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ABSTRACT

Utilization of Ultrasonic Consolidation in Fabrigag Satellite Decking

by

Joshua L. George, Master of Science
Utah State University, 2006
Major Professor: Dr. Brent E. Stucker
Department: Mechanical and Aerospace Engineering

A fundamental investigation of the use of ultrasotonsolidation (UC) to
produce deck panels for small satellites was uallert. Several fabrication
methods for producing structural panels and deckiege analyzed. Because of its
ability to create aluminum objects in an additigsHion, and at near-room
temperatures, UC was found to be a powerful salutio creating highly integrated
and modular satellite panels. It also allowedyhtiveight and stiff deck to be
fabricated without the use of adhesives.

A series of experiments were performed to undedsti® issues associated
with creating a sandwich-type structure using U®e experiments used a peel test
apparatus to evaluate the bond strength for vageosnetric configurations and
materials. Aluminum 3003 was chosen as the sotenmaconstituting the deck
panel. The honeycomb lattice was found to offerldbst core configuration due to
its ability to resist vibration from the sonotroaed provide adequate support for

pressure induced by the sonotrode. Support mitéoiaenhancing the bonding of



the facings to the core were investigated but didead to implementation.

A CAD model was created to integrate the honeyxoare, facings, and
modular bolt pattern into the ultrasonically comdated structure. The model was
used to develop a build procedure for fabricatheydeck on the UC machine.

A finite element analysis was performed that usedguivalent properties
method to represent the deck. The stiffness obtotype deck was evaluated in a
three-point bending test and the results were fdarabrrelate with the finite
element model. A sine sweep vibration test was gerformed on the prototype
deck panel to measure its natural frequencies.

Finally, a case study was performed on a deck farilthe TOROID
spacecraft. A final deck panel was designed udiegesults from the prototype.
The deck included the USUSat bolt pattern, ventateiicomb, and a reinforced
rim. The cost and benefits of the final deck pamesus traditional fabrication
methods were outlined.

(100 pages)
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CHAPTER 1

INTRODUCTION

1.1 A New method for Satellite Fabrication

During the past few years, small satellites haverged as a potential disruptive
technology (Lewin 2004). There has been a sigantipush for modularity to allow
smaller satellites to become as effective as métiyeir larger counterparts for
decreased cost and with a smaller amount of tiredeet for design, production, and
testing (Kingston 2005, Rodgers et al. 2005). Plish, however, has been minimally
effective, since traditional methodologies in déeefabrication are still predominant
(Panetta et al. 1998).

A similar crossroad existed in the computer wording the 1950’s. The best
computers still occupied entire rooms and wereastlythat only a select few enjoyed
their computational power. The invention of thengistor, the adoption of integrated
circuit technology, and improved manufacturing teghes allowed printed circuit
boards to take what was once bulky and expensigdé¢lan them into something
incredibly small and tremendously inexpensive. Buthe birth of this technology and a
significant change in fabrication methodology, comgps have become a useful part of
every human'’s life.

This same type of change in accessibility and costd have a profound impact
in the small satellite world, making space morelgasailable to scientists, academia,
and the military. Mosher and Stucker (2004) point, however, that due to the inherent
complexity and stringent requirements involvedahrfcating satellites, cost remains

extremely high and production times very long. ditianal methods of machining and



assembly make every satellite produced one-of-d-kiFhis craftsmanship approach has
been useful in the fabrication of many satellitesrahe past few decades but as the
desire for a responsive space initiative increaseshodologies in satellite fabrication
must also evolve. Advanced additive manufactut@apniques provide this desired shift
in methodology where satellites are built in aroawdted and very repeatable process
similar to the process of creating a printed ctrbwiard. In addition, unitizing
construction processes allows a satellite to beufagtured very rapidly and with
significantly decreased cost (Mosher and Stuckap4)

One additive manufacturing technique that hasdretous potential for
fabricating satellites is ultrasonic consolidat{@C). This technology uses a sonotrode
(Figure 1) to apply pressure to two mating surfagkie ultrasonically vibrating one of
the surfaces. In the case of aluminum, this vibnabreaks up and displaces
contaminants such as oxides. Without the presehtte contaminants, and with modest
pressure on the two surfaces, the atomically cdeafaces join to create a true
metallurgical bond without melting (White 2002)y Bepeating the process over and
over again with aluminum tape about 0.006 inchektlit is possible to build a three-

dimensional structure from the bottom up.

Longitudinal // / \\ Rotating
Oscillation \ ‘. A " sonotrode Clamping force
‘, | : e . l l l l Friction at interface

= ‘ break up oxides
- |, Ultrasonic Oscillation |
Metal/ - S oL B el s B

foils > g

oooooooo

Metal foils

'Held stationary by anvil [~ b,

T T T T Atoms diffuse across
clean interface

Figure 1. Schematic of UC process (Kong, Soar,2inkens 2003).
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A company by the name of Solidica has integrattedtC process into a machine
(Figure 2) that also acts as a computer numericalhtrolled milling machine (CNC).
Because features may be machined into the depdajped and subsequently covered
with more layers, it is possible to create partthwiternal features. This is very
desirable since sensors, electronics, thermal asgng, and simple voids can be
integrated to create a multifunctional satellit@gla In theory, it is possible, as the
Center for Advanced Satellite Manufacturing at Usaate University is pursuing, to
create a “printed” satellite which offers reprodiltly and functionality never before
seen in the satellite industry. As shown in Fig8ya functional satellite panel can be
fabricated in a series of steps where aluminunotisalidated, portions are milled away,
wire tracings are deposited using the direct wortecess, systems are embedded, and

finally solar cells are placed on the outside.

Figure 2. UC machine commercialized by Solidica.



Figure 3. Advanced manufacturing techniques agpbea small satellite panel.

In an effort to support this motive and develop remall satellite technologies,
this thesis employs the use of such advanced additanufacturing techniques in the
design of a structural panel for a small satelliResearch for this thesis in essence
provides the bedrock for future development of thye of satellite design.

Small satellites contain several different strugkpanels. There are the side, top,
and bottom panels which constitute the major stinecdf the satellite. There are also
deployable panels for solar cells and deck panbkisiwprovide extra surface area to
which subsystems and payload can be supportedlldw depth in the design and
fabrication of a UC built panel, a small deck pacmifiguration is investigated.

Since the deck panel will support the payloads ¢dansidered a primary structure.
The driving requirements of this structure thusdmee stiffness and positional stability
(Sarafin 1995). Inherent in the design of a spadfestructure is the need to design
everything as lightweight as possible. The reaqu#@ets of stiffness and light weight,
however, contradict each other in the solid medasaworld (Ashby 2001). Stiffness can
be defined as the ratio of an applied force toatimeunt of deflection experienced due to
the force. One is led to assume, therefore, thatsolid metal panel increases in

thickness and weight, it becomes stiffer. On tieohand, as the mass increases, the
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resonant frequency of a metal sheet decreasesauBethe launch vehicles which put
small satellites into orbit produce low frequencieth destructive capability, it is
desirable to design a structure with high resonades. This creates the need for a
tradeoff between weight and stiffness. It thusopees the author’s task to create a panel
which is both light and stiff while adding the capay to become a multifunctional

structure.

1.2 Thesis Layout

This thesis presents how UC can be used to fabrgatellite deck panels. A
survey of the literature regarding current methofdsbricating deck panels is given in
Chapter 2. This chapter also includes a surveliefesearch that has been performed
regarding UC and its applications in rapid manufeng. Finally, Chapter 2 will discuss
methods which are used to test structural par@hapter 3 outlines the objectives for
this research and the specific experimental tagkshwhave been undertaken. An
experimental plan is presented to complete thectiags. The results from the
experiments are presented and discussed in Chiptehapter 5 integrates the results
from the experimental data into a CAD design. rdural analysis is presented in order
to analyze the integrative CAD model. Chapter@shthe process involved for turning
the CAD model into a deck panel. The structursting of the fabricated deck panel is
discussed in Chapter 7. As a final demonstratidheocapabilities of UC in fabrication
of a deck panel, Chapter 8 provides a case stuéyandndeck is fabricated for the
TOROID spacecraft. Finally, Chapter 9 providesatasions and insight into future

work.



CHAPTER 2

LITERATURE SURVEY

2.1 Current Methods of Fabricating Deck Panels

Over the past 40 years, many designs have arisswive the problem of creating
structural decks and panels for spacecrafts. dardo investigate the potential solution
of a deck panel being built with UC, it is importam understand the reasoning behind
different panel designs.

Recent research by Dewhurst (2005) involves bogéifytinal and numerical
approaches to determining absolute minimum-weightires. This type of structure
more closely resembles those created in natureewimers of constant strain exist in the
structural members. In essence, his results igethie lightest possible structure
configuration for a given loading condition or Biéss requirement. Though application
of his research would be desirable, his solutiosasoaly for two dimensional structures
under known static loading conditions. Becausehese limitations and the absence of
multifunctional capability in his work, this configation will not be used.

Vinson (1999) has applied a methodology to creabtenmum-weight sandwich
panels. He presents the idea that a panel contany failure modes, any of which
could cause failure of the entire panel. Differfmattures of the panel have an associated
weight which varies directly with their load camgi capabilities. When a failure occurs
at any one location, any portions which have niiédaare essentially “dead weight.”
Thus it is apparent that a minimum-weight paneins in which all of the failure modes
occur simultaneously.

Another important aspect involving structural aéiecy and minimum weight is



presented by Osgood (1966). He notes that an optistructure would weigh nothing
and posses infinite strength. Because neithdras is attainable, it is necessary to
define the method which will make optimization pbks In most cases, the loading
condition can be well defined, thus imposing a tamisstrength requirement. Since the
strength requirement is defined, the weight mugthbevariable parameter which will
enable optimization.

There are two common solutions to the design proldécreating structural
panels with high buckling strength relative to theeight (Larson 2003). The first
solution is the use of a milled isogrid or orthagpattern in aluminum plate metal. The
small satellite produced at Utah State UniverditUSat, originally used the isogrid
pattern due to its isotropic and lightweight prdasr(Ashby 2001). This configuration
of equilateral triangles proved easy to analyzedesirable for the mission design at the
time. The current USUSat design uses an orthggttkrn (Quincieu 2003). Though the
isogrid was more structurally sound and had a gjidietter stiffness to mass ratio, it
became cumbersome when moving components. Hewmssign change came as a
result of a push for modularity.

The second solution outlined by Larson for a stmadtpanel is a composite
panel. Composites are a very appealing soluti@ntdwheir incredible light weight and
stiffness. They do, however, present many diffiealdue to their required expertise,
molds, and special equipment for manufacturingac8jVorks, Inc. has investigated the
applications of multifunctional structures to sngdhacecraft (DiPalma et al. 2004). They
created a composite panel with imbedded wire hamgsas well as another structure

with imbedded thermal control inserts, foils foosphielding, and structural inserts.



The most common composite solution for deck fabincais a honeycomb
sandwich panel. This type of panel provides adangrface area and has a high ratio of
stiffness to weight (Osgood 1966.) A simple forfthee sandwich construction consists
of two thin, stiff, strong sheets of dense matesggarated by a less stiff and strong
central layer (Allen 1969). Generally, the centagkr is much thicker to prevent shear
deformation in the panel. The facings of a santwignel act similarly to the flanges in
an I-beam. They take the bending load with ongn¢am compression and the other in
tension. In a typical I-beam, the flanges canmo¢xtremely thin because of buckling on
the flange tips. With sandwich panels, howeves,ithimerous webs which compose the
core support the flange tips and the thin facindlswork, even to their full material
yield stress (Bitzer 1997).

The structural efficiency of a honeycomb sandwiahgd as compared to a solid
metal sheet is illustrated by Hexcel (1999). Thanufacturer has shown that a sandwich
construction twice the thickness of a solid mellet can increase the stiffness 700
percent and the strength 350 percent, while ordgemsing the weight by 3 percent. A
sandwich thickness of four times that of the solietal sheet increases the stiffness 37
times and the strength 9.25 times, with only ai@¢m@ increase in mass.

Honeycomb is widely used in the aerospace indusatellites requiring large
surface areas for solar cells almost always useegom of honeycomb sandwich
construction. It is typically produced using ori¢weo methods. The most common
method is by expansion (Hexcel 1999). As showhrigure 4, the expansion process
connects sheets of material with adhesive linds résulting block is then cured and

sliced to the proper dimension. A final procedexpands the sliced block into a lattice
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Figure 4. Conventional honeycomb production byaggon.

of connecting cells that are very thin. Later thireets of another material can be glued
to the core to form a sandwich panel.

Another method which is less common is used to yredigher density
honeycomb. Adhesive is applied to corrugated shafatore material which are stacked
into blocks before curing. A final procedure cthits corrugated block into the proper
dimensions.

Though honeycomb core can be produced in veryvyodgimes, there are also
many drawbacks to using this type of sandwich contibn. Traditional methods
require extreme precision in assembly since theqe®is extremely sensitive to any type
of variation. In addition, any bolted or rivetednts can cause high stress concentrations
and special potted inserts are required to preeeat failures of bolts (Shirgur and
Shannon 2000). This customization of design disages modularity and increases both
time and cost with any slight modification in theng!.

All of the solutions mentioned above posses botidgand bad attributes. This
thesis endeavors to implement the good features &ach solution. First, the deck panel
adopts the sandwich honeycomb configuration ofrgaai thick core composed of thin

webs along with rigid facings. This ensures adrigmd stiff structure. Because the
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Solidica machine is used to fabricate the panelptiocess does not require the
tremendous amount of expertise and precision reqdar honeycomb. Second, the deck
panel adopts the modular USUSat bolt pattern fimgrorthogrid configuration. This
helps avoid the expensive process used in pottsgris in honeycomb. Third, the deck
panel integrates the multifunctional capabilitycomposite panels. This is possible since
features can be embedded during the build on thdiG&omachine.

Figure 5 is a scale showing the various designagmtres for fabricating a deck
panel. UC is proven to be a useful fabricatiomiégue when the deck panel
configuration falls between Isogrid and Honeyconilhis is because an open isogrid
already allows any components that would have eedredded to be fastened onto the
bolt pattern. It does not need to exceed thenss$ to mass ratio of honeycomb because
the deck panel will have multifunctional featuresieth can be much more valuable as an

end product.

2.2 Applications of Ultrasonic Consolidation
Though studies on ultrasonic welding have beeropad since the late 1950’s
(Daniels 1965, Weare, Antonevich, and Monroe 196%gs not become a useful metal

additive manufacturing technique until the new emhium. Even still, the transition of
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Figure 5. Scale to quantify usefulness of newiabion technique.
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UC from research to industrial applications remamiss infancy. For the last few years,
Kong, Soar, and Dickens (2003) have been performxpgriments to determine the
optimum process parameters, weld strength, chaizatien, and plastic deformation of
various aluminum alloys. They have also been itiyatsng the use of the UC process
for the production of monolithic aluminum comporgeand continuously fiber-reinforced
metal matrix composites. They obtained resultpreparing specimens which could be
tested in bend tests, lap-shear tests, peel tagtanicro structural examinations. The
output of each experiment was evaluated both thiealy and experimentally. They
have concluded that a continued exploration oftleeess will result in a low cost, solid-
state fabrication process for aerospace techn@ogie

Additional research is taking place in other a@ddC. Matsuoka (1998) has
found a way to weld various ceramics to metal®atr temperature. Studies have also
been performed at Kanagawa University in Japarrdaggaultrasonic butt welding of
aluminum and stainless steel plate specimens (iseji al. 2002).

UC emerged as a direct metal manufacturing teclengopa rapid prototyping
technology in the late 1990's. Research by Joh(E888) at Tufts University found that
UC can be used to make prototypes similar to aty@id prototyping machines with the
added benefits of low energy consumption, modestespand no emission of fumes. In
addition, he found that ultrasonic metal weldingl In@any advantages over other rapid
prototyping methods due to the fact that bondsctcbal formed between dissimilar
metals which could allow prototypes of sandwicheatanals to be produced. He also

noted that since there is no melting, dimensionalieacy is highly achievable. Finally,
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he noted the fact that off the shelf materialslmamised which offers a low-cost solution
to rapid prototyping.

Johnson’s work involved the integration of a siepltrasonic metal welder and a
high-speed cutter to make very simple three dinoeradidog bones for testing. His work
was followed by Gao (1999) who analyzed the medsaoi ultrasonic metal welding
during rapid prototyping. He used analytical maaglfinite element analysis, and
experimental data acquisition to look at static dywdamic effects in the elastic and
plastic flow regions during welding.

Solidica has performed extensive research to genpracess windows for
creating metal tooling and parts. Their work représ the integration of UC and CNC
milling capabilities to additively fabricate an altnum part. The literature does not
show any current applications of UC for fabricatangatellite structure.

The UC machine manufactured by Solidica uses fauarpeters when
performing UC to achieve a bond. These includenélel pressure, weld speed,
substrate temperature, and amplitude of oscilldtiom the sonotrode. Research
regarding the optimum process parameters has la@rmed by Kong. His intention
has been to “subject the specimens to a seriessts that would explore the mechanical
and physical properties of the welds produced figrgiven combination of process
variables” (Kong, Soar, and Dickens 2003). Komngéek did not include the influence
of temperature; however, a more comprehensivefdests including temperature was
recently performed by Janaki Ram et al. (2006).

Solidica’s patented UC process is capable of bandifierent materials together.

This is possible because many materials are suskefd the inter-laminar metallurgical
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bonding induced by ultrasonic excitation. The agsk for this thesis, however, limited
its use of materials to alloys of aluminum. Thsilation was imposed to keep the focus
on the structural design of a satellite deck pakeirtthermore, aluminum is one of the
most common types of sandwich-panel materials ussgdace structures (Triplett 1995).

Two alloys of aluminum have had research perfornegarding their capability
in a UC application. The first alloy was alumin®®03. This alloy was extensively
tested and used by Solidica. Additionally, Konga& and Dickens (2004) performed
useful research on the optimum process parametetstfasonically consolidating this
alloy. The second alloy that has been investiget@tlminum 6061. Characterization
of this alloy in the UC process was also investadaty Kong, Soar, and Dickens (2003).
Both alloys contained many properties favored bySXd/concerning stress corrosion and
resistance to crack propagation (NASA 1992).

One of the critical design aspects of a honeycoypb-panel is the achievable
height to width ratio. UC, however, has histolligaiot produced excellent results with
ribs that were tall and thin. Limitations of frémsding ribs were investigated by
Robinson et al. (2006) for ribs parallel to thegt@irection, perpendicular to the tape
direction, and at a 45 degree angle.

In their work, Robinson et al. (2006) laid alumintepes and machined each
layer to get three different widths of ribs (Fig@e Each of the three widths was tested
parallel to the tape direction or longitudinal, pemdicular to the tape direction or lateral,

and with a 45-degree rotation.
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Figure 6. Height to width ratios for freestandirtgsr(Robinson 2006).

The ribs were carefully observed until consolidatiailed to take place with
newly added layers. From the results in Figur i,evident that problems occur once
the freestanding rib height exceeds the dimensbris width.

Due to the nature of how UC is implemented, theedienitations on build
configurations. One of the most important constiens is the mechanical differential
vibration between the substrate and newly deposatgat, or “scrubbing” action, which
generates the metallurgic bond. It is absolut@lgarative that the scrubbing action of
the sonotrode be performed on a stationary platformhich the aluminum tape can be
consolidated. As the z height of the part increpaaecantilever effect allows the part to
vibrate (Figure 7). This impedes the scrubbingpactecessary to break up oxides on the
surface of the tape and can create a very poor betvceen aluminum layers. Parts that
accommodate a large surface area and have a sh&f are stiff and therefore the
problem does not exist. For conventional sandwetels, however, thin webs are the

key to a lightweight structure, which presents pgots in the fabrication process.
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Figure 7. Effects of different height to widthicet

In addition to thin webs for a core, it is more adtageous to use a thick core or
taller webs. This is due to the effect of the dhiekness, c, on the bending stiffness, D,

of a sandwich panel (ASTM C 393-00):

E-(T*-c*)-b
12

)

If the modulus of elasticity, E, the width of thanel, b, and the sandwich
thickness, T, are all held constant, the stiffiesseases rapidly with increasing core
thickness.

Additionally, the core shear stressand the facing bending stresscan be

defined as in ASTM C 393-00 by:
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N
T_(T+c)-b @

ON-L
T2, T+0)b )

where N is the load placed upon the midpoint ofstwedwich panel, ant} is the facing

thickness. If c is allowed to increase indepenaéiihe other variables, the stresses
experienced in the panel decrease. It is therefaicent that a thicker core or web
structure is stiffer and capable of withstanding enstress.

One additional form of research that can be veeful in an aerospace
application is the use of a support material dutivgbuild. This could be used to
support thin webs during consolidation to provide stability required to get a good
bond. Many additive manufacturing processes, ascBelective Laser Sintering (Chua,
Malkus, and Plesha 2003), use a support materglpport such features during the
build process. Later, the support material carelb@ved.

Solidica has performed research using a Tin-Bismalitly as a support material.
Though they had success with this alloy, it isidetl for a satellite deck panel. The
panel will be flown in space where materials wiist in a vacuum. Tin has a tendency
to grow “whiskers,” or crystal fibers, in such amvgonment. These fibers can bridge a
pair of metal contacts and destroy a satelliteesteical system. For this reason, support

materials for space applications other than timbig, such as a polymer, are necessary.
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2.3 Testing of Structural Panels

There are two basic segments of testing that owir in the development of a
sandwich panel. The first segment involves tediingnderstand the quality of bonding
between the core and the facings.

Normally, honeycomb specimens undergo compresssteng and plate shear
testing (Bitzer 1997). These test help in meaguttie compression modulus as well as
the honeycomb shear strengths and moduli. Theiicability to UC built specimens,
however, may be minimal since the core is not ptedwy gluing thin pieces of
aluminum together.

Another series of test such as the flatwise tentget and climbing drum peel test
are usually performed on the assembled sandwicél patest the effectiveness of the
bond between the honeycomb core and the thin faciige flatwise edge test pulls the
facings in tension to separate them from the cdiee climbing drum peel test peels off a
facing by rolling it around a drum. The failure des in both tests are revealed as core
tearing, cohesive failure of the adhesive, or failof the adhesion to the honeycomb or
facing. Both of these tests are excellent waysvafuating the integrity of a honeycomb
sandwich panel (Bitzer 1997).

Kong (2005) found that a standard test method teeheasuring the resistance
of adhesives to peeling was an effective methodléermining weld quality for
specimens built with UC. From his research, hendothat as the number and size of
contact points within the welded interface increis® did the average resistance to
peeling. Though the peel test results were netrasth as those for adhesives, they still

revealed a general trend in weld effectivenesgs tEst, in effect, is very similar to the
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climbing drum peel test. Not only does it worktbetwith parts made using UC, it also
has been performed previously and therefore haswiigh which to compare.

The second segment of testing involves testingssembled sandwich panel for
a macroscopic view of its stiffness, strength, smsbnant modes. This enables a
verification of the structural requirements imposgdhe payload.

A commercial honeycomb manufacturer, Hexcel (19883, indicated that the
beam-flexure test is often used to evaluate ovesaaltwich panel performance. This
test, often called the 3-point bend test, is paldidy important since it verifies how the
core and facings work together to give the ovgmadperties of the panel. The test can be
performed with a single or double point load. Fh#ness of the panel can be calculated
using the imposed force and deflection at the pahf the panel (Bitzer 1997). The
ASTM standard: Standard Test Method for Flexuralperties of Sandwich
Constructions (ASTM 2004) can be used to deternfiagroperties of flat sandwich
constructions subjected to flatwise flexure. Saclexperiment can be carried out in a
guasi-static manner with a very low loading spdeai, Thayamballi, and Kim 1999).

Another aspect of testing involves vibration tegtirDsgood (1966) points out
that the principal types of loading on a space@sdtthe vibratory and static
accelerations imposed by the launch vehicle. fype of testing is of particular

importance since very little vibration testing heeen performed on parts made by UC.
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CHAPTER 3

EXPERIMENTAL RESEARCH PLAN

3.1 Experimental Objectives

The objective of this thesis was to demonstragectHpability of the UC process

for fabrication of a deck panel. Though the th&ocaé capability of a direct metal

manufacturing technique in fabricating a multifuonal satellite was apparent, it was

important to focus on the issues associated whthild in the real world. Thus a series of

experiments were performed to originate the desighe deck panel’'s geometry and the

effects of different build parameters on the asdgmbhe following list outlines the

specific experiments undertaken to acquire suarmtion.

Developed a method for implementing peel tests

Determined a benchmark peel strength based onlisketbUC optimum
parameters

Determined the best material for the experimentshis thesis
Evaluated the effects of rib direction on bond ragta

Evaluated the effects of core lattice shape on lsbrahgth

Determined the effects of varying core lattice inébond strength
Investigated the importance of heating the basematbond strength
Investigated the effect of amplitude on the bomergith

Investigated the effect of welding speed on bonehsith

Investigated the effect of polymer support mater@i bond strength
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3.2 Experimental Approach

The most important features of the panel were gtheand stiffness, which
depended on the macroscopic behavior of the caladell product. Thus in assembling a
sandwich panel, the most critical feature was ffeceve bond between the core and the
facings. Following testing similar to Kong (2008xperiments were performed to

evaluate the quality of the bond between a speciie geometry and a facing.

3.2.1 A Method for Implementing Peel Tests

The Standard Test Method for Floating Roller Peediftance of Adhesives
(ASTM D3167-03a) was used to create a fixture fimcamens created on the Solidica
machine. There were some deviations in the dirnesf the specified test fixture to
accommodate the larger plates used in the Solidaehine. Also, the speed was
changed from 152 mm/min to 52 mm/min to allow congmn with Kong’s data. The
higher separation rate was originally intendedafdinesives which have smoother
peeling. Slowing the separation rate down allo@edore controlled environment to
account for discrete bonding. As shown in Figuréh8 apparatus accepted a rigid plate
with an aluminum tape attached to one of its sedaclThe unbonded portion of the tape
was fed around a roller and clamped to a statiosarface. A Tinius Olsen tensile
testing machine was then used to lift the entird peest fixture. As the whole apparatus
was elevated, a load cell was used to measuretbe fo remove the consolidated tape
from the rigid plate. Two additional rollers warsed to keep the rigid plate from tipping
forward or backward. Once the midpoint of thediglate was directly over the clamp,
the peel test was terminated and the process szbeatthe other end of the rigid plate.

Figure 9 shows the peel test fixture integratethetensile test machine.
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Figure 8. Apparatus for performing peel tests @msolidated specimens.

The load cell used in the peel tests was a 100gsofance (Ibf) capacity load cell
manufactured by Interface Force Measurements Ttk load cell possessed a
nonlinearity error of £0.05%, hysteresis of +0.03%¢d nonrepeatability of +0.02%.
Using an output voltage of 3mV/V, an excitatiorildVDC, and a 10”-4 accuracy
display, the resolution of the load cell was cadted to be 0.22 Ibf.

In order to perform the weld effectiveness expentaén the peel test apparatus,
it was first necessary to determine how consigtesults from experiment to experiment
could be obtained. To allow for a fixture that lebfit in the peel test setup, a plate size
of 4 x 14 inches was chosen. Six specimens wersatidated to an aluminum plate in

the exact same manner to investigate the stan@aidtwn (Figure 10).
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Figure 9. Loaded peel test apparatus with 4 inate@and three consolidated tapes.

Per recommendation from the manufacturer of them#Chine, the temperature
was held constant at 300 degrees Fahrenheit dimngonsolidation. The tapes were
then peeled off of the plate and the force restrgithe peeling was measured as a
function of displacement.

The location of the consolidated tape on the platfvas also investigated for its
effect on data consistency. It was noted in tleegaing experiment that test results
differed considerably depending on the locatingheftest specimen on the plate. To
understand this effect, three tapes were consetidaarallel to the long direction of the

rigid plate. The peel strengths for the threetioos were then measured in a test.
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Figure 10. Consolidated tapes before and aftdrtpsis.

The last experiment needed for developing a meftwoithplementing the peel
test involved the heat plate which was a heate@iplnat maintained an aluminum
baseplate at a constant temperature and also psomdunting points for stabilization. It
had a slight crown on its surface such that whbaseplate was bolted down, it was flush
against the heat plate. This crown, however, chaggroblem when using the small 4 x
14 inch plates. Edge effects from the crown cauassliiht gap between the plate and the
heat plate along the plate edges. This gap alloxedtion of the plate which prevented
good consolidation. It was speculated that everlaiger 14-by-14 inch plates

experience some degree of edge effect.

Before a tape was consolidated to a baseplat@labe was milled to provide a
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flat, clean surface. An experiment was createc¢kwimvestigated the difference in
milling the baseplate with x-direction passes vengairection passes. After milling a
certain direction, a tape was consolidated to taee@nd a peel test was used to
determine the average strength of the bond.

These three experiments were used to prove tlmatrarich plate could be used to
implement peel testing with consolidated aluminuhime results from the experiments
would provide the extent of data consistency, & bocation for the specimens, and the
best orientation to mill the baseplate.

Finally, to be able to compare peel tests to omhem, it would be necessary to
establish a benchmark peel strength based on thepti@um parameters from Janaki
Ram’s (2006) work. This would be accomplished bgsolidating a tape using the
optimum parameters: temperature = 300° Fahrerdmaplitude = 16m, feedrate = 66
ipm, force = 1750 N. The tapes would be consadidatver a solid baseplate to give the
greatest strength of bond. After performing tleigesal times, an upper limit on the bond
strength could be established. This bond stremggiiesenting a full tape width, could
then be used to evaluate the quality of a bond anerea of less than a full tape width.

This would also provide a method to validate thadbbetween the facing and the core.

3.2.2 Material Selection

An experiment was designed to test the effect migus plate made out of
aluminum 6061 with the T6 temper as opposed t@@83 alloy with the H18 temper.
This involved simply consolidating a tape to eatthe different plates. Similar

parameters were used in both cases.
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3.2.3Rib Direction

As was discussed in the literature survey, coneeatisandwich panel is most
useful when the core is composed of thin, tall webisis presents a unique challenge for
the UC process since a thin, tall web cannot petie rigidity for scrubbing the oxide
layer. One way to mitigate the vibration effectdorient the ribs such that the
mechanical oscillation of the sonotrode is appl@the stiffest direction of the ribs. The
sonotrode oscillates perpendicular to the diredtibravels when laying tapes. Thus ribs
which lie perpendicular to the traversing directafrthe sonotrode would allow the best
bond to be created. This does present some preplewever, since the sonotrode dips
into channels between ribs if there are no otheckiral members, due to an applied
force which is given to the sonotrode. A 45-degregle on the ribs relative to the
traversing direction, however, gives the sonotreni®ugh cross section to avoid dipping
and still provides stability against vibration.

To evaluate this effect of rib direction on bondstigength, an experiment was
performed where ribs were milled (Figure 11) pataperpendicular, and at 45 degrees
with respect to the traversing direction of theatomde. A single tape was consolidated
to each of the rib specimens and was removed ipébétest.

It must be noted, however, that the results ofékfgeriment only apply to ribs
without the support of a lattice type structuréneTollowing section will investigate the
need for a properly designed lattice for the santvpianel core. Though lattice cores
would be used in the deck, the lattice segmentddasiill act as ribs with respect to the
oscillation of the sonotrode. This would be oftmarar importance when orienting the

segments of the core with respect to the traverdirggtion of the sonotrode.
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Figure 11. Test specimens for determining theceféérib direction on peel strength.

3.2.4 Core Lattice Shape

The solution to creating a core resides not ingisingle ribs to support the
facings but rather to use connecting ribs to foethwalls which form a core lattice. The
connecting cells in a sandwich panel can have iatyasf geometric configurations. The
most common is the hexagonal shape which resertilgdsoneycomb made by bees.
This configuration is the most commonly used care t its rigid and lightweight
design. Other designs include triangles, waves sgouares. Because the Solidica
machine lays tapes by applying pressure and trixgers one direction, there are special
considerations for the core composition.

Out of all of the possible core configurations,yonéxagons and triangles
provided support for the sonotrode while providiiigp in the stiffest direction. By

argument it was difficult to determine if the hergagvas a better core lattice than the
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triangle so an experiment was created to compasethe two different geometries
interacted with the oscillation of the sonotrod@a compare the two geometries directly,
the dimensions of the triangle were chosen sudhbibth the triangle and the hexagon
enclosed the same area of 0.25 inches. Then th6AQ@hick ribs were created for both
geometries. As before, the specimens were crégtedlling the patterns into a 0.5-
inch thick aluminum plate to a depth of 0.11 inchésskin consisting of one tape was
applied to each specimen as shown in Figure 12 tdjpes were then removed in a peel

test.

3.25CoreLattice Size

It was desirable to evaluate the effect of corclatsize on bond strength. The
larger hexagon tested in the previous experimestalasen because it is the largest
hexagon which allows the sonotrode to always steaeb lines of ribs for support. The
thickness of the honeycomb ribs was chosen basedoal clues that smaller ribs could
not support the pressure of the sonotrode duringaaation. It was desirable, however
to investigate how using thinner honeycomb rib$i\itnaller honeycomb areas would

affect the bond.

Figure 12. Test specimens for comparison of bontbhngpexagons and triangles.
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The hexagons in Figure 12 had a circumscribed d&med 0.62 inches with a rib
thickness of 0.04 inches. It was compared to kedhexagon with a circumscribed
diameter of 0.40 inches and rib thickness 0.02eschThe two different configurations
were milled into a baseplate and an aluminum tagp® e@nsolidated to the top surface as

shown in Figure 13. The tapes were then removedpieel test.

3.2.6 Heating the Baseplate

The Solidica machine is equipped with a heaterepigicause it is understood that
elevated temperatures enhance UC to give a bettet. bTo understand the significance
of heating the plate, the peel test was used tovera tape that had been consolidated at

70 degrees Fahrenheit and a tape that had beeolidatesd at 300 degrees Fahrenheit.

Figure 13. Test specimens for testing effect ofdyoomb size on peel strength.
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3.2.7 Welding Amplitude

Though Kong (2003) had conducted a series of thatsvould explore the
mechanical and physical properties of the weldslpced for any given combination of
process variables, and research on the process@@s has taken place at Utah State
University (Janaki Ram, 2006), it was importanexplore optimized parameters for tall
ribs connected in a hexagonal pattern. The netwbikterlocking beams has been
found to behave vastly different to the input pagters than the typical solid builds
produced on the machine. This included the weddgure, weld speed, and amplitude of
oscillation from the sonotrode. It was observeat the bond strength was significantly
better when the amplitude was increase from 16angto about 19 microns.

In order to understand the effects of increasiegamplitude, an experiment was
designed to contrast the peeling strength of aywmab core bonded with a sonotrode

amplitude of 16 microns and one bonded with 18 amsrof amplitude.

3.2.8 Welding Speed
The welding speed was also tested to understamdptsct on the bond strength.
On a hexagonal core, a tape was consolidated gba@@nt and 80 percent of 30 in/min.

The tapes were removed in a peel test.

3.2.9 Support Materials

There were a series of experiments performed testiyate the utility and
feasibility of using a polymer as a support materia the first experiments, a
thermoplastic was used based on its ease of remaoivaacetone. After the material was

used to fill empty portions between milled ribse Burface was cleaned with a flat pass
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milling operation (Figure 14) and a tape was laadloe substrate containing ribs
reinforced with the polymer.

Another experiment was performed to test if a tloeret would give better results
since it would be less prone to smearing. A heraglattice was milled into a plate of
aluminum as shown in Figure 15. The top portios Vedt without support material to
allow comparison of the ribs with and without thaterial. The lower portion was filled
with a thermoset. The thermoset was much haraer titre thermoplastic, especially at
the build temperature of 300 degrees. Again, a tegs consolidated to the surface of

the substrate.

Figure 14. Test specimen for thermopolymer suppaterial.
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Figure 15. Test specimen for thermoset supporernatwith honeycomb lattice.

A final experiment was designed to eliminate thestlulity of contaminating the
top surface of the ribs with any polymer. Ribs werled out of an aluminum plate and
a thermoset polymer was applied to the pocketgiwden the ribs. Then there was a
second machining operation to remove a few thoubkaraf the support material.
Finally, there was a flat pass milling operatiorclean the surface of the protruding ribs
as shown in Figure 16. This order of operation#ied that the surface was clean and
that the protruding ribs were supported with & stéiterial. The height to width ratio of
the protruding ribs was maintained in the workahlege of less than 1. A tape was

consolidated to the substrate as before.

Figure 16. Test specimen for contamination-frggpsut material experiment.
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CHAPTER 4

EXPERIMENTAL RESULTS

4.1 Development of a Method for Implementing Peel Tests

Generally, there were three reactions to the tgsébased on the strength of the
bond. The weakest bonds would allow a smoothywhkete the resistance to peeling
could be observed over the length of the experimathibut any tearing. Specimens with
extremely good bonding would tear the aluminum tape the rigid plate before peeling
would occur. This can be seen in Figure 17. Noteserrated appearance of the torn
interface. This type of tear results from the thett there is an ever varying gradient of
weld effectiveness. When failing, the tear wouldgagate through the weakest bonded

areas. On the plots for such peel tests, therddweuwally be a sharp incline, a short

peak, and then an extremely rapid fall to zero.

Figure 17. Failed specimen after being consolii&tea baseplate and peeled in a peel
test.
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The third reaction to the peel test was where dlgogtion of the tape would tear
due to a greater variation in weld effectivenessrakie tape. In the load versus
extension plots for this type of reaction, the leazlld increase to a peak and then
slowly slope down to zero. This is because thewealld decrease the effective cross
section being tested. Thus all data after the peak invalid for comparison with other
results. This type of reaction was seen in Fiduxe

As was shown in the right side of Figure 10, theetawere peeled in the peel test
apparatus and the results for the rightmost tapéoamnd in Figure 18. This was done to
show the consistency of the results from the pestl tThe results show a maximum load
of about 20 Ibf before the tapes would begin to.tédong (2005) obtained an average of
about 20 Ibf during his peel tests with the 30@Brahum alloy. Similar parameters were
used in both cases, however Kong did not use @thdmseplate to enhance his bonding.

This will be further discussed toward the end @f éixperimental results chapter.

25
20 ] * Top Tape
5 g = Bottom Tape
5 15 s <
I a
3 .
10 i "a, . *e
5 = ..."l- 00000000.
[ ] *
ﬂ!' =" POPR2 L 24 000”’ “an L %o 0000000000
O PS%eseseeee ‘ ‘ \
0 0.2 0.4 0.6 0.8 1
Extension (in)

Figure 18. Peel test results for 3003 aluminun®{38 16um, 28 ipm, 1750 N).
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Note that the top and bottom specimens have aasitnénd that is offset. The
offsetting is due to the fact that one tape wasipatith more slack in the apparatus. The
results for the center and leftmost tapes had dagipattern. The difference in
maximum load experienced during the peel testierdifferent specimens revealed the
approximate standard deviation. The values obdaimethe leftmost and rightmost tapes
for two separate occasions were used to calcuiatettndard deviation. The center tape
values were omitted because they were typicallymgreater due to stability of the
baseplate. This will be discussed in the followmpagagraphs. From the data, a standard
deviation of 4.32 Ibf was computed.

From the results (Figure 19) of the peel testdpetlocation on the 4 inch plate it
is evident that the center tape was achieving ahrbetter bond than the left and right
tapes. After multiple tests, it was also evidduatt the center tape gave more consistent

results from experiment to experiment. It was dedithat for specimens on the small 4-
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Figure 19. Peel test result for 6061 aluminumtége location (70° F, 1om, 28 ipm,
1750 N).
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by-14-inch plates, only one tape at the centeheflate would be used for
experimentation.

The experiment which investigated the differenceniing the baseplate with x-
direction passes versus y-direction passes prodheediata found Figure 20. The results
showed numerically equal trends, but the y-direcptate clear showed substantially less
scatter. This is because of the direction of tlaemming lines made by the CNC.
Though these features were typically smaller th@0@L inches, they did have an effect
on the data scatter. Since the x-direction plegaravas perpendicular to the direction of
tape lay, the machine lines presented more bumgbdaconsolidated tape. The higher
areas were welded better and showed up in thetgstelith regions of high and then low
bond strength. Making these machine lines runligaraith the tape virtually eliminated
the oscillating spike effect and smoothed out @&a.d For this reason, only y-direction

plate clears were used for the experiments usiadt tin plate.

18 !
16 —e— x-dir plate clear
14 —=— y-dir plate clear

5

e}

@

o

-

Extension (in)

Figure 20. Peel test data for plate clear oriengf70° F, 16um, 28 ipm, 1750 N).
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Figure 21 shows the results from peeling a tapehwvas consolidated at the
optimum parameters and over a solid baseplate.ré&hagts from two trials show that the
maximum obtainable bond strength for these paraseabout 43 Ibf. All of the
following UC experiments will be compared with thenchmark value followed by a

discussion of any reasons for deviation.

4.2 Material Selection

The results from peeling a tape off of plates maid@003-H18 aluminum and
6061-T6 Aluminum are shown in Figure 22. Fromple it is evident that there is a
much better bond if the plate is made of the 30@3.a The data for the 3003 alloy was
scattered and quickly dropped after a maximum pa#icause of tearing in the tape. The
6061 data was more consistent because the bondotasry effective. Thought it was
desirable to investigate the possibility of usihg 6061 alloy in the deck panel due to its

greater strength for ultimate, yield, shear, angde, it presented many problems due to

50
45 —o— Trial 1
35
30
25
20 -
15
10

—=— Trial 2

Load (Ibf

0 T T T T *—T0—¢
0 0.1 0.2 0.3 04 0.5 0.6 0.7

Extension (in)

Figure 21. Peel test data for maximum bond stre(8@20° F, 16um, 28 ipm, 1750 N).
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Figure 22. Comparison of resistance to peelingviortypes of aluminum baseplates
(70° F, 16um, 28 ipm, 1750 N).

its characteristic of rapidly forming a strong cidror this reason, 3003 was used for the
experiments and development of the deck panehistthesis.

In this experiment, the UC parameters (temperatuf@° F, amplitude = 16n,
feedrate = 28 ipm, force = 1750 N) were chosenve g weaker bond than that obtained
using the optimum parameters. Peel test of sangplesolidated using the optimum
parameters often provided limited data since the taould tear after a short distance.
Since some of the experiments in this section requa sample over the entire welded
region, a weaker bond prevented tearing duringoted test and suitable data was

obtained.
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Figure 23. Peel test results for variation inditection (300° F, 1&m, 30 ipm, 1750 N).

4.3 Rib Direction

The results from the peel test which looked atlitbction are found in Figure 23.
The ribs parallel to the traversing direction a¢ gonotrode would not bond and the
graph reflects only the weight of the plate beieste¢d. The 45-degree ribs provided a
weak bond. As had been theorized, the ribs peipealad to the traversing direction
provided a substantially better bond with a peakilof about 40 Ibf before failing. The
failed tape exhibited very small serrated teetthicating an extremely uniform and dense
bond. The data shows many peaks which indicateenthe tape was bonded to a rib.

This data is comparable to the benchmark data dff43nce similar properties
were used. The amplitude was increased slightaidon bonding for ribs. This will be
discussed later. The spike of 41 Ibf shows a tacem be bonded to arib just as well as
the solid baseplate used in the benchmark expetimen

The results of the preceding experiment narrowedfitions of practical core
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configurations to include a series of lines perpeurdr to the traversing direction of the

sonotrode, squares, hexagons, and triangles. erles ©f perpendicular lines, however

would not have worked due to the fact that the @goald have provided rigidity in only

one direction. A lattice of squares would havevated rigidity in both directions but

would have presented problems in fabrication. fifselayer for the facing would have

bonded to the perpendicular parts of the squatieddtut not to the segments parallel to

the traversing direction of the sonotrode. Thengladt have been a rotation of the panel

during the build to allow tapes to be laid in asgdatching manner but the second layer

of tapes would still have not bonded due to theé tlaat the first layer was unable to bond

to some sections. This left hexagons and triaraggotential core configurations.

25
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Figure 24. Peel test results for hexagonal vangyular pattern (300° F, 18n, 30 ipm,

1750 N).
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4.4 Core Lattice Shape

Results (Figure 24) from the peel test to investighe effects of core lattice
shape showed that the effective bond had a maxiwalne of 23 pounds for both the
hexagonal and triangular lattices. In the cag@hexagon, the peak load occurred at
the location of maximum bond width. In the benchirtasts, this was the width of a
tape which was 0.94 inches.

The hexagon, however, had a maximum bond widtmbf @.41 inches. Because
this area was only 43.6 percent of the area ofl aajpe, the equivalent bond strength of
the hexagon was 52 Ibf. This far exceeded theevabiained in the benchmark test and
showed that very good bonding can occur betweemeaets of honeycomb and a facing.
Because of the fact that hexagonal structureshgskeéist amount of material to create a
lattice of cells within a given volume, hexagongevehosen to be the shape for the core.
The hexagons were oriented such that no cell wadle parallel with the traversing

direction of the sonotrode.

4.5 Core L attice Size

The results of the peel test for determining thiea$ of hexagon size on bond
strength are found in Figure 25. From the resitlis,evident that decreasing the size of
the hexagon and the rib thickness has minimal itnpat¢he peel strength. Because the
larger hexagons allow the creation of a lighteredor a given amount of volume, it was
chosen to be the best configuration for the deciepa

The data is comparable to benchmark tests and shgwealent bond strength of
41 Ibf. This again demonstrates that very goodllmanis taking place between segments

of the honeycomb and the facing.
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Figure 25. Results for variation in hexagon sB@0C F, 18um, 30 ipm, 1750 N).

4.6 Heating the Baseplate

The results to heating the baseplate during cadfetidin are found in Figure 26.
The 300 degree specimen shows a spike of 44 [b#danches of extension. This data
correlates with the maximum bond strength fountheanbenchmark test. The 80 degree
specimen has more of a consistent peel resistarica la significantly lower value. It is
interesting to note that the room temperature pédl6é Ibf corresponds somewhat to the
average value obtained by Kong (2005) during hed fests. From the results of the
experiment, it is evident that heating to 300 degréahrenheit can create a bond with

nearly three times the peel strength. For thisarathe deck panel would be built at 300

degrees Fahrenheit.
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Figure 26. Peel test data for heat effect (6 66 ipm, 1750 N).

4.7 Welding Amplitude

The results to the amplitude test are shown infleid@r. From the results, is
evident that increasing the amplitude of oscillatad the sonotrode to 18 microns creates
a better bond. The optimum parameters for UC bantiad been determined for full
tape width samples. It was noted that this amgditdid not generate very good bonds
with thin walled structures. The amplitude was@ased to 19 microns for another
specimen and it appeared that the large amountesfig going into the welding process
caused slight tearing of the tapes due to excessedation. Thus 18 microns was used
for the fabrication of the deck panel. This datarelates with the average values found

in the benchmark tests.
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Figure 27. Peel test results for variation in amge (300° F, 30 ipm, 1750 N).

4.8 Welding Speed

The results to the experiment on welding spee@4oipm and 30 ipm are found
in Figure 28. This peel test shows that decreasiegpeed of the sontrode’s travel can
adversely affect the bond. This is most likely dmeverworking the surface such that
bonds are formed and subsequently broken. Theéfient trial correlates with the

average values found in the benchmark tests.

4.9 Support Materials

It was extremely difficult to make the tape stiokthe ribs when using a
thermoplastic support material, likely due to snregaof the polymer over the metal
surface. During the one instance where the faeetatid stick, however, the bond was
incredibly strong. Though it was not possible éofprm a peel test, a photo (Figure 29)

was obtained showing a peeled tape with and wittleuthermoplastic support material.
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Figure 28. Peel test results for variation in viregddspeed (300° F, 18n, 1750 N).

The left side of the image in Figure 29 shows 4§rée lines, which indicates
that the sonotrode had applied pressure and salithbeéape against the ribs. The lines
were clean because the removal was easy and smobéhight side of the image shows
a distorted tape that was consolidated to the stggboib structure. Upon close

inspection, one can see that excellent bondingroedietween the rib and the plate.

Figure 29. Peeled tape showing 45-degree lines.
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This is evidenced by ripples along the 45-degmeeslwhich were caused by the tape
sticking to the ribs during removal.

It was theorized that the thermoplastic was eitbersoft and thus allowing the
ribs to vibrate, or that it was smearing on thdasg of the ribs. The smeared polymer
would significantly impact and perhaps totally dima any bonding to occur between the
ribs and the aluminum tape.

The results from the thermoset experiment werelaimihere bonding did not
occur. The final support material experiment inveal verifying the surface was clean,
however, the same results were obtained. Dueetpribtjected development time needed
to create a sufficient support material, researcBupport materials was abandoned and

ongoing research efforts were directed elsewhere.
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CHAPTER 5

INTEGRATIVE CAD MODEL AND STRUCTURAL ANALYSIS

The integrative CAD model integrates the configiratesults from the peel tests
to create a functional deck panel for a small &ggellt also integrates solid mechanics
theory into the geometry of the panel to give testltompromise between what is ideal
and what is realistic for fabrication in the UC rme. Once the integrative model is

defined, it provides something which can be anayzgfinite element analysis.

5.1 CAD Model

From geometry, the vertical and horizontal spacihthe cells were found to be:

V3

V=—d+t 4
> d+ (4)

_34. iz (b2
H=2d+ " -() (5)

where d is the diameter of the hexagon, and &shltkness of the honeycomb walls.
These formulas were input into a CAD model in S&8abe and a honeycomb lattice was
created. To create a bolt pattern, it was necgssdeave several of the hexagons filled
so they could later be tapped and used as fasteoings.

The overall dimensions of the deck panel were dagsethe maximum size that
could be currently accommodated in the UC machinkhe deck panel was chosen to be

10.75 inches by 10.75 inches. It was also dedideaclude a reinforced rim around the
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perimeter of the deck to give support to the cowd alow reinforced sections to be used
to mount the deck to brackets which would attadiéosatellite side panels. Holes were
selected to be through holes for these mountingtgoiThe finalized design, without the

top facing, can be found in Figure 30.

Solid mechanics theory shows that two facings @sdparated by a lightweight
core to increase the moment of inertia of the pamdlout any significant increase in
weight. Thus as the core increases in thicknasspanel’s stiffness-to-weight ratio
dramatically increases. Though the width to heighio of a rib plays an important role
in fabricating a free standing rib, it has litthkepact on a lattice of connecting cells. The
thickness of the panel, therefore, is based omigz@amum allowable thickness for the
volume allotted and the maximum depth the Soligigehine can mill. For the first

prototype deck, a thickness of 0.36 inches waserhos

Figure 30. Integrative CAD model without the tagihg.
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The design approach to the panel did not fotleavtypical design approach found in
the aerospace industry. Typically, structural elate are designed to support a given
loading profile. After a safety factor is appliedhy extra mass is eliminated. USUSat
has the idea of creating a modular platform thagjgable of multiple missions. Though
there is a slight mass penalty, the added berdfitsodularity and flexibility greatly
outweigh such factors. The deck panel was desiguek that the deck was composed of
the lightest form that could be fabricated on tt tdachine and the largest size that
could fit in a small satellite bus based on the 3&tdesign. After the panel was
fabricated, testing and finite element modeling wsed to verify that the design satisfied
the structural requirements imposed by the satettiission. If there happened to be a
discrepancy, the design of the deck panel coulshdaified to compensate for the
discrepancy.

Some other geometric factors that must be detedare the size of the
honeycomb cells and the thickness of the cell wallsough the ideal core would posses
very thin walls, the geometries in this panel aretéd based on the amount of load
imposed by the Solidica machine during consolidatiti is important to avoid exceeding
the critical buckling load of the lattice deternmdnigy the second moment of inertia of the

walls of the cells, which is defined by Gibson ashby (1988) as:

_ KE ¢
aA-v?) |

(6)

where Kk is a constraint factor, E is the moduluslasticity,v is Poisson’s ratio, t is the

wall thickness and | is the length of a single eall. Because the Solidica machine
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operates at a specified load during consolidafod, since K, E, andare constants
which depend on the geometry chosen, t can bedalv@a function of . The length of a
single cell wall ultimately determines the sizeled cells, which is limited by the need to
have the sonotrode always straddling at least ellovalls. As was discussed earlier,
this provides the sonotrode a flat surface to whitape can be consolidated. A cell wall
size of 0.31 provides a sufficient lattice whileximaizing the area of empty region.

The critical buckling load formula above can nowused to determine the
thickness of the cell walls since the formula redatell wall thickness and cell wall
length. The formula is more useful when expressethe elastic collapse stress. The
parameter K can be approximated to be 4 basedeofaththat the honeycomb cell is
neither completely free nor rigidly clamped. Fegular hexagons and= 0.3, the

formula becomes:

G—E?’ _ 5.2@ )

The elastic collapse stress can be rewritten afothe applied by the sonotrode
divided by the area which is acted upon. The sodethas a contact area of 0.197 x
0.94 inches. This area, however, acts only ormntdmeycomb rib line enclosed by the

area. For the cell wall length of 0.31 inches #risa can be calculated using:

2t(0.197—t)
sin(60)

A=lt+ (8)
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Plugging in 10,000 psi for E, 1750 Newtons for thvee, and 0.31 for the cell
wall length gives a minimum cell wall thickness®024 inches. To allow for some
margin of safety, and due to success in experimantsll wall thickness of 0.040 inches
is suitable for the honeycomb lattice.

Finally, the dimensions of the facings were detaadi The standard thickness
used in regular honeycomb of 0.025 inches corredgbmvell with the thickness of four
consolidated layers and was therefore used. Dimirigs where facings were
consolidated to honeycomb cores, it was notedthaafirst couple of layers contained
minor defects due to the sharp interface betweeffiating and the core when applied at
high amplitudes. The third and fourth layers, hesvecontained negligible defects and

therefore provided the minimum facing thicknessdavell built sandwich panel.

5.2 Analysis Technique

Cook, Malkus, and Plesha (1989) have noted thatadeling, the analyst seeks
to exclude superfluous detail but include all esa¢features, so that analysis of the
model is not unnecessarily complicated yet provigssilts that describe the actual
problem with sufficient accuracy. Bitzer (1997)dsaf sandwich panels that programs
have already been written using finite elementyamlbut it can be a very expensive and
time consuming experience. This is further supgblly Grediac (1993) who stated that,
“modeling a whole honeycomb for a finite elemenrtlgsis cannot reasonably be
considered because of the complexity of such atstre.” Though computers now allow
more sophisticated calculations in less time, hoamp still remains incredibly complex
when modeled with exact geometry. The model afteas has too many degrees of

freedom to be studied with usual finite elemenggpams. Because the emphasis of this
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thesis existed in the design of the panel usinggd@ not so much in the correlation
between experimental and theoretical results, @eduse substantial literature has been
published on the analysis of honeycomb core, tiasis implemented an approximation
technique for the structural analysis.

The simplest analysis technique for a sandwich Id@aebeen commonly called
the “effective” or “equivalent” properties metho@his method uses the geometry of the
facings and core lattice to create a solid platskor which approximates the properties
of the real sandwich panel. The approximationsydwer, do present some error based
on the fact that the equations drop terms, sinoeedeatures of sandwich panels do not
contribute significantly to the stiffness. In esse, the equations attempt to negate the
negligible terms and emphasize terms which prothéegreatest values.

The equivalent single skin plate method outlinedPhyk, Thayamballi, and Kim
(1999) considers the rigidity of panels, with eglaaing skin thickness, separately for in-
plane tension, bending, and shear. Paik solvesghations to obtain the equivalent

thicknessit,,, the modulus of elasticityt,,, and the shear modulug,, .

ty =430" +6ht, +4t,° 9)
2t E
E., = (10)
teq
%G
Gy = (11)
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In the equations abové, is the height of the cor¢, is the thickness of the

facing, E is the modulus of elasticity of the fagend G is the shear modulus of the

facing. From the geometry of the prototype deakeha

h, = 0.285in 12

t, =0.024in 301
E =10000x 10°psi (14)
G =3630%x10° psi (15)

From the equations above, 896 kip was calculatefl fg and 325.2 kip foG,,.

An equivalent thickness of 0.536 in was calculafdte rim portion used a thickness of

0.36 in and the normal values for E and G.

5.3 Finite Element Analysis

A shell mesh (Figure 31) was partitioned into apiontion and a center portion to
allow application of different material propertieslormal aluminum properties and the
actual thickness of the rim were assigned to tingportion while the effective properties
and effective thickness were applied to the cgmbetion. Because the deck panel was
mounted by fastening brackets along two edgesrandder to be able to compare the

finite element results with experimental resulis)y supported boundary conditions
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Figure 31. Finite element model with mesh, boupdanditions, and loading profile.

were applied to two opposing edges. A single ploatl was applied at the center of the
plate.

The load was arbitrarily specified to be 300 Ibhe solution to the finite element
model with the prescribed boundary conditions aadling is found in Figure 32. The
corresponding stresses in the plate are foundgiargi33.

The results show what would have been expectee. sithple support allowed
two edges to rotate under the load. A gradietthendeflection results show the greatest
deflection in the center of the panel. The stresslts show how the rigid rim contains
the greatest amount of stress.

To estimate the weight benefits of honeycomb coeghér a solid panel, a finite
element model was created similar to the previoodahexcept the rim and center

portions were given the same material propertielsthickness. The thickness was then
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adjusted until the maximum deflection matched tfahe effective panel under the 300
Ibf load. The results are shown in Figure 34. ffhekness to get such a deflection was
0.245 inches. The mass of such a plate would bega 2.79 pounds. This is a 55.6
percent increase in mass from the 1.794 pound placél.

The design criterion for such an aerospace straigsurypically to design for a 20
G load with a safety factor of at least 2.4 agaymsiding. The results show a maximum
Von Mises stress of 6,950 psi. The 3003 -H18 alibgluminum can withstand up to
27,000 psi before yielding. Thus the safety fai@.88 for a static load of 300 Ibf.
This exceeds the requirement of 2.4. Note thatrtheimum stress occurs at the center
of the rim portion. The analysis has proven tleame weight could be eliminated in the

rim region.
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CHAPTER 6

BUILD PROCEDURE DEVELOPMENT

6.1 Fabrication

Though development of the geometry of the declepisnmportant, the manner
in which it is fabricated is equally as importafithere are many processes involved in
creating the deck which if not performed in a sfiesequence can cause tremendous
problems. The build procedure was developed baticig a prototype of the deck panel.
Following is the sequence of steps to fabricateptistotype panel.

First, a full solid model of the deck was createduding all holes for the bolt
pattern and mounting points, hollow core porticarg] channels for embedding wiring.
The solid model was then copied to make four sépditas which were modified
individually. Images of the four solid models #end in Figure 35.

The first model was a solid plate used to buildhgbulk of the deck. Midway
through the model was a channel groove that coaNe bheen used to embed wiring and a
temperature sensor. The dimensions of the firstehibbad the same length and width as
the solid model of the deck. Its thickness waswedent to the desired thickness

composed of ultrasonically bonded material. Thlwed model contained the

Figure 35. a) Solid model used for building up enat and milling channels, b) Solid
model used for milling honeycomb, c¢) Solid modeddifor adding top facing, d) Solid
model for cutting bolt pattern.
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milled honeycomb lattice with the reinforced rinddwolt pattern in tact. Its thickness
was equivalent to the desired core thickness. tiingé model contained a solid plate that
would be used as the skin on the core. Its thekneas equal to the desired skin
thickness. The fourth solid model contained thieséor the bolt pattern and the bracket
mounting points. Its thickness was equivalententire thickness of the deck panel.

Next, Solidica’s proprietary software, RPCAM, wesed to generate the G-code
for the toolpaths and tape lays for each modeto#figuration file in the software
enabled the user to modify the weld speed, am@itfdscillation, and force for each
model. The trim toolpaths for the perimeter of $eeond model were deleted as well as
the bottom four trim toolpaths for the perimetetiwé fourth model. This is because the
deck is not ready to be removed from the basepiatiethe final operation.

The next process in fabricating the deck was épgre the Solidica machine for
machining and UC. An ultrasonic couplant was aapto one face of the aluminum
baseplate. This couplant enhanced thermal cormtub&tween the heated platen and the
aluminum baseplate while mitigating differential tiom, due to ultrasonic vibration,
between the two surfaces. The plate was then btitacheated platen located in the
Solidica machine. A flatpass operation was usedegan the surface of the plate and to
zero the plate with respect to the machine as showigure 36 a.

The files for the first model were uploaded inte tontroller for the Solidica
machine and the process was initiated. The mad¢aoked down 13 columns of tapes by
using the sonotrode to spot weld the beginningemttiof the tape along with a loose
weld in between. This tack procedure allowed #pes to be placed into the proper

position so when the full amplitude was used toasthnically consolidate them to the



Figure 36. a) Clean baseplate, b) First layemosolidated aluminum tapes.

baseplate, the tapes would not vibrate excessemdygh to loose their proper position.
The tacked tapes were then consolidated by useanfuthforce and amplitude and the
process was repeated for a second layer and se shoavn in Figure 36 b. Every four
layers, the machine used a cutting tool to autaralyitrim the excess tape length.
About halfway through the build, at 0.18 in of Haigthe machine automatically used a
0.125 in tool and machined the groove 0.14 in viadte¢he wiring and sensor. The
machine then continued to build until the thicknesthe CAD model was attained.

After the build was finished, the files for the sad CAD model were uploaded
into the Solidica machine. The vertical heightreff build was changed in order to
correlate the Z heights for the milling operatioffhe program was initiated and the
machine milled out the honeycomb core as showngarg 37 a.

A close-up of the channel through the honeycondin@svn in Figure 37 b shows
how wiring for heaters, thermocouples, and othasses can be embedded in the
structure. The height of the channel can be sjgelcduch that it passes thought the
centroid of the lattice, thus minimizing any danmageffect on the structural integrity.

Next, the files for the third model were uploadett the machine and the Z
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Figure 37. a) Milled substrate, b) Close-up of edded channel.

height was set to be zero at the top of the fateethuild. After a final flatpass was
performed to clean the top of the honeycomb latioe verify flatness, the program was
used to lay the skin on top of the core. Fourrayd tapes were consolidated to the
surface (Figure 38 a) and the tapes were offsét leger to avoid the creation of a

parting line.

Figure 38. a) Fist layer of top facing consolidaten honeycomb core, b) Prototype deck
panel with bolt pattern milled out.
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Next, the files for the fourth model were uploaded the process was initiated.
The machine proceeded to drill the holes for the attern as well as the holes for the
mounting brackets. In the prototype deck, the toolpath around the perimeter of the
deck was actually made smaller than the perimbtgrwas fabricated using the other
files. This was done to remove any edge effe@sdbuld cause nonoptimal bonds in the
part. Trimming away the weak portion revealed & nkean surface that would serve as
the final dimensions of the deck. The trimmed discthown in Figure 38b.

Next, the unusable portion of the aluminum plats wemoved by turning the
plate over and milling the back down until the dediskin thickness remained on the
deck panel as shown in Figure 39 a. This operatism enabled a flat surface to be
created that would be used as the mounting suféadbe payload which would be
attached to the panel.

Next, the deck was removed from the Solidica mazhind cleaned up using a
band saw and manual mill as shown in Figure 39le manual segment of the
procedure was trivial and only necessary to clgardges which were connecting the
deck panel to the aluminum baseplate. A final apen involved threading the mounting
points and installing helicoils for added strengfiine resulting deck panel is shown in

Figure 40.



61

Figure 39. a) CNC mill removing excess materiahirbaseplate, b) Final operation to

remove segment of baseplate.

Figure 40. Finished prototype deck panel.
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CHAPTER 7

STRUCTURAL TESTING

7.1 Three-Point Bend Testing

With the prototype deck fabricated, it was possibléest the panel for
comparison with the finite element results. As wWassussed in the literature survey, 3-
point bending (Figure 41) could be used to deteertine ratio of deflection to loading to

give the stiffness for the assembled core and dscin

Figure 41. Three-point bend testing apparatus pnthotype deck panel installed.
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The load cell used was a Tinius Olsen load cethai 11250 Ibf capacity. It had
the capability of measuring a force to within = p&rcent of the indicated load when
operating within the range which was tested. Ttieresion was accurate to within
+0.0004 inches.

The 3-point bend test was performed by placingptioéotype panel on two
supported cylinders as shown in Figure 41. Thiandgls created a simply supported line
support in the same location it was applied infilige element model. A third supported
cylinder was attached to the load cell and browlghin very close to the panel. The
force and extension were referenced at zero amdtbigemachine was programmed to
lower at a rate of 0.01 in/min. The resulting deda be found in Figure 42.

The plot shows a nonlinear stiffness for the €3 inches and then a linear
trend for the remainder of the test. The nonlingation was due to the fact that the
apparatus was not touching the deck when the arpatiwas initiated. Some minor
adjustments in the deck and fixture resulted innwelinear trend. The linear region
showed a stiffness of 8630 Ibf/in.

For comparison with the finite element model, tedettion at 300 Ibf was noted.
The correct deflection was obtained by noting wtienforce measurements began in the
recorded data and using that as the referencesfordeflection. The experimental data
showed a deflection of 0.0506 inches. This waspayed with the finite element results
of 0.0574 inches. This gave a percent differedcdelB5 percent. The deflection at 200
Ibf for the 3 point bend test was 0.0389 inchekis Was compared with the finite

element deflection of 0.0383 inches for the samneefo This data point corresponded
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Figure 42. Stiffness of prototype deck panel fré4point bend test.

even closer, having only a 1.57 percent differdreteveen the experimental and
numerical results.

The difference was most likely due to assumptioaslenn the equivalent skin
method for the finite element model as well asmigancies between the setup of the
model and the setup of the 3-point bend test. &thes also some error due to the fact
that at a load around 300 Ibf, the resolution efltdad cell was 1.5 Ibf. For the purposes
of showing a general trend between experimentahainderical results, the results were
sufficient. The stress results given in the fimtement model could be considered

sufficiently accurate given the application of safinsafety factor.

7.2 Vibration Testing
The prototype panel was tested on a vibration tabtee Space Dynamics
Laboratory in Logan, Utah. A sine sweep test werfopmed in order to find the

resonant frequencies and to verify robustnessardésign. The setup of the vibration
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table, the mounting fixture, and the prototype dack shown in the Figure 43.

The results from the sine sweep at .25 G’s are showigure 44. The deck was found
to have a first natural frequency of 560 Hz. Thekdwas also tested at 1 G and 0.5 G’s
and found to have first natural frequencies of &8 559 Hz, respectively. This shift in
frequencies indicates variance in damping for d#ife loads and implies the deck has a

nonlinear response.

"

Figure 43. Vibe test setup with prototype deckatesd with accelerometer installed.
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CHAPTER 8

CASE STUDY: TOROID

As a final demonstration of the capabilities of wJabrication of a deck panel, a
final deck panel was fabricated for the TOROID smaaft. This deck panel used the
geometry designed for the integrative CAD model dnadtesting results of the prototype
deck panel to create a structure that was bettfarfspaceflight and customized for the

small satellite at Utah State University.

8.1 TOROID Project Overview

Utah State University is currently participatingtive 4th University Nanosatellite
Competition directed by the Air Force Research katmyy (AFRL). The purpose of this
competition is to develop the small satellite texlbgy area while providing workforce
training for university students. It is sponsobgtthe American Institute for Aeronautics
and Astronautics (AIAA) and supported by both thaidbhal Aeronautics and Space
Administration (NASA) and the Air Force Office otientific Research (AFOSR).

Utah State University's entry into the competitisrtthe Tomographic Remote
Observer of lonospheric Disturbances (TOROID). TR will demonstrate both
scientific and technological capabilities as thelite is fabricated, tested, and
eventually put into orbit around the earth. Thiemtific mission of TOROID is to
observe scintillations in the low latitude ionosphwith increased fidelity. The data will
provide the scientific and military communities va greater understanding of the
morphology and equatorial phenomena which currentfede accurate space based

geolocation.
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There were several reasons a deck was neededstrtictural design of the bus.
First of all, the Utah State University Satellit¢JUSat) design emphasized the
importance of modularity by using panels. Compasiéor the various subsystems were
attached to the panels which were, in turn, assesnbto a boxlike structure. This also
allowed each panel to be tested individually fdaration and thermal effects. There was
very little space for mounting a new payload suelthe TOROID science instrument.
The problem is that the science instrument requar&alge area and cantilevered support
(Figure 45). While the inside of the panels of blealike structure was covered with
components and harnessing, the majority of theiontgolume of the satellite was
empty. This empty space, however, was the peplace to install a horizontal deck
panel, upon which the science instrument could bented. It was decided to use UC on
this deck which would become part of the currenRODD structure. As the deck
employed new fabrication techniques and multiflorai capability, its development

comprised one of the technological objectives ef IOROID mission.

/TOROID Science Instrument

«— Protruding Instrument
Induces Cantilever

Horizontal Deck Panel

USuUSat Bus

Figure 45. TOROID spacecraft with simplified s@ennstrument.
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8.2 M adifications for the Final Deck Panel

The overall dimensions of the final deck panel wgweerned by the footprint in
the TOROID spacecraft. As shown in Figure 46,ttaximum thickness of the panel
was limited to 0.5 inches. This dimension wastkaiby the battery box below the deck
and the release mechanism above the deck. Thialand width of the deck were also
decreased due to the flanges of the torquer codglze battery box shown in Figure 46.
Caution was taken to avoid problems with harnesamdjthe battery box.

One major focus of USUSat has been a modular desttpra standard bolt
pattern. This pattern is currently part of theigle®f the side panels. They contain an
orthogrid with reinforced tapped holes every 1.8#%hes. The prototype deck panel
contained a bolt pattern but it was coincident it honeycomb pattern. For the final
deck panel, the bolt pattern was treated indepdhdeithe honeycomb. Reinforced

cylinders were input into the CAD model to allowd®to be machined and tapped.
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Figure 46. Footprint of space for final deck pais&de and top views).
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This method of creating a bolt pattern reducedatheunt of material in the panel and
thus increased its efficiency. The pattern was algned such that the fastening points
that would be used to fasten the deck to the gatelere attached to the rim of the deck
for added support. These fastening points wegaedl on an edge perpendicular to the
direction of the tapes. This was done so that wherdeck panel is loaded, it will not be
stressing the tapes in their side-by-side interface

The rim around the perimeter of the deck panel asts stiffener in the satellite.
This will help maintain the rigidity in the in-plarexis. From the finite element results,
the rim on the prototype deck was found to be esigeby thick so the rim was reduced
to a simple rectangular beam of 0.25 inches inhwidthe final CAD model of the
TOROID deck panel without its top facing is foumdFigure 47. The structural drawing

package is found in Appendix A.

Figure 47. CAD of final deck panel.
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Small holes were used to perforate the honeycowtimas. This was done since
completely enclosed cavities have a tendency tturapn space due to the decreased
pressure in the space environment. This could héseebeen accomplished by milling a
tiny channel through the centroid of the honeycaelbwalls as well.

The final deck panel did not contain any enclodshoels such as the one milled
in the prototype deck panel. This is because tissian requirements of TOROID did
not necessitate any such channel. The prototyple pimnel contained the channel as a
proof of concept, that objects such as sensorsvamy can be embedded in the

structure.

Figure 48. Photograph of completed final deck pane
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The final deck panel was fabricated (Figure 48hgshe same procedure as that
developed for the prototype deck panel. The TOR@4Dk panel is much lighter, at 1.38
Ib compared to the 1.79 Ib prototype deck. Theal/dimensions of the final product
are 10.73 x 9.45 x 0.42 inches. The honeycombwasecomposed of regular hexagons
0.31 inches in diameter and 0.372 inches tall. Sdrae web thickness of .040 inches
was used. The facings were 0.024 inches thickodin faces. Nonlocking 8-32 helicoils
were inserted into the threaded bolt pattern indingk. These were to provide resistance

against wear.

8.3 Economy of Using UC for Deck Plate Fabrication

The costs involved in fabricating the TOROID dack found in Table 1. The
table has the material costs and labor costs separ&lote that the labor costs were
approximated by multiplying the time to completelesask by $38. The italicized
numbers indicate that a 50 percent reduction ihwas applied. This was done because
such processes could be left unattended on theingacihe total time for the build was
about 56 hours. Because about 16 hours were dilmingight, the deck was completed
during a full work week of 40 hours. The majomtiytime was in machining the
honeycomb grid and bolt pattern. These tasks ecoedwa tremendous amount of time
due to the inefficiency of the milling machine useaur specific UC machine. Because
the machine was not made for heavy machining,gsesses a small spindle which can
not remove material at a very fast rate. The pattern also took considerable time due
to excessive lengths for toolpaths. Both of thgserations could be greatly enhanced as

far as speed is concerned by performing them iN& @ith a more powerful spindle.
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Materials Time (hours) |Cost
Aluminum 3003 tape - 25.59
Isopropyl alcohol - 79.35
Aluminum 3003 plate - 100.23
End mills - 24.40
Helicoils - 13.23
Wear on helicoil tap, tapping fluid, ultrasonic couplant, gloves, rags - 15.00
Total materials - 257.80
Labor

Setup machine 0.50 19.00
Plate find/Plate clear/Upload program 0.50 19.00
Clad bulk material w/ trim 8.00 152.00
Machine honeycomb grid 24.00 456.00
Machine bolt pattern 8.00 152.00
Flat pass 0.50 19.00
Place facesheet on honeycomb 1.00 38.00
Trim to correct dimensions 1.50 57.00
Machine vent holes 2.00 38.00
Setup for removing base plate 0.50 19.00
Mill off baseplate 3.25 123.50
Clean edges and deburr 1.50 57.00
Tap and insert helicoils 2.00 76.00
Adaptation for changes 3.00 114.00
Total time 56.25| 1,339.50

The total cost of the build was $1,597.30. Thistds comparable to the cost to

machine one of the panels on the USUSat bus. fannmal estimate was done by a

commercial small satellite producer. They fourat t similar panel fabricated out of

composites would cost $2,200 to $3,200. Matenatswould have been similar but

labor costs would have greatly surpassed thosliwicating the TOROID deck. This

identifies out one of the main advantages of thebu(@ panel over a traditionally

fabricated panel. Traditional methods requireuse of composites which are incredibly

labor intensive since the composite lay up involmescise assembly and curing in an

oven.
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The mass was estimated for an equivalent comppartel with potted inserts to
be 0.485 Ib. This identifies one of the disadvgataof UC. Because of the incredible
properties of composite materials, such as cariben feinforced polymers, a
tremendous amount of mass can be saved by usigdittier material. In small satellites
such as USUSat, though, this has very little impddte satellite is already very small
and light. The UC built deck also has the addewbein that it can very easily be made

into a multifunctional structure.
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CHAPTER 9

CONCLUSIONS AND FUTURE WORK

Conclusions

Using UC in conjunction with a CNC mill has opengzla new fabrication
technigue which allows satellite structures to b#t lvith the benefits of additive
manufacturing. Many of the typical problems founddditive manufacturing can be
avoided due to the full metallurgical bond, low mgigng temperatures, and low cost
associated with UC. Because the structure camlitteulp layer by layer, internal features
such as ribs, voids, and various components suteasial sensors and wiring can be
embedded into a structure. The work done forttlesis has identified the configurations
which allow such structures to be created.

This fabrication method enabled the creation adlatweight and stiff panel
similar to a honeycomb sandwich panel but withabtitation issues involving epoxy
and inserts. The UC process becomes a particuladful fabrication technique since the
facings of the sandwich panel can be consolidatedlightweight honeycomb core. The
amount of complexity for assembly of this type ahdwich panel is much less than for
traditional methods.

With a solid model of the deck, and a procedurddbricating the deck, a deck
can currently be produced in about a week. Exparial results correlate well with
finite element results using equivalent skin method

The results of this thesis have proven that ioissible to make a structure that
competes with structures found in industry todayorder to become a disruptive

technology, such as the transistor in the computeld, future work must be done to
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make UC the fastest, cheapest, and most robustdabn technique for producing

satellite hardware.

Future Work

There is a plethora of work that can be perfornmethe future to improve the
quality of structural panels that can be producgdguUC. The most significant of these
is the implementation of a support material apperat the Solidica machine. The
support material would allow each layer of the figcio bond fully to the layer below it.
Currently, bonding is only achieved directly oviee honeycomb cell walls. This would
also reduce any dimpling in the facing.

The facings would also benefit tremendously by gidiber reinforcement. There
is currently a pre-impregnated tape that contaiaménts of aluminum oxide.
Integration of this type of tape into the facinguldmake the sandwich panel much
stronger. Also, the mass of the panel could bendteally reduced by using a stronger
material such as the 6061 aluminum alloy. In aoidit6061 is more accepted in the
aerospace community due to its extensive use icesstul missions.

The time it takes to produce a deck panel couldubelown from one week to
approximately one day with the use of a more pawenill, more machinable alloys,
and with modifications to the toolpaths generatg&oblidica’s proprietary software.
Often times, the toolpaths are greatly excessiteavel distance. The motion of the
machine when laying tapes could also be tighteogué¢vent excessive travel.

The final deck panel still lacks testing with theal payload used for TOROID.
As the payload hardware is fabricated and testingeoentire TOROID spacecraft

begins, valuable information about the deck parredmput under dynamic loading will



be investigated.

The final area that can be completed in the fulsitbe integration of other
subsystems into the deck panel. ltems such a9, antennas, wiring,
thermocouples, low profile heaters, embedded coenputonnectors, and printable
batteries will eventually be integrated into theida and may perhaps someday be
automated similar to the process of printing atpdrcircuit board in the electronics

world.

77
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Structural Drawing Package
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Emailed Request for Permission to use Figure 1
Request Email:
Dr. Soar,

| have come across an individual grant review repmpared by
yourself and Choon Yen Kong. There is a very wedpbared image
illustrating the ultrasonic consolidation proces$iave included

the image you put in the report. | wish to askyfour permission to
use this figure in my thesis entitled: UtilizatiohUltrasonic
Consolidation in Fabricating Satellite Deckinganh a Masters
student and professional engineer working for Der Stucker at
Utah State University. If you give me permissioruse the image, |
will make sure to note in the caption who it camanf. Please
respond quickly. Thanks.

Josh George

Response:

Hi Josh

Thank-you for taking the time to contact me - péegs ahead
Rupert

Dr Rupert Soar
The Rapid Manufacturing Research Group and Free@onstruction Laboratory

Wolfson School of Mechanical and Manufacturing Ewegring
Loughborough University

Loughborough

Leicester

LE113TU

Tel: +44 (0) 1509 227637

Fax: +44 (0) 1509 227549

Cel: +44 (0) 7973219624
www.freeformconstruction.co.uk

www.sandkings.co.uk
www.lboro.ac.uk/departments/mm/research/rapid-nestufing/people/Soar.html
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Emailed Request for Permission to use Figure 6

Request Email:

Chris,

There is a segment in my thesis that discussgsridems of
building ribs using UC. | would like to includeghmage for data
you obtained on the height to width ratio for fitaesling ribs in the
following paper:

Robinson, C.J. Zhang, G.D. Janaki Ram, and E.Ja%ig eds. 2006.
Maximum height to width ratio of freestanding stwres built using
ultrasonic consolidation. Solid Freeform FabricatSymposium,
Austin, TX.

Will you grant me permission to include this imageny thesis. |
will make sure to reference your work and the egldtgure. Thanks.

Josh George

Response:

You have my permission!
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