN&11-26 by Omega (Stamford, CT). Heat shield
wall temperatures needed to be acquired againe $ims experiment will be operating at a much lower
temperature than a standard Ti-6Al-4V EBM build.efidfore, a mean radiant temperature for this
particular setup needs to be calculated. The lab¢ pvas set to temperature setting “7”, but ineort
gather various temperature data across a largks, sha setting was changed to setting “5” thef8to
throughout the course of the experiment, IR imagieshe blackbody specimen were captured and

thermocouple temperature measurements were reco&tete of the data collected is presented in

In Table 5-3T, is the radiant temperature recorded with the IBges by using spot meter tool
(discussed in Section 4.2.2 Quantify Areas) pladedctly on the blackbody radiator aperture, as
seen in Figure 5-3.T; is the surface temperature, data recorded usihype K thermocouple and
LabVIEW program A2- addtl TC'si — see Section 4.1.5T ¢ /rignt wan 1S the temperature recorded
from the thermocouple on the left wall — the tenapre on the right wall was assumed to be the same.
Tiefe/rignt wan 1S an estimated temperature since only 3 additidharmocouples are inside the
chamber, estimated at ~ +2 °C from the left/righli ¥eanperatures as seen from the wall measurements
in the previous section.T,,, is the temperature recorded from the thermocouplethe top wall.

Emissivity was then computed by the following equa{Coppa and Consorti, 2005],
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_ TF-Thy
TS—Thy

5-2

WhereT, is the radiant temperature of the target’s surféces the absolute surface temperature,
and T,,,- is the mean radiant temperature (all temperatataeg are in Kelvin). Using Thermacam
Researcher Professional (FLIR Systems, Inc., Wildlen OR) software, the radiant temperature was
measured by placing a rectangular region of intemeghe blackbody specimen’s surface and assigning
an emissivity of 0.99 to acquire blackbody radiatioThe absolute surface temperature was measured
by placing a spot meter tool directly on the blamkyp radiator aperture (Figure 5-3). With the given
dimensions used in the design of the blackbodytgathe level of blackness or emissivity obtainéd a
the aperture is 0.994 + 0.2 [Castrejen,al, 2010], therefore, this emissivity value was asesigned to

the small opening of the cavity which in turn yielthe absolute surface temperature.

TABLE 5-3 TEMPERATURE MEASUREMENTS FOR VALIDATION

Validation Experiment: Data Recorded

Time T, °C Ts, °C Tleft/rightwallr °C "'Trear/front wait, °C Tiop.°C
16:33 228 197.4578 114.9815 117.0000 92.8529
16:35 231 200.1502 114.8377 117.0000 93.4330
16:41 234 204.4601 110.2633 112.0000 91.7885
16:45 216 191.0674 91.9178 94.0000 80.3366
16:47 210 183.6419 86.9649 89.0000 77.4975
16:55 194 165.2760 88.0074 90.0000 76.0777
16:57 201 169.4263 97.0222 99.0000 81.4954
17:00 209 177.2851 102.7834 105.0000 85.2033
17:02 212 181.0878 104.1518 106.0000 86.9202
17:06 217 187.0408 106.4664 108.0000 87.7855

Average: 215.20 185.69 101.74 103.70 85.34
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TABLE 5-4 MEAN RADIANT TEMPERATURE CALCULATIONS FOR VALIDATION
EXPERIMENT

T4F,_ J
Fsurface—top shieta= 0.052462 Top Shield Avg. Temp.(K)= 358.49 866472295.6
Fsurface-teftsnieta= 0.256632 Left Shield Avg. Temp.(K)= 374.89 5069046002
Fsurface-rearshieta= 0.183491 Rear Shield Avg. Temp.(K) 376.85 3700742315
Fourface-rightshieta= 0-256632 Right Shield Avg. Temp.(K.  374.89 5069046002
Fsurface—front shieta= 0.118385 Front Shield Avg. Temp.(K 376.85 2387650506
TAF s—j = 17092957120

J

Ty (K) = 4’ Z]'T4Fs—j= 361.579917

Tmr(°C) =  88.42991704

Hot Plate |

SRR

Blackbody Radiator

Radiator Aperture [

Cement Bond

Thermocouple

¥4 Analysis |%= Position | %%, Obj. Par | €9 Image | E¥ Text comment
Label | Value[*C]| Min | Max| Max - Min | Avg|  Stdev|  Result| Expression |
vy

Image
SPOL” 5

0 >660 *660

&= IR Results [ = Profile | B Histogram | [ Plot| E* Multi]|

FIGURE 5-3 IR IMAGE OF BLACKBODY RADIATOR WITH CEME NTED ON THERMOCOUPLE

Now that all the necessary IR camera input parameixternal optics transmission, mean

radiant temperature, emissivity) are in place teothtically make true surface temperatures
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measurements via infrared thermography, their itgl{hput parameters) can be verified by comparing
the IR camera’s output temperature measurementdd of the thermocouple cemented on the
specimens surface. Emissivity that will be assilgioethe IR camera is 0.25, obtained from literatior
titanium alloy Ti-6Al-4V [Yang,et.al, 2010], and verified in the next section by usihg blackbody
radiator. Figure 5-4 shows the temperature recbifde the thermocouple and the IR camera. IR
temperature data were acquired via the ThermacaadReher software by using a box area tool placed
on a section of the blackbody specimen’s surfac&ltere it did not enclose the aperture, as thigldvo
give faulty data, since the emissivity of the apan@ (0.99) is different than that of the metalsface
(0.25). For each set (thermocouple and IR tempers} of samples recorded, a percent difference was
calculated, and then they were averaged togethfendcaverage percent difference of 3.14% between

thermocouple data and IR data.

Validation Experiment: IR Camera vs. Thermocouple
T I

240

T
—=—|R Camera
—+— Thermocouple

220

200

Temperature, C
®
o

X el
160 —

140

120 \ L \ L \ L
0 200 400 600 800 1000 1200 1400
Time, sec

FIGURE 5-4 TEMPERATURE PLOT FOR VALIDATION EXPERIME NT
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5.3 EMISSIVITY STUDIES

As discussed in the introductory paragraph to ¢hepter, the blackbody radiator was fabricated
via EBM in the Arcam A2. Once fabricated, the pads taken out of the machine for thorough
cleaning of the internal cavity. A portion of tipewder was removed by using Arcam’s powder
recovery system (PRS) which uses high-pressuranairmetal powder to remove sintered powder from
the part, this process was executed by directiadntse to the aperture for about fifteen minutesgm
AB]. The remaining sintered powder inside the tstawas removed by using an ultrasonic processor
(Model CPX500, Cole Parmer Instruments, VernongilL) with a power of 500 W, frequency equal
to 20 kHz, and an amplitude setting of 77 %. Theasonic process was applied to the surface di eac
side of the rectangular part for about ten mingesside, with the exception of the top surfacéhés
would change the ‘as built’ morphology and possilelgd to an emissivity deviation from the one of
interest. Once the cavity is thoroughly cleanedalbfsintered powder, it is then ready to act as
blackbody radiator. Initial trials in calculatirgmissivity of an EBM sample were carried out in the
following way. The blackbody radiator was placettk inside the chamber, the vacuum chamber was
activated, and the block was heated to 760°C with dlectron beam It was later realized that the
blackbody specimen was undergoing thermal oxidatafter being taken out of the clean vacuum
environment into the atmosphere, where a thin |layéde forms [Dong and Bell, 2000]. After heating
again, the oxide layer reacts with the heat turtivegsurface into a blue-like color. This becormgsoblem
when analyzing emissivity of a metal; oxidized netan have an emissivity greater than that gielsshed
counterpart by at least three orders of magnitude.

Figure 5-5shows the emissivity versus temperature in itsliagd state. The emissivity differences
between samples may be attributed to the opticekriess of the oxide layerT@odorescu, 2007].
Oxidation causes significant increases in the ewiigf metals, and heavily oxidized metals cawvédan

emissivity comparable to those of non-metals [CEM07]. Emissivity data on oxidized metals isreer
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than pure metals, making it challenging when seagclior data in literature for comparison purposes.
According to work done byleodorescu [2007], emissivity of metals will diffelepending on the

thickness of the oxide. During the experimentalcedure when obtaining the data recorded in the plo
below (Figure 5-5), these variations in oxide layee evident. As seen with the two rectangular
specimen data, the deviation in emissivity is astmas 0.05, or approximately 10 %. The rectangular
specimen used for the experiment was the samemnspecused for both sets of data; after one
experiment was conducted the newly formed oxiderayas removed by using the PRS (powder
recover system) to blast away the oxide layer. deunt of exposure (time) to the atmosphere was no
measured and this may have been a contributingrfélse change in oxide layer thickness from one

experiment to the other.

Emissivity of Ti-GAI-4V (salid) at an oxidized state
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—&— Rectangular blackbody cavity
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FIGURE 5-5 EMISSIVITY OF TI-6AL-4V (SOLID) WITH AT HIN LAYER OXIDE.

When interpreting radiation property data fromrhtere, care should be exercised, since the

properties strongly depend on surface conditionsh sas oxidation, roughness, type of finish, and
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cleanliness [Cengel, 2007]. The emissivity of iegt is in the material’'s ‘EBM’ form, that is, sac
emissivity is a function of surface morphology. Turequeness of this surface will be the same asdut
builds in EBM. With the measured surface tempeeatusing the thermocouple cemented on the
specimen and with the known radiant temperaturen fibhe aperture of the blackbody, absolute
emissivity values may now be obtained, for the afpeg spectral range of IR camera. Figure 5-6 show
the temperature results obtained from the EBM sarighckbody), also data from literature [Yarg,

al., 2010], which has been verified by the experinmeintioned above. According to Yarg},al,
emissivity of Ti-6Al-4V remains nearly constant tp about 760 °C before the material begins to
oxidize and the emissivity increases rapidly. Tpiist (Figure 5-6) provides emissivity values foet
temperature range in which Ti-6Al-4V builds are ggssed, which makes it a necessary source of data

when measuring true surface temperatures. Thaglatso presented in

Emissivity of Ti-8A4V (solid)

+ EBM sample

+  Yang, etal
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FIGURE 5-6 EMISSIVITY PLOT OF TI-6AL-4V
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TABLE 5-5 EMISSIVITY DATA OF TI-6AL-4V (SOLID)

Sample Temperature, °C Emissivity, € Std. Dev.

EBM 1 177 0.26 0.015
EBM 2 198 0.26 0.041
Yang et.al. 165 0.25
Yang et.al. 250 0.27
Yang et.al. 350 0.23
Yang et.al. 450 0.23
Yang et.al. 550 0.24
Yang et.al. 700 0.25
Yang et.al. 750 0.27

Measuring a metal’s emissivity has proven to beallenge and a reduction in deviation may be
improbable; previous work by different authors pearied on the same metal lead to large scatter data,
producing differences as high as 50 % with a stahdaviation of 20 % or higher [Teodorescu, 2007].
This is typically due to challenges associated withexperimental set-up, measurement conditiorss, a
most notably due to the high reactivity of metdldigh temperatures [Teodorescu, 2007]. In order t
accurately capture emissivity behavior, specifipagkmental procedures have been developed, yet this

has proven to give deviation in measurement dalkegmature of high sensitivity of emissivity.

5.3.1 SPECTROPYROMETER EMISSIVITY DATA

The spectropyrometer was installed in place of lRecamera, and the ZnSe window was
replaced with a lead coated window. From previvask, the lead coated window proved to be a high-
translucent medium for the multi-wavelength pyroenesystem [Mireles, 2013]. To measure the
emissivity of an EBM fabricated surface, a cylimdti part (50 mm diameter x 3.5 mm height) was
designed and placed in the center of the stare pleth the pyrometer pointing directly at the cerdae
the part. During the fabrication of the part, tte&me methodology of the IR image capture was
employed, that is, the shutter flap mechanism wasned after the melt cycle of every layer and

measurements were recorded. Three different tnale performed and emissivity measurements were
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recorded, these data is presented in Figure 54 ré&sults show that due to the spectropyrometer’s

emissivity data deviation, this instrument is nabasistent tool to be used in the EBM process.

FIGURE 5-7 ARCAM A2 BUILD CHAMBER CAD RENDERING WIT H INSTALLED
SPECTROPYROMETER

TABLE 5-6 SPECTROPYROMETER EXPERIMENT RESULTS FROM THREE TRIALS

Build Temperature, °C Tolerance, °C Emissivity (avg)

Trial 1 712.5 0.76 0.62
Trial 2 719.5 0.68 0.32
Trial 3 713.9 0.82 0.17

5.4 FEEDBACK CONTROL DEMONSTRATION

5.4.1 PARAMETER MODIFICATION- PER PART

Having the ability to measure surface temperatdtesg a build enabled this project to modify
individual part-parameters for a more consistenitlbuA consistent build, may be to maintain a more
uniform temperature among part’s surfaces thatleaah to equal part properties. Or, the intenti@ym
be to achieve a specific temperature gradients-sygtem enables the user to achieve both. The

experimental setup was designed to analyze howhergng parts would affect heat transfer to each
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other in comparison to the heat transfer of a sipglrt (no neighboring parts). The model constdict
consisted of a group of nine tensile bars (cylisfieycated in one corner, and a single bar in the
opposite corner all with equal dimensions, 89 mihnxtd6.50 mm diameter (Figure 5-8). The parts
were manufactured in the build chamber using tiheedayout seen in the model. That is, the grouped

cylinders are towards the front of the chamberthedsingle cylinder towards the rear.

FIGURE 5-8 CAD MODEL FOR TENSILE BAR BUILD
An IR image of the build’s surface was captureéradivery melt cycle for the entire course of

the build. The results obtained from the imagesaalestrate that non-uniform temperatures do exist on
the build’s surface area. By analyzing an IR imafye standard build (i.e., no build parameter
modification) at a build height equal to 36.24 none can see a temperature difference of up to 88 °C
between cylinders number ‘3’ and number ‘7’ (seedkierage temperature results column in Figure
5-9).

The build parameters of individual parts were medifin an attempt to achieve more uniform
surface temperatures. The temperature differemming the same cylinders was successfully reduced to
5 °C (Figure 5-10). The two parameters modifiedirdy the build were the speed function, which

controls the scanning speed of the beam duringmgeland the beam’s current. The speed function’s
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initial value was set at 36 and was gradually redito 5 in decrements of 4 anc The beam current

was incremen

s Cvlinder #.

AT=88°C
Cvlinder #:

Labrel hATR Max Max-Min Average 5StDew
ARD1 691 733 42 713 10
ARD2 701 740 39 721 9
(ARD3 690 714 24 699 4
ARO4 655 714 54 043 13
ARDS 719 756 37 744 7
ARDE 709 730 21 719 4
(ARD7 663 710 41 787 9
AROE 714 754 40 736 =]
AROS 713 740 17 731 3
AR1D0 704 738 34 723 6

FIGURE 5-9 IR IMAGE OF BUILD SU RFACE AT Z=36.24 MM — NO PARAMETER MODIFIC ATION
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Label MAin haw Mak-Min Average StDew

ARO1 703 752 43 733 9
AROZ 715 755 37 737 2!
AROZ F02 7683 gl 730 4
AROS a46 7o [=F=] 7249 13
AROS 731 761 20 752 7
ARG 713 742 23 730 4
AROT 703 771 [=F=] 725 2!
AROE 736 7al 25 750 =
AROSD 724 755 2a 7da 3
ARLD 708 747 3= 735 =

FIGURE 5-10 IR IMAGE OF BUILD SURFACE AT Z=86.40 M M — WITH PARAMETER
MODIFICATION.

5.4.2 PARAMETER MODIFICATION- PER BUILD

Parameters for four different build were modified measure the effects of parameter
modification the surface temperature measured lR&thEach build consisted of a row of five cylinger
(Figure 511) and each build has its own archiviRaimages with a different reflected temperaturesi

each build’s parameters maintained the build charaba different temperature. The four builds were
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labeled: standard build, cold build, elevated hudldd hot build. Table 5-7summarizes the parameter
used.

Surface temperatures of all five cylinders wereorded and averaged for the entirety of the
build (see Appendix A for the corresponding temper plots). The standard build had a surface
temperature range of 720 °C -830 °C, the cold bralthed from 650 °C - 780 °C, the elevated build
ranged from 600 °C — 840 °C, and the hot build eahfgom 940 °C — 1050 °C. From these temperature
ranges, it should be noted that parameter thatthadmost significant influence on temperature
manipulation was the incorporation of an additiomaheat cycle to the build process. The functibn
the preheat cycle is to heat the fresh layer ofgmvatop the recently melted parts and build serfac
at least half the melting temperature of the makeas discussed in Chapter 1. By adding a second
preheat cycle, this caused the powder bed to batamaed at a significantly higher temperature when

compared to the other builds that used the stargiagle preheat cycle.

10842°C

= 1050

= 1000

- 850

- @00

- 850

FIGURE 5-11 IR IMAGE OF FIVE CYLINDERS DURING EBM F ABRICATION (STANDARD BUILD)
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TABLE 5-7 SUMMARY OF ASSIGNED PARAMETERS FOR FOUR B UILDS

Standard Build- Assigned Parameters

IR Camera Parameters

Start Temperature: 760 °C
*Surface Temperature: 850 °C
Speed Function: 36

**Max Beam Current: 17 mA

*This is an auto calculation parameter
that the machine uses to calculate
melt paramters (i.e. beam current).
**This is the maximum allowed
current during hatch melting.

Distance, m 0.3
Refl. Temp, °C 342
Ext. Opt. Trans. 0.94
Emissivity 0.25

Cold Build- Assigned Parameters

IR Camera Parameters

Start Temperature: 720°C
*Surface Temperature: 750 °C
Speed Function: 46

**Max Beam Current: 17 mA

*This is an auto calculation parameter
that the machine uses to calculate
melt paramters (i.e. beam current).
**This is the maximum allowed
current during hatch melting.

Distance, m 0.3
Refl. Temp, °C 300
Ext. Opt. Trans. 0.94
Emissivity 0.25

Elevated Build- Assigned Parameters

IR Camera Parameters

Start Temperature: 790 °C
*Surface Temperature: 950 °C
Speed Function: 30

**Max Beam Current: 17 mA

*This is an auto calculation parameter
that the machine uses to calculate
melt paramters (i.e. beam current).
**This is the maximum allowed
current during hatch melting.

Distance, m 0.3
Refl. Temp, °C 355
Ext. Opt. Trans. 0.94
Emissivity 0.25

Hot Build- Assigned Parameters

IR Camera Parameters

Start Temperature: 850°C
*Surface Temperature: 1000 °C
Speed Function: 25
**Max Beam Current: 17 mA
Pre-Heat Cycles 2

*This is an auto calculation parameter
that the machine uses to calculate
melt paramters (i.e. beam current).
**This is the maximum allowed
current during hatch melting.

Distance, m 0.3
Refl. Temp, °C 419
Ext. Opt. Trans. 0.94
Emissivity 0.25
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5.5 MEASUREMENT UNCERTAINTY ANALYSIS

5.5.1 ERROR DUE TO UNCERTAINTY IN EMISSIVITY MEASUR EMENTS

To account for the error caused by the uncertanty deviation in measured emissivity values,
all values gathered during the validation experinisae Figure 5-6) were input into the camera’siinp
parameters and the output temperature value wasdest. Table 5-8 shows the emissivity values from
Figure 5-6, the output temperature value from Riedmera, and the percent error — using an entigsivi
value of 0.25 as the real value. The average eatmulated may now be used in the measurement
uncertainty analysis in following section. Thealadverage error due to these fluctuations in awmigs
was found to be + 3.75 %.

Table 5-8 Percent error due to emissivity measurenmgs

Emissivity Temp, °C Percent Error, %
0.25 767 0.00
0.256 758 1.17
0.25 767 0.00
0.25 767 0.00
0.255 760 0.91
0.254 761 0.78
0.25 767 0.00
0.25 767 0.00
0.23 798 4.04
0.22 816 6.39

0.2 856 11.60
0.21 835 8.87
0.215 825 7.56
0.22 816 6.39
0.23 798 4.04
0.25 767 0.00
0.26 753 1.83
0.29 716 6.65
0.29 716 6.65

0.3 705 8.08

Avg. Error 3.75
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5.5.2 TOTAL UNCERTAINTY CALCULATION

To determine the total degree of measurement wngrtassociated with the IR camera
measurement, the uncertainty of the measuremeidagensed in the experimental set-up are included.
The type K thermocouple used on the surface okblady specimen has a reported uncertainty of
+ 0.75% of °C reading (a total of three thermocesphere used) [Nakos, 2004], the thermocouple input
module (NI 9213, National Instruments, Austin, T¥s an error of £ 1.10 °C (£ 0.03%) for the range
of 600 °C to 800 °C [N.I., 2009], the deviationtbé IR camera’s measurement of the aperture
(emissivity set equal to 0.99) to that of the thecouple cemented on the cavity was also included in
the uncertainty calculation, and the error in terapge measurement due deviation in emissivity
measurement (the major contributor in the percantr)e Using the fractional uncertainty equation (

root sum squares method) [Holman, 2001], the uac#yt of the IR camera was determined.

1/2

wr _ [E (“L)Z] 5-3

Xi
Where -w, is the uncertainty of the instrument, angis the coefficient of the variable used in
the respective measurement equation.

TABLE 5-9 UNCERTAINTY CALCULATION

Measurement Uncertainty Analysis

(aini) (%)
Instrument Uncertainty, Wx; xi Xi
Omega Type KTC +0.75% 0.0075 5.625E-05
Omega Type KTC +0.75% 0.0075 5.625E-05
Omega Type KTC +0.75% 0.0075 5.625E-05
NI TC Input Module (NI 9213) +1.10°C (1.10°C/760°C) " 2.095E-06
FLIR SC645 IR Camera +2.0% 0.02 0.0004
Blackbody validation experiment +3.14% 0.0314 0.000986
Emissivity error +3.75% 0.0375 0.0014063
2 91/2
Yr_ [Z <%> ] = 0.0544339
T Xi
Yr _ *+5.44%
T

10¢



At the given camera angle, location, and viewinghdew, the IR camera uncertainty is
approximated to be + 5.5% in the temperature rafgéc5 °C to 760 °C or + 42 °C at 760 °C - the
temperature maintained for Ti-6Al-4V during the Iduprocess. It is important to note that there are
other possible sources of error that were not aeduin the calculation, and further work will indki

identifying these sources, and improving on theeexpental set-up to minimize this error calculation

104



CHAPTER 6 INFRARED IMAGING AS A PROCESS DEVELOPMENT TOOL

A key advantage given by additive manufacturing &M is the ability to develop complex
geometries with internal features in fully-densetatie components. A function of interest for thes
internal features is to serve as internal coolingnnels — a capability that has been under devedopm
by organizations such as Radiabeam Technologid¢iseirdesign and production of very high average
power particle accelerators [RadiaBeam Technolodie€ and Frigolaet. al, 2010]. Commonly
referred to as electron “guns”, these electron siare critical to the generation of high brigbte
electron beams used in research, defense, andniatlapplications. A key issue in these composent
is effective cooling of these electron guns, siitdenits the time the device may be in active stahe
duty-cycle, of high-average power electron guns retheearly all the radio-frequency power is
dissipated on the walls due to ohmic heating [Haget. al, 2010]. Making use of Arcam’s EBM AM
technology by RadiaBeam Technologies has centerestlynon the production of copper, normal
conducting radio frequency (NCRF) electron souf€emgola, et. al, 2010]. When comparing to other
AM technologies, the use of an electron beam ta thel powder, as opposed to a laser used in other
systems, makes it much more efficient when proogdsighly-reflective metals [Frigolat. al, 2010].
Also, the lightly sintered powder serves as supfmrsub-sequent layers, critical for the fabrioatof
unsupported shapes with downward facing featumes,tlaus necessary for the construction of internal
cooling channels [Frigolat. al, 2010]. This chapter focuses on the approacmtékéabricate copper

components via EBM, with an emphasis on generaéihgred cooling channels within these parts.

6.1 ELECTRON BEAM MELTING OF COPPER

A major obstacle when fabricating copper compongidsEBM was the localized swelling on
parts’ surfaces due to excessive heat, that ijye¢esture beyond the material’s melting point, 108&€

-1083.6 °C [Matweb, 2013]. Figure 6-1 shows thelsng of copper cylinders, from the images it can
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be seen that the top surface has experienced iagclike phenomenon due excess heat. These effects
are similar to those of laser systems where highrlanergy levels may cause balling of the melt and
distortion of the part due to large shrinkage [Krt.al, 1998]. To measure this phenomenon, the IR
thermal imaging system methodology was used hene the preceding chapters. After completing the
melt cycle of a given layer, an IR image was cagdwand the surface temperatures were measured. The
IR camera input parameters are as follows: emiysiwi0.15 [Matweb, 2013], reflected temperature or
mean radiant temperatufg,,. = 150 °C, external optics transmission is 94%, and the cardistance is

0.3 m. Note that the mean radiant temperaturen isstimated value, as the shield wall temperatures
were not measured during the fabrication of copther,estimated value was based on the assumption
that the mean radiant temperature during Ti-6AlHdylds was about 400 °C less than the operating
temperature (760 °C for Ti-6Al-4V). Therefore, tlhwcertainty in these measurements may be

significantly higher than those of Ti-6Al-4V, untite appropriate shield wall temperatures are nedsu

during copper builds.

FIGURE 6-1 EFFECTS OF COPPER SWELLING OF CYLINDERS DURING EBM FABRICATION

Copper builds use a copper start plate as thangjgstatform, as opposed to Ti-6Al-4V builds

using a stainless steel start plate, so that this paing fabricated can “stick” to the plate. Igdrials
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showed that copper parts would delaminate fronsthmless steel plates leading to rake failuresieiV
introducing a new material to EBM, the appropriatt of operating of parameters must first be
determined before beginning the construction ofatteal part to be fabricated. This is done sotdst
specimens may be inspected for porosity, surfadshj and overall compatibility of the EBM process
and the material. Initial tests in the parametaratopment phase, was a set of three cylinderseasia
Figure 6-2. The surface temperature of each cgtindas measured with the IR camera, by placing a
circular area (ROI) on each cylinder, Figure 6-3v&h an IR image of this particular build.
Temperature results were recorded and plotted, t@itiperature on the y-axis and layer number on the
x-axis. This temperature plot is compared to thermocouple feedback from the Arcam system in
Figure 6-4. As can be seen in the figure, the tatpre measured with the thermocouple may be

misleading to what is actually occurring on thetgasurface.

FIGURE 6-2 CAD RENDERING OF CU CYLINDERS ON CU START PLATE
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FIGURE 6-3 IR IMAGE OF CU CYLINDERS
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Capper Fabrication via EBM- Surface Temperature Measurement
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FIGURE 6-4 SURFACE TEMPERATURE PLOT OF CU CYLINDERS VIA IR (TOP) COMPARED
WITH TEMPERATURE RECORDED VIA THERMOCOUPLE UNDER ST ART PLATE (BOTTOM)

IR surface temperature measurements show an iecredls respect to layer number, while
thermocouple readings show a more constant tré&xeddepicted in Figure 6-4, parts began to swell or
distort at about 900 °C, this distortion was ndtedn visual inspection of the part via the fronsebver
window and the effects be seen in Figure 6-1. Qnhegart swells, it causes the rake blades, tin tee

the raking mechanism to break once it recoatsHersubsequent layers. The fabrication process must

then be aborted.



6.2 EBM FABRICATION METHOD FOR COPPER

6.2.1 TIME DELAY

Initial attempts to solve the thermal managemeonblem consisted of a time delay between
layers. A time delay was incorporated into thddeaequence that would halt the beam from coming on
once a given layer had finished. The idea wastthiattime delay would permit the part to cool to a
ideal temperature that would prevent part swelforghe subsequent layers. Different time delagsew
experimented with to measure the effects on théasertemperature. Figure 6-5 shows the surface
temperature plot with the time delay being modifteding the course of the build, 5 s, 7 s, and then
10 s. As seen in the plot, this did little to hedpintain a low surface temperature, as it stdtéased as

the part grew in height (layer), additionally itreased the manufacturing time significantly.

Copper Fabrication via EBM - Surface Temperature Measurement with Layer Delay
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FIGURE 6-5 SURFACE TEMPERATURE OF CU PARTS WITH INC ORPORATED TIME DELAY
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6.2.2 HEAT SINK

A proposed solution to better manage the thern@lpms in the fabrication of copper parts via
EBM, was to incorporate a heat sink that can helpsfer heat away from the build surface. The idea
originates from the problem of the radiating firn the build chamber there is no heat transfer by
convection since it is in a vacuum environment;vamtion needs the presence of a medium, such,as air
for transport. The analysis then results to a doetb conduction and radiative problem. The
differential equation governing the temperaturdritigtion T(x) for a steady-state condition in a fin of

uniform thickness with the incident flux neglectredy be written as [Love, 1968],,

2
ktEl — 2e0T* =0 6-1
dx
The boundary conditions are,
T=Tpatx=0 6-2
T,=T,atx=1 6-3

T, is the temperature at the base of the fin, obthtéom of the start platd; is the temperature at the
fin tip. To have successful EBM part fabricatidh, is usually fixed to be at half the melting
temperature of the material, about 555 °C for @y. incorporating these fins into a copper buildgyth
helped enhance heat transfer from a surface bysexpa larger surface area to radiation [Cengel,
2007].

This was the approach taken for the fabricatiomagper components via EBM. Five copper
plates with dimensions: 102 mm W x 93.50 mm H x306nm thick, were positioned under the copper
start plate with even spacing (about 11 mm apseg,Figure 6-6. The gaps were then filled withpeop
powder. Note that there was some powder left utiaefins, this would permit leveling of the staldte
at the top. The start plate was then placed orotdpe fins, free of any powder to allow for thesb
contact, and therefore the maximum heat transfdre plate was leveled as it is done with standard

builds, and the machine was put in vacuum. Figdreshows the surface temperatures measured.
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Copper part (cylinders)

Build platform (start plate)

Heat sink

FIGURE 6-6 CAD RENDERING OF CU PART WITH INCORPORAT ED HEAT SINK

Although the implemented heat sink proved to beeberal for an increase in part z-height
(layer), from Figure 6-7 it was still apparent tiiare was an increase surface temperature. Pa@me
were then modified in an attempt to reach the gdamaintaining a constant temperature reading,
mostly the post-melt heating time. This heatinguos after the process step, it is a parameter lged
Arcam to heat the surface bed of the recently rdd#ger that reduces the thermal gradient betwieen t
powder bed and the new layer of powder that willdeposited. The post-melt heating time was
gradually reduced from 15 s to 6 s, along with stilig the time delay between layers. Note that thi
time delay also serves as the process step wittgnbtild cycle that permits for IR images to be
captured. To further increase the heat transfegdalitional copper plate was placed under thefinge

as seen in Figure 6-8.
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Copper Fabrication via EBM - Surface Temperature Measurement with Incorporated Heat Sink
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FIGURE 6-7 SURFACE TEMPERATURE PLOT OF CU PART WITH INCORPORATED HEAT

Copper part

Start Plate
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FIGURE 6-8 CAD RENDERING OF CU PART WITH MODIFIED H EAT SINK

11c



Figure 6-9shows the temperature measured withnipégemented heat sink from Figure 6-8. Note that
the time delay between layers was experimented, &thieving a successful constant temperature with
5-6 second time delay.

Copper Fabrication via EAM with Modified Heat Sink- Surface Temperature Measurement
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FIGURE 6-9 SURFACE TEMPERATURE PLOT OF CU PART WITH MODIFIED HEAT SINK

6.2.3 SUMMARY OF PARAMETERS FOR CU FABRICATION VIA EBM

With the modified heat sink, copper parts with intd features were successfully fabricated. A
topic of concern was the ability to remove the esietl powder from these internal channels. As any
sintered powder left in the channels would makecthaing of the electron gun inefficient, as it vidu
increase the resistance for the flowing fluid. Wtoduct of incorporating the heat sink into copper
EBM builds was that the temperature was maintane&tively low that the powder would not sinter to
the point where it became excessively unbreakaPt@vder was successfully removed from the internal
channels by using an ultrasonic processor (Mode{30DB, Cole Parmer Instruments, Vernon Hills, IL)
with a power of 500 W, frequency equal to 20 kHzd an amplitude setting of 85 %. Water was then
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run through the by using wash bottle (or squeeztiehdilled with water and dispensing water intet

inlet to make certain it was making its way throulgé channels and exiting the outlet.

TABLE 6-1 CU PARAMETERS

Summary of Copper Parameters used with EBM
Preheat Cycle: Avg. Current # of Repititions Max # of Repititions Heating

16 mA 20 25 5s
Melt Cycle: Beam speed Current Focus Offset Heating
500 mm/s 7 mA 20 mA 5s

#21.0°C

-~ 800
F 850
[ 800

- 750

L 700

- 650

[ 600
[ 550
[ 500
[ 450
- 400
L 350
L 300

(= 250

2144°C

FIGURE 6-10 IR IMAGE OF CU PART WITH INTERNAL CHANN ELS
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FIGURE 6-11 CROSS SECTION OF COPPER PART SHOWING INTERNAL CHANNELS

Although copper part fabrication was successfuhist complete parts were manufactured and
proven that EBM is capable of building with higldgnductive materials, there are still challengelseto
solved. Porosity within these parts is still aljjeon that needs to be solved. After cutting thesggper
parts for inspection, it was observed that parteevm®t 100% dense; the magnitude of this porosilly w
be discussed in the next section. Figure 6-12 shamw IR image of the copper part, and it can be
noticed that there remains un-melted particle$ atilpart surface. This porosity may be attributed
many things, but probably the factors most liallethis are the operating temperature of copper via
EBM and the focus offset. The focus offset is usedffset the focus calibrated value, this paramet
can be seen as a control of the “sharpness” obélaen. The higher the offset, the less sharp thenbe
is. A wrong focus offset can cause poor meltiregaduse the beam’s energy density may be too low to
melt metal powder in its path. Also, the numbefin$ used is not the same for all copper parts,abut
direct relationship to the size of the part. Sitice part becomes the heat source in the heatférans

problem, an optimal fin count, size, and orientatioust be determined.
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FIGURE 6-12 IR IMAGE OF CU PART WITH OBSERVED POROSITY OR UN-MELTED PARTICLES

6.2 MECHANICAL PROPERTIES OF EBM FABRICATED COPPER

Cylinders were fabricated in the X-Y direction ugithe parameters listed in the previous
section. Cylinders in the Z-direction failed tmigh to their designed height (90 mm) due to rake
failures (rake teeth would brake) and time constsaiof this phase of the project, therefore only
specimens built in the X-Y were tested. A totakterh cylinders were fabricated, five in one buifdia
five in a second build, each cylinder had dimensidry.5 mm diameter and 90 mm length. Five of the
ten samples were heat treated in the form of hmttadic pressing (HIP). The cylinders were then
machined to appropriate dimensions for static meiclaa testing in accordance with ASTM E8M
(round specimens, specimen 3), which has a gagghl&® + 0.1 mm and diameter 6 + 0.1 mm [ASTM
International, 2012]. During the machining of 8amples, four of the five raw cylinders and twadhad

HIP samples broke, resulting in only one as-fabedaand three HIP samples left for testing. The
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specimens were tested using an MTS Landmark-(wadjaservohydraulic test system and MTS
extensometer model: 634.31F-25 (MTS, Eden PraMBl) at a strain rate of 0.015/min at room
temperature in accordance with the ASTM standarll.E&igure 6-13 shows the engineering stress-

strain diagram for the tested specimens and Fignir¢ shows a fractured sample.

Engineering Stress-Strain Diagram of Copper Fabricated via EBM
I
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FIGURE 6-13 ENGINEERING STRESS-STRAIN DIAGRAM OF CU FABRICATED VIA EBM

FIGURE 6-14 CU EBM FRACTURE SAMPLE
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With the recorded data, the engineering steesss calculated by dividing the applied load by
the specimen’s original cross-sectional afgaassuming a constant stress over the cross seatidn
throughout the region between the gauge pointse éigineering strain was found by dividing the
change in the specimen’s gauge lengtieading by the original gauge lendth [Hibbeler, 2004]. The
ultimate stress or ultimate tensile strength (UW&$ determined by finding the maximum on the stress
strain curve; the UTS corresponds to the maximuesstthat can be sustained by the copper in tension
[Callister, 2007]. The yield strength (YS) was iouby employing the 0.2 % offset method, that is, a
parallel line is drawn parallel the elastic to #lastic portion of the stress-strain curve at dsebfof
0.002 [Callister, 2007]. YS is a measure of theéat'eresistance to plastic deformation. The pefrce
elongation was determined from the finding theisted fracture, before the load decreases dralstical
and multiplying by 100 %. The modulus of elasyi@t Young’'s modulug was calculated by finding

the slope of the line in the linear region of thress-strain curve.

TABLE 6-2 MECHANICAL PROPERTIES OF CU

Mechanical Properties of EBM and Annealed Copper

Material YS (avg.), MPa UTS (avg.), MPa  Modulus, E, GPa % Elongation
EBM- Cu Raw 22.75 26.32 20.36 1.37
EBM- Cu HIP 36.25 45.67 37.5 3.2
Cu Annealed 33.3 210 110 60

Yield Stress (YS 0.2% engineering offset), Ultimate Tensile Strength (UTS),
Eis slope of engineering stress-strain curve, % Elongation is fracture strain as a percent

Annealed Cu data was retrieved from Matweb [Matweb, 2013]
Ap=29.13mm?,L, = 30mm (gauge length)



Uttimate Tensile Strength of EBM fabricated Copper compared to Annealed
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FIGURE 6-15 ULTIMATE TENSILE STRENGTH OF EBM FABRIC ATED CU VERSUS ANNEALED

Yield Strength of EBM fabricated Copper compared to Annealed Copper
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Figure 6-16 Yield Strength of EBM fabricated Cusies Annealed

12C



Table 6-3 lists the densities determined for thé&VEBaw’ sample, HIPed sample, and compared
to the density of the annealed. The EBM raw sarfgls to meet full density by almost 5 %, and the
HIPed sample by about 3 %. This indicates thahe@emall percent difference in density change may
have a significant impact on its mechanical prapsrt The failure to meet or exceed the tensikengfth
of annealed copper may be attributed to the sicaniti presence of porosity in the EBM built sampéess,
can be seen in the IR image in Figure 6-12. Thaislme realized from the 73 % increase in UTS from
the HIPed sample to the raw sample, usually a smatkase, about 3-4 %, indicates a defect free
sample [Svensson, 2009]. Additionally, the densityEBM fabricated copper was determined by
cutting a cylindrical section from the tensile spsen, measured and weighed, and found the dengity b
doing a simple mass divided by volume calculatidiis indicates that much improvement is required
in the processing parameters, but even more ithégmenal management aspect of EBM manufacturing
of copper.

Another contributing factor in the acquisition okahanical properties is the material’s strain
rate sensitivity; this has proven to have greduarice on the final results [ASTM International 12{)

The strain rate of the annealed copper presentaégkisown. The yield stress is almost identicdbath

the HIP and annealed samples, showing that botlEBM and annealed copper have almost identical
elasticity, differentiating in stiffness by about % (from the modulus of elasticity). Due to the
annealing process, the annealed copper has a ngitér UTS resulting from its high ductility when
compared to the EBM HIP sample as can be seenégigmificant difference in percent elongation.
From these results it is evident that the fabrazatmethod presented here should be used only as
foundation to finding improved processing solutiafiopper via EBM. Figure 6-17 shows one of the

final copper prototypes fabricated via EBM.
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TABLE 6-3 DENSITY OF EBM FABRICATED CU VERSUS ANNEA LED

Density of EBM fabricated Copper

Sample Density, g/cc % Difference
Annealed 7.764 N/A
EBM RAW 7.395 4.76
EBM HIP 7.524 3.09

FIGURE 6-17 CU PARTICLE ACCELERATOR, OR ELECTRON “G UN", PROTOTYPE
FABRICATED VIA EBM
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CHAPTER 7 CONCLUSIONS AND RECOMMENDATIONS

7.1  CONCLUSIONS

In the present investigation, an infrared thermahging system was integrated into the Arcam
A2 machine commercialized by Arcam AB (Sweden)ydraby-layer build surface temperature profiles
were imaged and analyzed, providing informatiort thas used to modify build parameters (i.e. beam
current, beam speed, focus offset, heating timts) &r proceeding build layers. The first task
completed was to make the necessary machine matihins for a successful transformation into a fully
automated feedback system. In collaboration withaf, a pneumatic system was installed for the
purpose of opening and closing a shutter mechatosprotect the infrared camera’s viewing window
from metallization during a build. Proceeding ®ssful hardware installation was the development of
a customEBM Control(Arcam, Sweden) software version that providegtfers” when called to allow

image capture, yielding an automated image acgqngirocess.

Temperature data with a £ 5.5 % level of certainfs acquired, with the necessary calibration
procedure. The operator must provide the cametfa tive target’s emissivity, reflected temperature,
and optics transmission as they are key input petens necessary to support the camera’s internal
measurement functions to obtain absolute temperahe@asurements. A step-by-step procedure was
developed to obtain a solid metal's emissivity. sédl a mathematical model was established to
determine the view factors associated with ArcansAat shield. The view factors were found to be
necessary when computing the reflected temperatédeng with shield wall measurements and the
view factor, it then becomes possible to deterntiree mean radiant temperature. The mean radiant
temperature is representative of an isothermalosnct in which radiation heat exchange with the

sample equals the radiation heat exchange witadh&l enclosure [Cengel, 2007].
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An automated solution to capture IR images at &ydated process step during the build cycle
was achieved by using LabVIEW measurement and grnogning software. The duration of EBM
builds varies significantly, ranging from 4 houos80 hours. For this reason, a major focus ofwluek
was to produce an automated solution to acquirgémdhroughout the entirety of any build. The
images were captured at the designated procesddstamy the build (layer) cycle and then archived
making it possible to correlate the image numbehesequence to the layer number. By knowing this
correlation, it is then possible to pinpoint angalepancy or defect observed in a particular intagke
location (Z-height) of the part. The IR images toapd were analyzed and processed to search for
“cold” spots or abnormal regions on the parts si@faParameters were modified as necessary;
parameters included the beam power (current), fogusurrent, scan speed, preheating time, and post-
heating time. The automated image capture solutitirbe the gateway to achieving a fully-automated

feedback control system that will make real-timeap@eter modification.

Measuring a metal’s emissivity has proven to beallenge and a reduction in deviation may be
improbable; previous work by different authors pearied on the same metal lead to large scatter data,
producing differences as high as 50 % with a stahdaviation of 20 % or higher [Teodorescu, 2007].
This is typically due to challenges associated withexperimental set-up, measurement conditions, a
most notably due to the high reactivity of metdlhigh temperatures [Teodorescu, 2007]. In order t
accurately capture emissivity behavior, specifipegknental procedures have been developed, yet this

has proven to give deviation in measurement dalkegmature of high sensitivity of emissivity.

A primary objective of this research was to devedomethod for obtaining accurate solid metal
surface temperatures in the particle bed. To aptismthis, a blackbody radiator was fabricatedisT
cavity-type blackbody will have radiation coming through the opening and undergoes multiple

reflections once inside allowing for the radiatimnbe reflected by the interior surfaces of theitygav
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before the radiation can escape [Cengel, 2007]ce@abricated, the part was taken out of the machin
for cleaning of the internal cavity. Fabricatimgp tradiator via EBM allows for the emissivity otenest

to be in the material’'s ‘EBM’ form, that is, sinegnissivity is a function of surface morphology, and
therefore the uniqueness of this surface will e ¢hme as future builds in EBM. Experiments were
then carried out to find the specific material’'sigsivity as a function of temperature. EmissivotyTi-
6Al-4V was averaged from the various measuremeardsf@und to be 0.25, and literature describes that
the value remains nearly constant up to about TW®efore the material begins to oxidize and the

emissivity increases rapidly.

Having the ability to measure surface temperatdegsig a build enabled this project to modify
individual part-parameters for a more uniform bubdt this system now gives the capability to achie
thermal gradients within parts if desired. An expental setup was designed to analyze how
neighboring parts would affect heat transfer tcheather in comparison to the heat transfer of glsin
part (no neighboring parts). An IR image of thédis surface was captured after every melt cyole f
the entire course of the build. The results olg@ifrom the images demonstrate that non-uniform
temperatures do exist on the build’s surface awsféer analyzing an IR image of a standard builcat
build height equal to 36.24 mm, a temperature diffee of up to 88 °C was measured between part
surfaces. The build parameters of individual pastse modified in an attempt to achieve more unifor
surface temperatures. The temperature differemumng the same cylinders was successfully reduced to
5 °C. The two parameters modified during the buwildre the speed function, which controls the

scanning speed of the beam during melting, antd¢en’s current.

Infrared imaging was used a process developmenmtiriothe EBM fabrication of copper. A
major obstacle when fabricating copper componerdsBEBM was the localized swelling on parts’
surfaces due to excessive heat, that is, temperateyond the material's melting point. IR

thermography allowed for the quantification of tipsenomenon by measuring the parts’ surface. A
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heat sink was implemented into copper builds thedpdd maintain a constant temperature across the
duration of the build. With the modified heat sigbpper parts with internal features were sucodgsf

fabricated.

7.2 RECOMMENDATIONS

The development of a thermal-imaging feedback-obrdgystem integrated into the Arcam A2
system has provided the ability to measure tempmsiof the surface bed — a state of the art chiyabi
that can prove to produce valuable results. Basethe results of this work, the recommendations

provided here can improve on the capabilities oflpemplemented feedback system.

» Develop a closed-loop feedback control algorithimgishe acquired IR images to search
for any anomalies among the part's surface. Pneing research has proven to be
promising in simulating mouse clicks on the Arcamméntral computer — which runs the
EBM control software where parameters are modifi@ce the analysis of the IR image
has been performed, a decision may be made whéihnétr parameters should be
modified.

* A correlation is needed between parameters, IRaserfemperature measurements and
mechanical and microstructural properties of EBMIitbparts. This work has been
started by building a row of cylinders and assigranset of build parameters. This build
is repeated with a different set of parametersefach build, followed by mechanical
testing of all specimens and microstructure exatimna

* An investigation of the transient heat transferaiyics should be conducted. This can
help determine any temperature losses betweemnahgent time of melt cycle of the part

and the time the image is captured.
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» A correlation between material thermal propertied ds effect on reflections, or mean
radiant temperature should be studied to make ssgr@ament of the IR camera input
parameters (i.e. reflected temperature) a quablifiapproximation.

* An experimental procedure should be establishettermine the emissivity of the metal
powder. Measuring the temperature of the powdealss important as it will help

guantify temperature distributions across the erdinrface bed.
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APPENDIX A IR IMAGES OF CYLINDRICAL BUILDS WITH SUR FACE
TEMPERATURE PLOTS

This appendix shows various IR images capturedifigrent times, and z-height, of a
row of five cylinders. A total of four differentudds were built each with different parametersface
measurements were acquired to measure the effeptaameter control to surface temperature. In the
analysis tables, cylinders are labels (from leftright), ARO1, AR02, AR03, AR04, and ARO05,

respectively.

TABLE A-1 STANDARD BUILD- ASSIGNED PARAMETERS FOR B UILD AND IR CAMERA

| Standard Build- Assigned Parameters |

Start Temperature: 760 °C
*Surface Temperature: 850 °C
Speed Function: 36

**Max Beam Current: 17 mA

*This is an auto calculation parameter
that the machine uses to calculate
melt paramters (i.e. beam current).
**This is the maximum allowed
current during hatch melting.

IR Camera- Assigned Object Parameters

Distance, m Refl. Temp. °C Ext. Opt. Temp., °C Ext. Opt. Trans.
0.3 342 31.9 0.94

Label Emissivity

Image

ARO1* 0.25

ARO2* 0.25

ARO3* 0.25

ARO4* 0.25

ARO5* 0.25
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13138°C
1200

Analysis

Label Value [°C] Min Max Max - Min Avg Stdev Result
Image *270 1336 *1066
ARD1* 747 923 175 848 33
AROD2* 664 946 282 200 38
AROD3* 674 883 209 804 36
ARDA* 697 9685 289 869 46
AROS* BE1 1051 370 914 41
Avg. Temp. B847.07
Avg. Std.Dev. 38.93
Position: Layer Z-height, mm
2 0.14

FIGURE A-7-1 IR IMAGE OF STANDARD BUILD CYLINDERS A T Z=0.14 MM
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10842°C

1050

1000

Analysis

Label Value ["C] Min Max

Image <100

AROL* 684

ARD2* 618

ARD3* 603

ARDA* 624

ARODS* 657

Avg. Temp.

Avg. 5td. Dev.

Position: Layer Z-height, mm
50 3.5

FIGURE A-2 IR IMAGE OF STANDARD BUILD CYLINDERS AT Z=3.5MM

13

Max - Min

1099 *999
765
743
713
754
755

~
-

Avg

124
110
130

732
678
647
691
718

17
22
18
23
16

693.28
13.03



1822°c

- 1150
1100
- 1050

{ 1000

{ 950

(- 900

(- 850

(- a00

- 750

{ 700

650

{ 600

- 550

500

[ 450

~ 200

2865°C

Analysis

Label Value ["C] Min

Image *241

ARDL* 739

ARD2* 703

ARD3* 630

ARD4* 737

ARODS™ a0

foOl

foo2

Position: Layer Z-height, mm
230 17.5

FIGURE A-3 IR IMAGE OF STANDARD BUILD CYLINDERS AT Z=17.5 MM

Max

1200
843
809
772
822
843

Max - Min
*959

134

Avg
104
106
32

B2

817
768
726
782
806

G GEG

779.58
14.76



1246 2°C

- 1200

1150

1100

- 1050

~ 1000

- 800
- 750
700
+ 650
(- 600
- 550
[ so0
- 450
[ 400
360.5°C

Analysis

Label Value [*C] Min Max Max - Min Avg

Image 326 1281 955

AROL* 816 900 84 865 15

AROZ* 738 852 114 804 17

ARO3* 703 803 100 755 15

ARO4* 764 844 81 814 11

AROS* 808 888 80 850 14

Avg. Temp. 817.51

Avg. 5td. Dev. 14.56

Position: Layer Z-height, mm

300 35.00

FIGURE A-4 IR IMAGE OF STANDARD BUILD CYLINDERS AT Z=35.00 MM
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Standard Build

860 |

840~ .

820 —

800 —

~

)

(=]
I

|

Temperature, C
>
(=}
I
|

740~ —

720 — —

700 —

680 — —

| | | | |
6600 0.5 1 15 2 25 3

Time, sec x10°

FIGURE A-5 AVERAGE SURFACE TEMPERATURE MEASUREMENTS OF ALL FIVE CYLINDERS
IN THE STANDARD BUILD THROUGHOUT THE COURSE OF THE BUILD.
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TABLE A-2 “COLD” BUILD- ASSIGNED PARAMETERS FOR BUI LD AND IR CAMERA

| "Cold" Build- Assigned Parameters |

Start Temperature: 720°C
*Surface Temperature: 750 °C
Speed Function: 46

**Max Beam Current: 17 mA

*This is an auto calculation parameter
that the machine uses to calculate
melt paramters (i.e. beam current).
**This is the maximum allowed
current during hatch melting.

IR Camera- Assigned Object Parameters

Distance, m Refl. Temp. °C Ext. Opt. Temp., °C Ext. Opt. Trans.
0.3 300 31.9 0.94

Label Emissivity

Image

ARO1* 0.25

ARO2* 0.25

ARO3* 0.25

ARO4* 0.25

ARO5* 0.25




Analysis

Label WValue [*C] Min

Image *117

AROL* 633

AROZ2* 560

ARO3* 517

ARDA* 572

AROS* 621

Avg. Temp.

Avg. Std. Dev.

Position: Layer#  Z-height, mm
12 0.84

FIGURE A-6 IR IMAGE OF COLD BUILD CYLINDERS AT Z=0 .84 MM

Max - Min

1111 *994
878
752
690
725
725

13¢

245
193
174
153
108

749
673
619
673
696

20
24
27
21

1067.4°C

~ 1050
~ 1000
- 950

— 900

- 800

= 750

L 700

- 650

B G00

- 500

- 450

L 400

L 350

= 300

- 250

200

166.8°C

682.86
21.38



1071.4°C

~ 1050
~ 1000
- 950

~ 900

L 850

L 800

- 750

- 700

L 850

~ 600

~ 550

~ 500

~ 450

- 400

- 350

L 300

L 250

- 200

154.0°C

Analysis

Label Value ["C] Min Max Max - Min Avg Stdev Result
Image <100 1096 *996
AROL* 616 804 188 709 16
ARD2* 586 724 138 alatd 22
ARD3* 544 733 189 632 22
ARDA* 393 742 143 677 16
ARODS* 645 739 94 708 12
Avg. Temp. 678.82
Avg. 5td. Dev. 17.49
Position Layer#  Z-height, mm
50 3.5

FIGURE A-7 IR IMAGE OF COLD BUILD CYLINDERS AT Z=3 .5 MM
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1181.7°C

E 1150
[ 1100
E 1050

- 1000

B 950

- 900

- 830

~ 800

- 750

700

- 650

- 600

- 550

- 500

B 450

- 400

B 350

- 300
2926°C

Analysis

Label Value [*C] Min Max Max - Min Avg Stdev Result
Image *258 1201 *943
ARD1* 743 894 151 802 16
ARD2* 675 819 143 751 24
ARD3* 617 799 183 693 22
ARDA* 634 B08 124 759 16
ARDS*® 743 834 91 801 13
Avg. Temp.
Avg. 5td. Dev.
Position: Layer#  Z-height, mm

250 17.5

FIGURE A-8 IR IMAGE OF COLD BUILD CYLINDERS AT Z=1 7.5 MM

14C
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1266.1°C
1250

Analysis

Label Value [*C] Min

Image 314

AROL* 773

ARD2* bs2

AROD3* B45

ARDA* 656

AROS* 787

Avg. Temp.

Avg. 5td. Dev.

Position: Layer#  Z-height, mm
500 35.00

FIGURE A-9 IR IMAGE OF COLD BUILD CYLINDERS AT Z=3 5.00 MM

Max

1292
972
1034
1167
832

Max - Min

141

979
139
351
221
166
133

855

730

849

31

20

805.54
23.8



12204°C

- 1200

- 1150

1100

1050

1000

[ a50

{ 8900

[~ 850

800

| 750

+ 700

650

+ 500
- 400
367 6°C
Analysis
Label Value [*C] Min Max Max - Min
Image 336 1251 915
ARO1* 745 876 131 841 14
ARD2* 728 857 128 BO8 17
ARD3* 714 834 120 797 18
ARD4* 730 867 137 B33 18
ARODS* 809 882 72 B57 11
Avg. Temp. 827.11
Avg. 5td. Dev. 15.58
Position: Layer# Z-height, mm
750 52.5
FIGURE A-10 IR IMAGE OF COLD BUILD CYLINDERS AT Z= 52.50 MM
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12336°C

F 1200

~ 1150

~ 1100

- 1050

- 1000

- 950

{~ 800

850

800

~ 750

- 700

- 850

- 600

~ 550

500

450

400

369.0°C

Analysis

Label Value [*C] Min Max Max - Min Avg Stdev Result
Image 337 1256 919
AROL* a7 970 203 B63 16
ARD2* 706 BEY 181 819 23
ARO3* 660 BEE 228 796 22
ARDA* 759 864 105 831 16
AROS* 784 871 a7 8438 10
Avg. Temp. 831.53
Avg. 5td. Dev. 17.33
Position: Layer#  Z-height, mm
1000 70.00

FIGURE A-11 IR IMAGE OF COLD BUILD CYLINDERS AT Z= 70.00 MM
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“Cold" Build
800 ‘

780 — —

760 — —

N
=]
[
|

Temperature, C
~l
[=]
(=]
I
|

680 — —

620 — —

&I | | | | |
0 1 2 3 4 5 6

Time, sec X1 04

FIGURE A-12 AVERAGE SURFACE TEMPERATURE MEASUREMENT S OF ALL FIVE
CYLINDERS IN THE “COLD” BUILD THROUGHOUT THE COURSE = OF THE BUILD. THE DROP
IN TEMPERATURE AT ABOUT 2000 SEC WAS DUE TO A SYSTEM HALT, DUE TO OPENING THE
EXTERNAL SYSTEM’S HELIUM VALVE THAT LED TO ABUILD  ABORT, THE SYSTEM WAS
THEN RESTARTED.
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TABLE A-3 ELEVATED BUILD- ASSIGNED PARAMETERS FOR B UILD AND IR CAMERA

| Elevated Build- Assigned Parameters |

Start Temperature: 790 °C
*Surface Temperature: 950 °C
Speed Function: 30
**Max Beam Current: 17 mA
Preheat Cycles 1

*This is an auto calculation parameter
that the machine uses to calculate
melt paramters (i.e. beam current).
**This is the maximum allowed
current during hatch melting.

IR Camera- Assigned Object Parameters

Distance, m Refl. Temp. °C Ext. Opt. Temp., °C Ext. Opt. Trans.
0.3 355 31.9 0.94

Label Emissivity

Image

ARO1* 0.25

ARO2* 0.25

ARO3* 0.25

ARO4* 0.25

ARO5* 0.25
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12736°C

1250

~ 1200

- 1150

- 1100

1050

- 1000

- 950

900

- 850

- 800

I 750

- 700

- 650

{ 600

- 550

- 500

479.5°C

Analysis

Label Value [°C] Min Max Max - Min Avg Stdev Result
Image 412 1285 873
AROL* 865 965 100 938 12
ARD2* 619 951 333 920 33
ARD3* 808 949 141 919 19
ARDA* 851 965 114 935 14
AROS* 847 966 115 939 13
Avg. Temp. 5930.25
Avg. 5td. Dev. 18.26
Position: Layer# Z-height, mm
11 0.77

FIGURE A-13 IR IMAGE OF ELEVATED BUILD CYLINDERS AT Z=0.77 MM

14¢



1071.3°C

- 1050

~ 1000

- 950

- 900

- 750

=~ 700

- 650

- 600

- 500

[ 450

- 400

- 350

- 300

- 250

2334°C

Analysis

Label Value [°C] Min

Image *183

ARODL* 693
ARD2* 507
ARDZ* 601
ARD4* 664
ARDS* 625
Avg, Temp.

Avg. 5td. Dev.

Position: Layer#  Z-height, mm

50 3.5

FIGURE A-14 IR IMAGE OF ELEVATED BUILD CYLINDERS AT

Max

Max - Min
1091 *908
782
761
737
736
157

Avg
89
135

92
72

751
697
633
728
732

Result

13
13

14
10

Z=3.50 MM

720.14
16.27



11249°C

1100

1080

257.8°C

Analysis

Label Value [*C] Min

Image *214

AROL* 733

AROD2* 632

ARO3* 638

ARO4* 676

AROS* 736

Avg. Temp.

Avg. 5td. Dev.

Position: Layer#  Z-height, mm
250 17.5

FIGURE A-15 IR IMAGE OF ELEVATED BUILD CYLINDERS AT Z=17.50 MM

751
788
202

Max - Min
1160 *946
791

14¢

Avg

139
112
112

726
701
732
784

19
13
16

746.7
14.29



1214.1°C
~ 1200

~ 1150

- 1100

- 1050

- 1000

950

900

830

~ 750

- 700

- 650

[ 600

550

500

[ 450

- 400

- 350

307.2°C

Analysis

Label Value [*C] Min Max

Image *270

AROL* 776

ARD2* B22

AROD3* Bl5

ARDA* 707

AROS* 780

Avg. Temp.

Avg. 5td. Dev.

Position: Layer#  Z-height, mm
500 35.00

FIGURE A-16 IR IMAGE OF ELEVATED BUILD CYLINDERS AT Z= 35.00 MM

Max - Min

1237 *967
858
B20
759
B3B8
B57

14¢

Avg

193
144
131

834
76l
891

826

EERRBE

J77.95
16.75



1273.2°C

=100.0°C

Analysis

Label Value [*C] Min Max Max - Min Avg Stdev Result
Image <100 1334 *1234
ARD1* B8 Ti7 129 711 17
ARD2* 563 964 401 643 28
ARD3* 508 1027 520 595 28
ARD4* B02 733 131 Be7 19
ARDS* 840 935 295 J02 19
Avg. Temp. 663.6
Avg. S5td. Dev. 2221
Position: Layer#  Z-height, mm
750 525

FIGURE A-17 IR IMAGE OF ELEVATED BUILD CYLINDERS AT Z=52.50 MM
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1M75.7°C

=100.0°C

Analysis

Label WValue [*C] Min Max Max - Min Avg Stdev Result
Image <100 1211 *1111
ARODL* 696 72 75 742 13
ARD2* 608 728 120 672 18
ARD3Z® 569 671 101 618 16
ARDA* 641 740 99 695 13
ARDS™® 694 773 79 744 12
Avg. Temp. 894,36
Avg. Std. Dev. 14.56
Position: Layer#  Z-height, mm
1000 70.00

FIGURE A-18 IR IMAGE OF ELEVATED BUILD CYLINDERS AT Z=70.00 MM
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1176.4°C

F 1150

F 1100

[ 1050

[ 1000

F 950

F 900

850

[ 800

[ 750

F 700

[ 650

F 600

500

F 450

[ 400

[ 350

F 300

250

F 200

F 150

106.1°C

Analysis

Label Value [*C] Min Max MWax - Min Avg Stdew Result

Image <100 1208 *1108

ARO1* 704 Ji5 71 7a7 12

AROD2* 612 723 110 677 18

ARO3* 559 674 115 620 18

ARO4* 651 750 100 J00 13

AROS® 694 T78 B84 TAR 11

Avg. Temp. 098.22
Avg. 5td. Dev. 14.48
Position: Layer# Z-height, mm

1246 87.22

FIGURE A-19 IR IMAGE OF ELEVATED BUILD CYLINDERS AT Z=87.22 MM
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Temperature, C

850 T

Elevated Build

800 —

750 —

~

=}

S
T

650 —

600—

| | | |
5500 05 1 14) 2

25 3 35 4 45
Time, sec 4

FIGURE A-20 AVERAGE SURFACE TEMPERATURE MEASUREMENT S OF ALL FIVE
CYLINDERS IN THE ELEVATED BUILD THROUGHOUT THE COUR SE OF THE BUILD.
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TABLE A-4 “HOT” BUILD- ASSIGNED PARAMETERS FOR BUIL D AND IR CAMERA

| "Hot" Build- Assigned Parameters |

Start Temperature: 850 °C
*Surface Temperature: 1000 °C
Speed Function: 25
**Max Beam Current: 17 mA
Pre-Heat Cycles 2

*This is an auto calculation parameter
that the machine uses to calculate
melt paramters (i.e. beam current).
**This is the maximum allowed
current during hatch melting.

IR Camera- Assigned Object Parameters

Distance, m Refl. Temp. °C Ext. Opt. Temp., °C Ext. Opt. Trans.
0.3 419 31.9 0.94

Label Emissivity

Image

ARO1* 0.25

ARO2* 0.25

ARO3* 0.25

ARO4* 0.25

ARO5* 0.25
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1486.7°C

~ 1400

~ 1300

~ 1200

1100

1000

- 200

~ 800

- 700

G600

- 500

- 400

~ 200

- 200

Analysis
Label Value [*C] Min Max Max - Min Avg Stdev Result
Image <100 1499 *1399
AROL* B39 1192 333 1138 41
ARD2* 77l 1281 510 1059 76
AROD3* 829 1156 327 983 37
ARDA* 926 1148 222 1070 30
ARODS* 1018 1175 156 1128 23
Avg. Temp. 1075.72
Avg. 5td. Dev. 45.5
Position: Layer#  Z-height, mm
16 1.12

FIGURE A-20 IR IMAGE OF HOT BUILD CYLINDERS AT Z=1 .12 MM
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1319.2°C

=100.0°C

Analysis

Label Value [°C] Min Max Max - Min Avg Stdev Result
Image <100 1345 *1245
AROL* 932 1043 111 1005 21
ARD2* 826 1020 154 934 37
ARD3® 817 981 164 898 29
ARDA* 850 1045 195 958 37
ARDS*® 858 1048 130 1007 25
Avg. Temp. 960.49
Avg. 5td. Dev. 29.9
Position: Layer#  Z-height, mm
50 3.5

FIGURE A-21 IR IMAGE OF HOT BUILD CYLINDERS AT Z=3 .50 MM

15¢€



1327.7°C

=100.0°C

Analysis

Label Value [*C] Min Max Max - Min Avg Stdev Result
Image <100 1355 *1255
ARD1* 941 1056 115 1022 16
ARD2* 823 1010 187 927 33
ARD3* 812 956 144 902 29
ARDA* B68 998 130 958 22
ARDS*® 5943 1022 79 995 12
Avg. Temp. 960.77
Avg. 5td. Dev. 22.31
Position: Layer#  Z-height, mm
250 17.5

FIGURE A-22 IR IMAGE OF HOT BUILD CYLINDERS AT Z=1 7.50 MM



13706°C

- 1300

- 1200

- 1100

|- 1000

+ 900

+ 200

+ 700

+ 600

+ 500

~ 400

+ 300

+ 200

182.7°C

Analysis

Label Value [*C] Min Max Max - Min Avg Stdev Result
Image <100 1402 *1302
ARD1* 989 1053 64 1030 10
ARD2* B8535 1020 165 958 25
ARD3* 813 984 171 913 35
ARD4* 884 1040 156 984 26
ARDS* 963 1084 121 1050 16
Avg. Temp. 987.22
Avg. S5td. Dev. 2243
Position: Layer#  Z-height, mm
500 35.00

FIGURE A-23 IR IMAGE OF HOT BUILD CYLINDERS AT Z=3 5.00 MM
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Analysis

Label Value [°C] Min

Image *123

AROL* 940

ARDZ* 830

ARO3* 813

ARDA* 901

AROS* 9638

Avg. Temp.

Avg. 5td. Dev.

Position: Layer#  Z-height, mm
750 52.5

FIGURE A-24 IR IMAGE OF HOT BUILD CYLINDERS AT Z=5 2.50 MM

Max - Min
1494 *1371
1101
1073
1030
1064
1078

162
222
217
162
110

Stdev

1074
933
952

1011

1049

14
30
33
21
13

- 800

- 700

600

~ 500

1014.02
22,22



Analysis

Label

Image
ARDL*
ARD2*
ARO3*
ARD4A*
AROD5*

Avg. Temp.
Avg. 5td. Dev.
Position:

Value [*C] Min

<100
1006
506
862
9138
995

Z-height, mm

70.00

Max - Min

1454 *1354
1099
1041
980
1044
1096

16C

93
136
119
126
101

1065

913

1057

13
20
17
20

FIGURE A-25 IR IMAGE OF HOT BUILD CYLINDERS AT Z=7 0.00 MM

1426.5°C

= 1400

L 1300

= 1200

= 1100

= 1000

~ 900

- 8OO

- 700

L 600

- 500

- 400

- 300

2045°C

1003.53
16.91



Analysis

Label Value [*C] Min Max

Image *130

AROL* 1031

ARODZ* 927

ARO3* 868

ARD4* 937

AROS*® 1021

Avg. Temp.

Avg. 5td. Dev.

Position: Layer#  Z-height, mm
1088 76.16

FIGURE A-26 IR IMAGE OF HOT BUILD CYLINDERS AT Z=7 6.16 MM

1462
1109
1060

981
1063
1105

Max - Min Avg
*1332

78

133

113

125

B84

161

Stdev

1078
996
926

1016

1072

11
20
17
19
14

1435.2°C

1400

1300

+ 1200

1100

1000

300

236.0°C

1017.77
16.08



Temperature, C

"Hot" Build
1060

1040 —

1020 —

1000 —

980 — —

960 — —

920 — —

900 —

880 — —

Time, sec

FIGURE A-27 AVERAGE SURFACE TEMPERATURE MEASUREMENT S OF ALL FIVE
CYLINDERS IN THE “HOT” BUILD THROUGHOUT THE COURSE = OF THE BUILD.
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determining the view factors associated with thea#m A2 wide heat shield. The six surface enclosure
is represented by six independent surfaces tha been divided into sections that makes the uflenof
algebra possible. The following figures are latdlep surface, left, right, rear, front, and bottamich
represent the top shield, left, right, rear, ar@hfrheat shields, respectively. Each figure shtves

corresponding sections on the bottom surface (ksuldace that the IR camera sees) to that of the

APPENDIX B VIEW FACTOR DIAGRAMS

reflective surface. All units are in millimeters.

71T 1 |
1 ) B s
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i |

| |
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i * -
| T
:

i |

R R L
7 0

| @
|

‘.__3?_ 86 _37_ a.)

This appendix shows the view factor diagrams, \hih associated dimensions, used in

43

b.)

FIGURE B-7-2 A.) TOP SURFACE, B.) BOTTOM SURFACE. THE DISTANCE BETWEEN BOTH
SURFACES IS 305 MM.
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FIGURE B-7-3 A.) LEFT/RIGHT SURFACE, B.) BOTTOM SU RFACE. THE ANGLE BETWEEN
BOTH SURFACES IS 71.5°.

FIGURE B-7-4 A.) FRONT SURFACE, B.) BOTTOM SURFACE. THE ANGLE BETWEEN BOTH
SURFACES IS 90°.
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FIGURE B-7-5 A.) REAR SURFACE, B.) BOTTOM SURFACE. THE ANGLE BETWEEN BOTH
SURFACES IS 70.5°.
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