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Introduction

Additive Manufacturing for Post Processing (AMPP) is a team comprisad/@iCal Poly
Mechanical Engineering studeni$athan Goodwiand Andrew FurmidgeThe project is focused

in the area of mtal additive manufacturing (4) machines which are still a developing
technology. Improvements have been made to the quality of the machines in the past years, but
many limitations still exist. One of these is the inability to print parts that are larger than the build
volume.In an effort to solve this problem, whole parts are divided into pieces that are printed
individually. Thi s t eamds s eni ojoining mathpdfoc ltawrense Liveamore r e at e
National Laloratoryd s  ( LAMNdepartment An employee at LLNL,Stephen Knausis

providing the requirements of theining method, and f@fessor Peter Schusterasvisingthe

team through the design process.

Background

What is Additive Manufacturing?

Additive manufacturing (AM) is a procesfisat canquickly create a final part grototype. This
process assists designers and administrators when making decisions on the development of a part
by allowing them to hold and visualize a model. AM encompasses a variety of methods that create
a part layer by layer from a speciitomputer aled drawing (CAD) file. Generally, the CAD file

is made by a designer or enginedro usesa program to create a solid model based off a concept
that the designer envisioned. CAD files can also be created through a scanning process of an
existing part. Te lid model is converted into a STeratilography(STL) file, a file format
recognized by most solid modelling programs. Thé 8le is imported into arediting program
thatgenerateshe necessary code for the machine to print the part in |ayeesaliting program

has the ability to create a lattice structure within the model. A lattice is a repeated framework of
patterned elements that occupies the space within a mbdedluceghe mass of a printed part,

which results in a shorter print time aadstrong, lightweight modeThe general types of AM
processes for adding layers of material are liquid polymer, discrete particle, and molten material.
This projectutilizes selective laser riag which is a discrete particle method.

Lawrence Livermore National Labatoryis alab funded by the governmeifiat is investigating
AM through experiments and simulatio(k). They have developed models that analyze the
process at the part level and the powder level as sdggurel.



Figurel. LLNL powder level simulation of selective laser melt{iigy

Ideally, he results from these meld are compared to the measured material properties of the final
part along with data from sensors during the print. The purpose of these simulations and
experiments is to find the correct parameters that the machines should be ogteaigdld a

high success rate gfrints and to predict the properties of the part before the part is r@aeeof

the AM processes that.NL usesis selective laser melting (SLMA distinction should be made
between the process called SLM and the company called Sh&.company named SLM
manufactures machines such as the SLM 125HL, SLM 280HL, and SLM 500Rigure 2

below, which create AM parthrough the process of SLMhe post processing of these pasts
essential to the final form of thpart.

Figure2. SLM 125HL (left) and SLM 280HL (right2)

Selective Laser Melting

SLM is a discrete particle powder bed fusimmocess thatises a laser to melt layers of metal
powder(3). Since SLM is a welding process, it can only produce parts that are made from a
weldable material. As with other welding processes, the liquid metal must be contained within an
inert environment, usuallgonsistingof Argon (4). Certain metal powders such as aluminum and
titaniumare composed of individual particle$0um in diameterThe small size of these particles

can cause them teact with the oxygen in the air and cause safety hgzatdsh is the rason

why they will not be used in this proje€nly stainless steel 316L will be used to create parts
becauset is not combustibléen powder form When creating a parthe powder is swiped across

the top of the build plate in layeas the build late lowers.n the simplified model of an SLM



machine inFigure3, thepowder layethat the laser is melting stays at a constant height relative to
the laser to keep the beam focused.

Powder Roller

Powder Bed

Figure3. Selective laser melting machine compaots(4)

The difference betweethe model inFigure3 and theSLM printeris thatthe SLM printer has a
gravity-fed powder stock that drops powdarfront of the powder rollefor application ofa new
layer to the powder bedhe area of the powder bed, or build platform, limits the extents of the
build volume A larger build volume is oftetimes desired, but increasing the size of the powder
bed requireghangego the componentsf the machine such as the laser, mirror, aedatttuator
under the build platformlo compensate for having a smaller build voluraegér parts can be
scaled down to fit within the buildolume, although this may be insufficidor some prototypes.
Some prototypes require dimensions that cause the part to be larger than the build volume;
therefore, ae of the limitations of the WU process is the build volume. Additionallet size of
theprinted paris proportional tadhe huild time, so there is a tradeoff between the size of the part
and the printing time.

In the case of this projedhe desiredpartis slightly bigger than the build volume of the SLM
125HL model. The SLM 28BL model would be requirechowever, a bigger model printer is
more expensiverhis drives the need for joining method to be developed that will be applicable to
axisymmetric pag of any scaleThis method will allow axisymmetric AM parts to be made that
are larger than the build volume of the largest AM machine. The joining method will rdegiire
partto beprinted in sections and joined.



Joining Methods

For centuries, rists and designers havencountered the probleai not being able to build their
masterpiece in ongingle part. One ahe oldest exampsedatesback to the Egyptians and their
pyramids This issue still plagues the endeavors of today's designers and engstbeysstrive

to create things thatvere once thought toot be possible.Since then,ltere have been several
methods tried ancevisedto connect pieces together. Some of these discoveries are more recent
as technology has advanced, allowing designeusé¢oa largebreadth of materialS'his project

will not utilize hardware fasteners, as required by the customer, narrowing down the number of
potential joining methodd he first type of joining methods that will be discussed are mechanical
fastening métods that use locking geometries, such as puzzle pieces and zippers. The next type
of joining methods discussed will be adhesive joining methods that create a bond between two
surfaces using a liquid bonding agent. Adhesives contrast with the next jmiethgd of welding
because welding melts the two surfaces together rather than adhesives use a different material for
bonding. Lastly, shrink fits will also be investigated because this method is similar to welding
since it does not require additional m&iks for joining.

Puzzle Pieces

One of the oldest joining methods is the use of physical connections or interlocking pieces to lock
two pieces together. A puzzle piece is a prime example of how this method vorkslves one

end of a part to be cut mta specific geometry such thaere is a protrusiofrom the surface
known as the male connector. Tather partrequires a similar cut on the necessary, dnd
instead an inward cut that reflects the outline of the protrusion from the male end. arhiss p
called the female connector and when the two parts are designed correctly, they can lock into place
simply by sliding the male (key) side into the female (lock) side. The benefits are profound since
a designer can design a fully completed part ttlemosethe sectiondo split the part into by
drawing simple or complex geometries to lock them together. The woodworking industry
generated one of the first examplegtog methodologyn medieval times, using what is known

as a mortiseandtenon joint gen below irFigure4.



MoHise-and-Tenon Joint

Maortize Tenon ]
(tis-assembled)

R

Mortise-and-Tenon Joint
{ assembled)

Figure4. Mortise-and Tenon Joint developed in medieval tin{$

Since theMortise-and Tenon Jointhundreds of more jointserecreated and utilizeoh different
mediums from wood to stone to metdlore recently, the plasti@8D printing industry has ceged

a process of turning any CAD model into multiple puzzle pideasfittogether The program can
createinterlockingpiecesin such a way that #y become fixed in all three directiorisgure5

below shows how this computer program can take a CAD model and split it into multiple pieces.

D - puzziecutdemoz <ad* =3

slate = (633 353220 rotate = {4380 0.00 2850 | ditance = 000

Figure5. 3D CAD part split into pieces using computer peog(6)

Potential disadvantagés the puzzle piece method lies in the strength of the projected ends, the
tightness of the fits, and tledfects of thedirection of the applied force. If the puzzle piece end of



a part is poost designed, it may create areas of high stress concentratiomandausehose

areas may fail before threst of the partCutting creates tolerances in parts and ifcadtulated
properly can lead to the puzzle pieces havwitizgertoo muchclearancer interferenceln addition,

if the puzzle piece experiences a force in the direction that it was slid together, there is a chance
that the connection may undo itseéndering the joint useless.

Zippers

A zipper is a joining device that integrates theibhook and hollongeometries. The teeth of a
zipperinterlock to join the surfaces of two materials that are generally fleX@blewn inFigure

6, thesliderof the zipper consistsfawedge and each tooth has lookand hollav.
Eachopposng tooth isoffset fromone anotheso thattheir hooks and hollowsan latch together

in sequenc€7). The track of the zipper is thgatternof dozens to hurméds of teeth. Generally,
the wedge shaped slider ¢es the teetbf each trackogether at an angle. Parts made through AM
are generally not flexible enough to deform to the angle required to allow the teeth tmlettiet,
however, the idea of interlockingook andhollow geometriesnay be useful to lok pieces
together.

Figure6. Cross section of a zipper joi(&)

Gluing

Another form of joining that hasxistedfor quite some time is gluing. The specific substrate for
gluing varies depending orné application but all substrates function tadhere two pieces
together. Glue usage ranges from mortar (used to hold concrete and brick) to epoxylfosdd to
metal Figure7) and almost everythingdibetween. Glue is a widelysed joining method because
it can be quick and completed without much dexterity. The substaapglied tothe end of one



part and ispressed tightly against the end of another part. Once again, the type of glue will
determine how long it takdser the glue to cure (harden and complete the joint). The strength of
the glue is dependent on how well the sabse can adhere to the p&mbw strong the substance

is when it has finished hardenirend how tight the fit is between the mating partee company
Henkel/Loctite claims that out of the entire surface area of the desired joint, only about 15% of the
jointbés surface area i s ad9. @Glddr retairfing compoang met a
should be added to the jotatfill the gaps and increase the area of contact. Despite the advantages
of glue,there aregestrictions on the applications glue can be usedPfossible drawbacks occur
when there is poaadhesion between the glue and patien the operatintemperatre exceeds

the limit of the glue, or when tigdue reacts with otheiquids such as wateGluecan be combined

with geometric joining features, such as a puzzle piecicrease the strengtf the joint by
improving load transmission

i
LOCTITE.

EPOXY

BONDING COMPOUND

Aumanum, Brass
Bronze, Copper. Rwter & v Srw i

Figure7. Loctite Epoxy Weld Bonding Compour{0)

Chemical Bonding

Chemical bonding ianotheruniqueprocess which requires little effort from the useobtaina
strong connection. This process is similar tamgsince thebonding strengtis dependent on the
joining material usegdbutit utilizes the interactions between elements to ignite chemical reactions.
One use of chemical bonding involves the elements Indium and GalliunboRuking surfaces
areinitially coaed with a layer of angled rods. One side s coated in Indium an@allium
coats the other side shownRigure8.



(a) (b)

Figure8. Indium and Gallium coated rods from separation to connection diddisation (11)

When the two sides are slid into one angtkenilar to a zipperthe elements come into contact

and form a liquid due to their elemental properties. This lige&tts chemically andegins to

solidify until it hardens completelyrhe chemical reaction between Indium and Gallium occurs at
room temperate and requires no pressure while it is gusihigh makesit similar to gluing, but

it solidifies as a full metallic piec&he drawbacks are in the amounttiafe it would require to
coateacls i de with the el ements and the precision

Welding

The mast commorform of modern weldingvas first discovered in the early 1800kenan arc
wascreated to melt metai order to fuse parts gether. Since itsonceptionthe process has been
iteratedto account for different metals and applications. There are multiple beofefitsiding
compared to the previous two joining methods. Welders can choose what type of metal will be
used to melt th two parts together based on the need of the designeethe weld solidifies.

The weld bead typically surpassbe strengttof the base materidhowever the heat affected zone
besideghe weld beadxperiences a decrease in strengtiere areotherlimitations to welding

such as creating large amounfsheat. Too much heat could burn a hole through the nietal,

not enough hdacoud cause the metals to fuse incompletelyn itnproper weld couladontain
porosity or other impurities that can decrease the strength of aAmeldher problem with welding

is the amount of skill required fmerforman acceptablaeveld. Below in Figure9is an example of

the Tungsten Inert Gas (TIG) welding technique that utilizes a tungsten electrode to create the arc
that melts filler rod, which must be applied by hand.



Direction of

/——GTAW head

Power
Shielding gas

Contact tube

Tungsten electrode

(nonconsumable)
Electrical arc 4 weld bead
Copper shoe _—l—
(optional) Shielding gas

Figure9. Diagrammai example of TIG welding12)

Shrink Fitting

Whenextra material is not desired due to the nature of the application, heat shrinking can be used

to join objects together. One use of heat shrinking is in underground piping. dipes are buried

under the surface, leaving them prone to wear and deterioration from moisture and other
environmental factors. To combat thigiaps made from a flexible material are wrapped over or

slid around the tubandthen heated so that they ctid around the pipe, creating a protective

barrier. This process is more desirable than fitting a rigid casing around the pipe because those
casings need to be specifically dimensioned for each pipe whereas the heat shrink material can fit
any size thait needs to. In addition, casings may require external fixtures or an adhesive to hold
themselves together whitee heat shrink only requires intense heat. This heat shrinking process

is also used to fit piping together. By heating up the end of thengibehe larger inner diameter,

the tube is thermally expanded enough such th
larger pipe then shrinks radially as it cools back down, creating a strong fit between the two pipes.
The keyto this process isimensioning the inner diameter of the outer pipe to be slightly smaller

than the outer diameter of the inner pgoethat when the heated outer pipe cools down, the outer

pi pe attempts to return to its or ihginnargipe. di men
Since this process is repeatable and can be performed manually or automatically, shrink fitting is
used to insert motor stators into motor bodiedjtrgas turbine impellers, and assemble high
precision roller bearingq13) There are many more applications of this technique in several
industriesFigurel0andFigurell below showa sample procedure for shrink fitting an assembly.
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Figurell Inserting carbide into heated casig)
Manufacturing Considerations

Drawn Over Mandrel Tubing

Drawn over mandi€DOM) is a process of making metal tubing and has been used in industry for
years. A sheet of metal fgst rolled out between rollers and slowly bent into a round tube.
Then,an electronic resistance weld is applied to seal the tube togattesrthetube is cleaned,

one of the ends is crimped to a point so that it can be held by a machine. The tube is pulled through
a die and over a mandrel which define both the alitaneter and wall thicknesd.5) In addition

to allowing fabricators the ability to create tubing with specific dimensions, the drawing
processmproves the tubes strength and concentricity, making it a muchdesiableprocess

for creating tubes than turning down long pieces of stock on a Rthee 12 below shows the
drawing of the tube over a mandrel.
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Diameter and
wall thickness
reduced

Figurel2 Drawn over mandrel process of creatinging(16)

Heat Treatment

Most steelscan be distinguished by spgcigrain patterns or colors that are characteristic of the
materi al . However, It i teersi@dpuredysbéised onh looksabscauseme t h
metals within the same family can have different microstructures. These microstructures have to
do with the internal and very miniscule crystéde structure of the atomhis structure can be
adjusted by heating the metal tegecific temperature range for a controlled amount of time, then
guenching the steel by dunking it into wat€@harts depictig this informationhave been
developed for moditeels based on carbon content. For additively manufacturedvaatéesusing
selective laser meltingpeat treating them post print is vital since the metal microstructure is not
the same as parts that arade through other technigues such as casting or forging. They may
experience very high cooling rates which camiseunwanted effects including the formation of
inclusions and carbide€l7)

RelevantPatents

US patent #333665Y Scarfing Tool in Method for Joining Metal Band4.8) This patent
describes a method for coating the surface of stainless steel with an oxide from a certain group of
metals which improves the weldability of thart. This tedinology allows for full penetration into

the stainless steel even at increased welding sp#dedelding is considered as the main or
auxiliary method of joining parts this technology may be utilized in order to achieve a high quality
finish.

US patent #384187i Method of Welding Stainless Ste€l9) This patent describes a method for
joining two metal bands together using a special tool that creates grooves which interlock onto a
thin piece of metal tareate a tight connaoh. These metal bands are used as belts in high speed
pulley systems so the tension is a high priority in the strength of the connection.

Interviews

After receiving an informative tour of the LLNL facility and specifically the AM division, the team
was alte to conduct an interview with the sponsor. During the interview and tour, safe working
procedures were discussed since it was a major concern of the Industrial Manufacturing
Engineering Department. LLNL disclosed that their operators must wear-fadeiltespirator,
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coat, and nitrile gloves. Once the safety procedures were coteeesiyonsoexpained certain
restrictionsaboutthe desired part. AMPP and the sponsor discussed that the final part is to be
constructed without bolts or fasteners and there cannot be any step changes in density in the radial
andaxial direction. LLNL suggested for AMPP to use Magias;omputer software, toonvert

CAD geometry to small slices for the SLM machine to interpret. Lastly, the scope of the project
that LLNL desired was compared to the scope that AMPP could complete within the school year.
It was decided that by thend of the school year a joined part would be constructed using the
technique developed. Also, test results, design process documentation, and prototypes will be
provided to LLNL to justify the performance of the joining method. The documentation will
clearly address the potential improvements and drawbacks of the joining method and how it may
be applicable to other parts LLNL may manufacture.

Objectives

Problem Statement

Additively manufactured parts are currently restricted to a specific build volunah wdwjuires

users to split large parts into multiple sections. Lawrémeermore National Laboratoryeeds a

way to join axisymmetric segments such that the mechanical properties approach those of a
uniform part.

Customer Requirements

During multiple meengs with Lawrene Livermore National Laboratory, requirements were
established regardintpe development of a post processing metft joining anaxisymmetric
part. LLNL provideda preliminarydrawing ofan axisymmetric part with geometiiiimensions
and toleranes(GD&T) prior toA M P Ptéus ofthe AM facilities at LLNL. The final, joined part
must meet the GD&Tince asingularly printed part caralso meet those specifications. The
axisymmetric parwill be made ofstainless steel 316L amtnsiss of an inner wall outer wall
and a lattice between the two walls

After the tour LLNL specified that thejoined part mushave nostep changein density inthe
angularand axial diregons and if a material other than stainless steel 316L is used in the joining
method, it must have a similar density to stainless steel 3I6is. poses a challenge when
designing a joining method because the lattice in one section will be difficolnttjthelattice

in another sectianThe small strut sizes of the lattice will deter the joining methods from
attempting to join lattice sections, especially sitteedensity of the lattice must not have sudden
changes around the cylinder. Similartilere must not be any lumped masses as a function of
angular position around the axis of revolutidhis requirement was implemented to prevent the
edges of the lattice from transitioniimgo another geometry that could be easily joined.
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Whether another aterial or adhesive are used in the joining prodessfunctionality of the part
must not change within a temperature rangé0fF to 180F. Also, LLNL requestsfor no bolts
or fastenerso be usedvhenjoining the segments of the part. Similar to whas mentioned in
the problem statement, the axisymmetric part will be splitanteasthree segments due tioe
25HL6s s malLNL deésiresthe goinadaxisymmedtric part to approach the
strength of a fully pmted par&and tobe identical ta fully printed part.The postprocessg time
andthe coss involved will be optimized withousacrificingthe joined part's strengthstiffness,

SLM 1

and quality

QFD

A QFD (quality function deploymentnatrix was completedo evaluate all of the customer

requirements with reggt to the following categorieselevance to each customer, engineering

specification, and current solutions to the problem. The full matixbe found i\ppendix 2:

QFD andincludestheweighted percentages of each categBome of the customer requirements
that are included in the QFD were not explicitly stated by the project sponsor but were determined
by the team to be relevant factors. The list of customers was cedtethinking about the full
cycle of the final part and every person that may be involved in the process, from the design
engineer who creates the part to the metrologist who tests final material profiegti@sportant
to note thatdr this projectmost of the engineering specificatidnso c at ed i n
the QFDwere provided by the project sponsor

Engineering Specifications

t he

Engineering specifications avedetermined fronLLNL's customer requirementbatdefinethe
scope of the projecthe following is @ explanation of the specificatiorisundbelow inTablel.

Tablel. Engineering specifications derived from customsguirements

Szec S[)p::é?i%?;c')?]n Target (units) | Tolerance | Risk | Compliance

1 Outer Diangter 200mm +0.15 L T

2 Inner Diameter 166 mm +0.15 L T

3 Wall Thickness 2 mm +0.20 H T

4 Height 115 mm +0.10 L T

5 Bolts & Fasteners 0 +0 L I

6 Cylindricity .05mm +0.10 L T

7 Radial Hoop Force 5000 I -0% H AT,S
8 Temperature Range | -60F to 180F +10% M AT,S
9 # Printed Parts 3 +0 L I
10 Surface Finish 3.2um +.05um L T,
11 Safety Factor 3 -0% H T,A

O0HO



14

The engineering specifications taliilts the descriptions of ten requiremetitat the final part
must meet. To quantify the specificatioack description has an associatederical target. The
tolerance defines ¢&hallowable range around the target that the final part must lie within. These
targets and tolerances can also be found on the engineering drawpyeindix 4: Pugh Matrix

The table alsadentifies the risk associated with miegt each engineering specification. For
example, the tolerance on the wall thickness may be difficult to achieve because the lattice between

the inner and outer shell will restrict the accessibility of measuring tools. Therefore, the wall
thickness specifiation has a high risk associated with it, denotedliy 0. Speci fi cat i o
medium and a low risk are marked bytaM0 and an #fALO, respectively.

The compliance column in the engineering specifications table identifies how the final part will be
verified against each specification. Most specifications are dimensions that can be measured on

the part, which is a form of testingViduddat <cor
inspection is another method that is used to check the partstabaispecifications and is noted
by an Al 6. Analysi s, AAG, can also be used to

engineering specifications. The final type of compliance is similitude, which allows a similar part
with known properties tbe compared to the engineering specification. Similitude is abbreviated
with an ASO0.

All specifications which refer to part geometry aregteh e A TO0 compl i ance bec
ensure that each dimension is within the allowable tolerance rangmahgsirt will be inspected

using the optical comparator in the Cal Poly IME department. The two specifications that only
require visual il nspection, Al 6, are the numbe
The surface finish requires botkigaual inspection as well as moredepth testing using the Micro

Vu in the IME department. The visual inspection is to initially gauge how much smoother the
finish needs to be. The specifications that have analysis in their complieamtial hoop force
temperature range, and safety fadtavill be used in hand calculations to confirm that the final

design can withstand the required forces and meet the proper safety factor. To test the radial hoop
force and safety factor, the final part will be loadetb an Instron machine using the testing

fixture, sed-inal Design Detail$or full description, to apply an opposing internal tensile force on

the inner band until the part yields.

Design Development

Ideation

The initial stagan the methodf approach presented in the project proposal was ideation and
modeling. Since the submittal of the project proposalltiple ideation sessions were hetul
discuss all possible ideandto further analyzé¢he top threeconceptsFurther,detailedanalysis
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of these conceptsasincluded in the Critical Design Review, CDR. The following is a list of the
ideation techniques performed aftke project proposal.

1 Brainstorming

1 Brainwriting

1 SCAMPER (Substute, Combine, Adapt, Modify,ut to otter use, Eliminate,
Reverse/Rearrange)

Brainstorming

Innovation occurs the most when people work together and share ideas because when someone
generates a new idea another person within the group can build bfbotuse that idea as
inspiration to crea& other solutions. There are different approaches that groups can take when
brainstorming but the process remains as follows; for twenty to thirty minutes everyone on the
project is allowed and encouraged to express any and all potential solutions ¢o aroivlem.

All ideas are written on a large board and the goal is to maximize the quantity of ideas rather than
the quality. By not worrying about the specifics of each solution the group was allowed to exhaust
all solutions at the beginning of the prdjesven if some turned out to not be feasible or realistic.

If quality was the focus of brainstorming, many ideas that are extraneous would have been
di scredited which would not be beneficial bec
are a catafst for a potatially great solutionFigure13 below contains all of the PeHltNotes that

were used during the ideation process.

S J
rove =GR - RINETS - Puzzie
2 B 1 | IECE
-
t L
- _ _J_“ 7,:1 s

TE——

Figurel3. All ideas generated during the brainstorming process, somtaining sketches to
explain general concept, most left ambiguous on purpose

Note thet some of the ideas iRigure 13 are extreme and not within the scope of the project,
including fAimake awhelw prghtepéedndxpfosieonso.
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Brainwriting

Brainwriting is almost the opposite of brainstorming because in the brainwriting process, each
team member spent around five minutes jotting down ideas in a notebook, including sketches and
explanation if necessarThe focus of this exercise was to let each person come up with ideas
devoid of influence from other persons. After the time limit was reached the notebooks rotated
counterclockwise and another fimeinute timer was set. During this second set of timehea
person added on to what was already in the notebook, providing sketches and notes when needed.
The rotation continued until each notebook ended up back with its original owner. Two
brainwriting sessions lasting fifteen minutes each were held, yielding pnactical solutions than

the brainstorming session including heat shrink bands on the inside or outside of the lattice and a
combination of puzzle piece geometry and adhesive.

SCAMPER

SCAMPER stands for; substitute, combine, adapt, modify, put to oter eliminate, and
reverse/rearrange. This method is less of a standalone ideation process than brainstorming and
brainwriting because the focus was on deriving new solutions by analyzing an already proposed
solution and altering it using one of the poasly mentioned factors. SCAMPER was utilized
during all ideation sessions; for example, during the brainwriting session a solution was proposed
which combined two joining methods, puzzle pieces and adhesive.

Description and sketches

AMPP produced multigl concept drawings for potentigining methodsoft he mtike | 6 s
partitions In each concepthe end faces of each component are joined togefittethe aid of a

fixture thataligns the segments such tlie@aichcomponent'snatingsurfaceis cancidert with the
adjacent part i tToeatéaspermanenhadhegion Betweeh mudtiple paredda

could beperformed oneach line of contactor arother an adhesiveoald be applied to each
component'snating surfacedefore joining the threpartitionstogether.Nine conceptmodels

were generatettom the ideation processes and compared in the following evaluation matrices.
Some of the concept models had two variants due to two possible methods of adhesion: welding
and adhesive.



17

Concept 1

| Weld or | ™
| adhesive
i

|

t

Figurel4. Straight pint weld (1a)and straight joint @hesive(1b)

In concept A, themating surfacesf each component are flat surfaces normal taethgent of the
arc The mating surfacdgerminateshe outer wall, latticeand inner wall thicknesseAfter the

faces of the components araqtd together, a weld is perfornsilvn each of thints. Concept
1bis a similarprocess, however an adhesive is applied tarthgng surfacdeforeassembling

the three components

Concept2

Weld or
adhesive

Figurel5. Puzzle piece weld (2and puzzle piece adhesive (2b)

For concept 2 each component contains a combination of multiple tabs atstatinto the end

faces Each component's male tdiisinto adjacen component 6s r eBupngct i ve
this processthe parwill be located cylindrically with the use of an assembly fixtéi@ concept

2a a weld is applied to the part's thjemts. Concept 2lis a similarprocess; however, an adhesive

is goplied to themating surfacebefore placing the three components together.
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Concept3

\ J

Figurel6. Full thickness outer shellheat shrink(3a, left) and partial thickness outer shietieat
shrink (3b, right)

For concept & the three components are printed without an outer shibk. end faces of each
component are also flat like aoncept 1, but a stainless steel band is heated and plemetithe

lattice The bands the same height as the parndwill be dimensioned to &teve the desired
compressive forces on the lattice while obeying the engineering specificétfterscooling, the
outerbands resting state thebapwilldsdsgnedo thatthdrictidnt i c e,
between the twpreventsany relativemotion Concept 3kdiffers from concept 3a in that thin

portion of the outer wall is printed with the three componéltis.outer band, now a fraction of

the full wall thicknessis heat shrunk around the three joined components.
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Concept4

)
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| J /,‘

Figurel7. Full thickness outer bandd) and partial thickness outer band on both edidls (

For mnceptda each component igrinted similarly to conceps 1 and 2, however the top and
bottom portions of each component are printed withoutwdar shell. Two steel bands are heat
shrunk over the two missing outer shell portions of the Raxth of the band's inner diameters are
slightly smaller tharthe outer diameter of the top two portions of the parthat the bands can
hold the printegarts tightly Each band is thepecified outer shell thickneasd the same height
as the two missing outer shell portions of the gaoncept 4b, isimilar toconcept4a however
the top two portions of the components are printed with adihiershel of stainless steelfwo
thinner bandsielative to the bands @bncept 4aare than heat shrunk over the part.
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Concept5

Weld or | ¥
adhesive

Figurel8. Hook joint weld (5a) and hook jointthnesive(5b)

Similar to the puzzle piece methdtie hook joinimethod concept 5utilizes a male and female

joining mechanismEach component is printed with a vertical tratknale teeth sequenced down

a mating surfacand a track of female teeth sequenced down the athéng surfaceA male

toohi s a hook intruding through dféenmle'srespegtvene nt 6
tooth ishollow. The maé teeth are meant to slide irstnd engage in the female teeth. Eoncept

5a after the components teeth are latched together, a weddlischdown the part's three lines of
contact.For concept 5b an adhesive is applied to the end faces of each component, before
assemblinghem together

























































































































































































































































































































































