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ABSTRACT

This work is motivated by Additive Manuf
functional components via 4situ embedding. The laydy-layer material addition
approach gives designers access to the entire volume of a part, enabling embedding of
foreign, multi-functional componentwithin printed partsThe typical embedding process
for AM involves i) designing the cavity for the embedded componentté@jrupting the
build processvhen the top layer of the cavity is reached, iii) manually insertintptieggn
component, and iv) resuming the build procé8sile build pocess interruption during
printing is a requiremetior embedding, interruptions can also be caused by power outages,
system errorsor material shortageglowever, the influence of thisterruption on AM
manufactured parts is not well understood. This thesis discusses the effects of the
embedding process on the material properties of material extrusion parts by addressing two
different factors: i) the time duration of process interpin a print and ii) the material
transition between the embedded component and the build material when resuming the
print after embedding. The information on how these two factors influence material
properties can provide crucial information for designgy make design and process
decisionsfor embedding in AM. For this purposd)et tensile strength of 3printed
specimensvith embeddedtlementsvastested in this study, subjecteddiferentpause
time intervals and with or without shape converter§hape converters are the parts
designed to fill the gap in the cavity after inserting the embeds, to create a flush surface
before resuming the prinin order to counteract any weakness due to pauspegimens

in additional testingvere reheated at thpaused layeimmediately prior taesumingand
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tensile strengths were analyzed to observe diffgrences The findings from these
investigations are used as design guidelines for redesign and manufacturing of a

multifunctional cross brace structure ahaee unit CubeSat.
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Chapter 1

INTRODUCTION AND MOTIVATION

1.1 Motivation for Design for Additive Manufacturing (DfAM)

A producH design andnnovatvenessaredirecty related to its marketability, i.eappeal to
customersandto its ability to generatgrofit [1]. Therefore, design tools and framewothst
allow designers to benore efficient, effective and creativeduring thedesign procesare of
significant irterest2]. In order to generate profit,alsois essential talesignthese productssuch
that they can meebhanufacturing constraintahich helps to minimize production tinaed overall
cost.Traditioral manufacturing processes like injection molding, machining, forming, and joining
may imposelimitations on manufacturabilitywhich limits designerideationduring the design
process. For example, complicated pants/require special setups and incughninitial cost,or
process typemayintroducedesign constraints thfdrce aproduct to be manufactured in different
pieces and therbe assembled Parts that make up the product have to be designed for
manufacturability, assembly, and possibly disas$gntbeffectively reduce part count, process
time, and total cost incurrdd]i [5].

For over a century, Design for Manufacturing technigues have been implemeiitadifonal
manufacturing methods in manufacturingustried6]. For past few decade®gsign,Theory and
Methodology (developed by Reigeluth) has guided designers to achieve feasibility and efficiency
in manufacturing7]. However, recent advances in additive manufacturing @&& known as 3D
printing) have introduced a completely new challenge to these methodologies because of its unique

set of manufacturing opportunitig. AMO6s abil ity to control the
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geometry gives it thability to create virtually any geometry imaginabhich allows designers
to realize the creative ide#isat were not previouslyeasible or prohibitively costly or complex

AM technology has recdptincreasedn popularity due to its simplicity, accessibility, and
applicability, andit is alsodriving evolution inthe traditional design procesBhis has created a
demand for desigguidelines specifically to support AM. This field of study, dendedign for
Additive Manufacturing DfAM), develops guidelines to assist in tailorirgsigrs for
manufacturingisingAM technology. DfAMaims to help explore the vast design space offered by
AM [5] and helps to create an understanding of the relationship between the manufacturing process,
designed structure, and material behaviors. The understanding of these influences is necessary to
appropriately leverage the opportunities offered by AM. DfAM also addréssesstrictive side
of AM: limitations in AM related to available matesatheir performance, arntieir propertie48].
Restrictionscanalso include manufacturabiliselated limitations such as th@eed for support
structure, the use opostprocessingand the pesence ofayer steppingThe exact form of each
of these restrictions ignique for each AM process ty8]. This thesis aims to address one
particular restriction of DfAM: the influence of the-situ embedding process on material

properties.

1.2 Embedding Rocesswith Material Extrusion (AM)

As an inexpensive and relativebasyto-useprocess, material extrusipalso known by the
trademarked termausedDepositionModeling (FDM) is one of the st common and widely used
typesof AM [9112]. In material extrusion, a heated nozzle melts, extrudes, and depésits
thermoplastic filament on a build tray in a prescribed geometry. Solid layers are generated by side
by-side deposition and solidification of molten roads of thermoplastic. Thatbay is loweredr

the nozzle raisednce a layer is completed. The next layer bonds with the previous layer as it cools
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down. The control ofhe thermal environment is important ftne successful bonding of rogds
hencethe system is often enclosedrhaintain appropriate temperature below the melting point of

the material being extruddédeeFigure 11) [13].

The filament is
normally pushed

info the heating /* k'\
block. This can
{of o

Filament spool

present problems
with less ridged
filaments.

A heater block melts L_| ||
the filament to a usable
temperature. Then the
heated filament is
extruded through the
head of the printer.

The exiruded
material is laid
down on the
model where
it is needed.

The bed often will move in the X and Y axes,
and the exiruder will move in the Z axis.

Figure :1. Material extrusion process, in which a heated nozzle liquefies plastic filament and
extrudes it on a build trgft4].

Contrary to traditional subtractive manufacturimgthods the layetby-layer nature of AM
allows for access to the entire volume of the waidce throughout the build process eTayer
by-layer naturealso providesan opportunity to embed sensors,uatbrs, circuits, and other
functional components within a part during the manufacturing prgt&s46]. This embedding
capabilityrecentlyhasbeen recognized fdts applicationto thedesign and production of optimized
parts and sophi s [TiOhHowaver, AN iwa relatively mdsgert method of
manuacturing that cannot use the established standard design guidelines created for -@dturies

traditional manufacturing processes. To realize the opportunities that AM promises in design and
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manufacturing of multfunctional components, this wodeeksto address this particular gap of

information in DfAM - embedding

1.3 Research Goals

Typically, the embedding process in AM involves 1) designing the cavity for the embedded
component, 2) pausing the print when the top layer of the cavity is reachedeB8)nin the
componentand 4) resuming the printing procg6]. While in-situ embedding is a powerful tool
for AM, there are two factors that may greatly affect the strength of these embeddg@) [auitd!:
process interruption angii) the material transitiorbetween the ebedded component and the
resumed layerSince thermal environment control is crucial for bondirgj, an interruption in the
process causes thep layer to cool down and may affect the layer bonding when resumed. The
material transition occurs when the printing is resumed after embeolfdanfpreign component.

The cavity isfilled with the componentand the resumed layer is depositedtop of it. While
gualitative observation notes that the layer adhesion may be impacted by both of these factors, their
effects on the overall strength of the part are unknawthis research, tise effect®n the stragth

of materialextruded parts were studied experimentally by performing tensile testing on prepared
material extrusion specimens of different treatment types. This information plays a crucial role for
designers and researchers alike, for a careful dodned design of multifunctional components

with AM.

1.4 Thesis Overview

To achieve thaforementionedesearch goals, this thesis presents a background on relevant

research work and applications in Chapter 2, which lead to the motivatidhefarticular
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approactemployed in this researcBpecifically, it looks into applications of muftinctionality,

as well as AM processdéisatwere used for achieving them. It also summarizes previous literature

on design for embedding considerations. Chapter Joedtds the design dhe experimental
approach to answer the research questions. It provides a detailed reasoning for every step of the
experiment. Chapter 4 presents the statistical analysis and summarizes the findings to answer the
research gquestions.dtso discusses the implications of the findings on design guidelines for AM.
Chapter 5 presents a case stwdyich uses the suggestions for design guidelines in Chapter 4, to
demonstrate its applicability in design and manufacturing of a+foultitionalcomponent. Chapter

6 summarizes the findings and concluthesthesis



Chapter 2

LITERATURE REVIEW

2.1 Introduction

Previous research related to embedding with ikNbresentedhn this chapteiin three parts.
Section 2.2Zxplores the diverse applications oé #mbedding process. Section 2lBnmarizes
prior efforts in embedding materials using differédM process types. Section 2odtlines the
existing research ordesign for embedding considerations, as welimaghanical properties of

embedded parts.

2.2 Multifunctional Parts via AM, Applications of Embedding Process

Therecent explosive growtbf the Internet of Thing§20] has spurred AM researamn the
validation of form with functionality, which primarily involves embedding functional components
in parts[22i 25]. Technologies such as ndald communication, reaime localization, and
feedback from embedded sendmaseenabled the transformation of everyday objectsiiatoard
objects. These objects are aware of their surroundings and can communicate or react accordingly
[26, 27]. Isanaka and eauthors[27] summarizedhe useof embedding via AM technologies to
help establish a CybeEnabled Manufacturing (CEM) environment. The CEM environment is a
smart manufacturing environmethat consists of a network of embedded sensors coupled with
control systems to effectively gather information and offer immediate responsinfacturing
facilities. AM makes embedding these sensors feasiblecastkffective Integrating current
technologies with AM allows for the design and production of sophisticated products in a CEM

like automated manner aritierefore with areduced ppduct development cycle tinj21], [28].
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One of the major applications of muitinctionality is structural health monitoring (SHM),
which is an emerging method for ndestructive product evaluation. It requires sensors to be
embedded int@a structure to capture, log, and analyze teat dataabout the health of the
structure The kenefits of this application are realized in structures like bridges, buildings, aircraft
and mega machines which catastrophic failures must be avoid@@]. Strantza and eauthors
[30] evaluate the performance of SHM systems embedded via AM for their suitabilitye imon-
destructive testing of structures. The system was ftubeéreliable and is expected to be used to
obtain a novel approach to structural design that relies on lightweightuses.These potential
application areas foin-situ embedding via AMoften requirehigh safety and performance
standardsas well agequire careful process and quality control. Suitable standards for testing will

ensure the acceptance of thimerginy technology[31].

2.3 Embedding in Different AM Process Types

Layerby-layer material addition allows for4isitu embedding applications to be realizec
wide variety of AM process types. A significant amount of the research on embedding via AM has
been done witlthe Steretithography (SLA) process, a vat photopolymerization AM technology
[23]. Kataria and Ros€82] demonstrated methods for fabricating embedded complex denéces
SLA. Macdonald and cauthorg21] developed an SLA process to 3D print electrodea]ingto
redwed product development time. SLA has also been used to falaioeti® generation of sensors
that use multiple surface interconnections to connect embedded elec{B8jic¥he process
all ows designers to use the productés volume i
overall size and weight of these circuits. This application has motivated fesmsai@ investigate
the high value manufacturing of satellites with both a mechanical structure and integrated

electronics[34]. 3D-printed sensors and electronics have been cemnsi for a space vehicle
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project dulsSkaed Tt la@5] vihiChahassbeed commissionbyg NASA and was

launchedin November 201336]. However, a lack of durability wasoted[19] due to thepoor
material properties of the photopolymer resin, which is the material used for fabricatiefsitA

procesq28].

Figure 21. Examples of SLA fabricated embedded multifunctional components. (a) A 3D printed
gaming die, with embedded electronics to senstomadeveloped by Macdonaldalt [21]. (b) A
novel magnetometer designed for SLA process for applications in small sized s§gd]ites

When considering embedding within metal structures, traditional powder metallurgy processes
involve isostatic pressing and diffusion bonding aadreach temperatusaip to 565°C. These
high temperaturecan prove damaging for sensitive embedded components, which has limited its
usefulness in embedding applicati¢88]. In the area of metal powdbed fusion AM, Rodrigue
and coauthorg39] measured thprinting surface temperaturef theelectron beam melting process
by embedding a thermocouple in the build plate. The electron beacacsgthe temperature of
the metal surfacéo reach2269 °C [40], making it impossible to insetemperature sensitive
components. The sheet lamination procefsasonic additive manufacturing (UAMis a solid
state joining process in which thin metallic tapes are ultrasonie@lded on top of one another
and periodically machined to create a final pétf. Hahnlel and cauthorg38] demonstrated a
successful electrical insulation of embedded material through UAM process on aluminum matrix

composites. The parts fabricated through this process erpertemperatusethat stay belov25
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°C and therefore the processs safe for embedded components like smart materials or sensors.
However, UAM hashadlimited success bonding dissimilar materials, limiting its application in
the aerospace, automotiveedrical and power generation industrjeshere multimaterial
bonding is a requirement2].

The material jetting process is an AM technique that utilizes-dnegemand inkjet printing
to selectively deposit droplets of photopobmuirectly onto a build platform. Becausetlo¢ low
working temperatureand direct material addition layer after layer, this protesll-suited for
component embeddind.he material jetting process is capable of multiple material deposition,
which dlows for printed structures that exhibit variable properties like flexibility and rigidity.
Meisel et al.[16] demonstrated procedures for creating actuated joints by embedding shape
memory alloys, which involved exploring design for embedding considerations with the material
jetting processHowever, the print head assembly block passes over the printed pele¢atsace
of only 100 micronsany protrusions from the embedded component can cause damage to the
nozzle. Also, there is a limited number of photopolymeric materials available for material jetting.

As with SLA, this type of material results in fragilerfsa

() (b)

Figure 22. Manufacturing of actuated joints by embedding shape memory §llélyga) shows

the print immediately before embedding, with a shape converter for creating flush surface before
resuming the print; (b) shows the final part with embeddedtional components including a
spring and shape memory alloy.
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Polymer material extrusion is the one of the least exp|tmacdhlso potentially the most useful
and versatileAM process typefor in-situ embedding. With proper clearance design, compisn
can be embedded without subjecting them to damaging tempstatdrpressue While inherent
limitations of material extrusion make it difficult to produgeometries withight tolerancs or
products with a fine surface finish, this limitation d¢satircumventedy its ability to embed highly
finished partsFor example, standard components like bearings and shafts can be embedded in the
material extrusion part, eliminating the concern of tolerances for fit or asspt8hlgbriglia and
co-authorg44] embedded sensors in a material extrusion part to analyeffelses ofoperational
process parametson the quality and repeatability of parts being bdilie study concurred with
the findings of Stark and eauthorq45] about embedding sensors in FDM parts as a useful method
for stateof-health monitoring in deployed systems. Aguilera andwthorg22] demonstrated an
integrated process for embedding high performance conductors directly into the thermoplastic
material extrusion substrat@show the possibility offnting a complete electromechanical system
in one build éeeFigure 14). The wide variety of hybrid processes and thermoplastics available for
material extrusion help to enable its wide application in various industries and make it a suitable
candidate dr in-situ embedding research.

The Mark One3D printer by MarkForged is a 3D printer capable of creating carbon-fiber
reinforced thermoplastic parts via dustrusion of a Nylon base material withclusion of
continuous carbon fibef46]. This combination of polymer printing with continuous carbon fibers
enables usrs to create physical objects with high strerigtiveight ratios; the prints are claimed
to be twenty times stiffer and five times stronger than standard ABS egtimakingit practical
to produce high strenggolymerparts with AM. With the printer, users can also preselect a layer
and insert a pause while preparing the 3D model for printing. The print bed reregisters-with 10

micron accurayg, allowing users to pause a print, remove the bed, add components, reinsert the bed,
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and then continue the print with a high degree of precision. This focussitn mbedding in AM
gives the Mark One an advantage over similar desktop material extaysigms and makes it a

well-poised candidate fastudy of the impacts of isitu embedding within AM.

2.4 Design for Embedding Considerations and their Impact on Material Properties

For producing a successful print with embedded components, certigjn dessiderations are
required before starting the manufacturing process. These desigmbedding considerations
were first demonstrated by Kataria and Rof82j for the SLA process. As shown in Figur&2

the SLA poses some limitations to embedding.

Laser Source

Resin

Surface
Insert

Recoating not
possible

0 s

Case 1: Cannot insert Case 2: Obstructs
as cavity is closed recoating

Recoater
Blade :
Insert cavity

- -~ Recoater
) 1 Blocked

Shadow Insert

Layers
@) (b) (c)

Figure 23. Demonstration by Kataria and Ros¢B2] justifying design for embedding
considerations for SLA; (a) shows how laser can be blocked by a foreign embed or insert, (b) shows
how the protruded insert can obstruct the recoater, and (c) shows how round surface or similarly
shaped inserts cannot be inserted or embedded by diresiiyithey a negative cavity

Kataria and ceuthors also suggested several design guidelines for embedding. Figure 2
shows one such suggestion in which the concept of shape converters was introduced for embedding
an irregular geometry. Shape converters pagts that are designed to be embedded with

components with irregular surfaces. This helps to create a flush surface at the paused layer. Shape
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converters make sure that the resumed manufacturing process is not affebtgurdsence of the

embedded coponent and vice versa.

C Y
O )= )+ =

Insert Shape Rectangular Modified Building
converter insert CAD model around insert

Figure 24. Step by step process for design for embedding which addresses the problem
demonstrated in Figure2(c), in embedding a round geomdi3].

Similarly, Meisel et al[16] addressed design for embedding consideratidren embedding
a long fiber in nonlinear channels with the material jetting process. During embedding, the fibers
have the tendency to fipop outo of the embeddi
embedding times and poses problems like obtitrgithe print head. The channels were redesigned
to incorporate an overhang right above the cavity to hold the fiber in place (the original and redesign
of the channel are shown in Figuré Za) and (b)Meisel et alalso demonstrated the design of a
vertical post in the part in order to secure the fiber withmgrat its ends. This shows tliat ease
of manufacturing, the components to be embedded can also be considered for redesign, along with

the redesign of structur@sto which they are being eratdded
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SMA with Crimp

PRINTED PART PRINTED PART

@) (b) (c)

Figure 25. Shows the (a) the original channel design, (b) redesign of the channels to keep fiber
inside the plane, and (c) a post, designed in the part to keep the fibefli}act

For the material extrusion process, Aguilera 22l explored a design process for 3D printing
an electric motor with components in it. The overall desiga feund to be volumend material
efficient. Since the material extrusion system used by the authors (uPrint Plus) did not allow them
to control the removal or addition of support material, support material could only be avoided when
the roof of the caty was at a 45° angle from the plane of the bed. This design guideline was used

to design the cavity for embedding the motor componeetHgure 26).

Re-designed
'roof' to avoid
Support

.

(@) (b) (c)

Figure 26. Panels (a) and (b) show the removal of support material from the cavity on redesign of
the roof to 45° from the plane; (c) shows the application of the guidelines to redesign the cavity in
the electric motor structuf@?2].
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Aguilera et al. illustrated thahoe the digital design was complete, the manufacturing was
done by pausing the printemy time a cavity was finished, inserting respective components, and
resuming the print. The stepwise process of embedding is demonstrated in the Higwieefe

each segment shows the image of inserted component.

Segment 6 =
Segment 5 ' Ui } |
|

Segment 4 \
Segment 3

Embedding Embedding Embedding

Bearing Magnets Electro-Magnets ~ Segment 2

(Segment 1) (Segment2) (Segment3) 1 l_ ; _/

Segment 1 | [ ﬂ

Structure of the

ENEmd Empeddng Hpesd Finished Motor m Oto r
Bearing Controller (Segment5)
(Segment4) (Segment$)

Figure 27. Manufacturing process ah electromechanical system (a motor) by in situ embedding
with material extrusion process, each step of pause and embedding shown in s@&#hents

Because intelayer bond strength is a major factor when it comes to the mechanical properties
of 3D printed pag[16],in-~si t u embeddi ng has the potenti al t
properties. However, a revies the available literature shows thmtblishedresearch in this area
is still sparseKilift et al.[48] performed tensile tests usitige Mark One 3D printer to compare
strength differences in twlayered (2CF) and sibayered (6CF) continuous carbon fiber embedded
within a Nylon base. The tests revealed that discontinuities of the fibers led to premature failure in

the areas where fibersene absenand reduced theverall tensile strength of the composite
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material. A further investigation ahe 2CF and 6CF specimerosssections revealed that there
was more void area in 6CF specimens. These voids hadadive impact on the elastimoduus
of the composite, which calls for future work tive effects of different arrangements of carbon
fiber layers on the mechanical propertiespdghted composites. Outside of AM, a study tre
mechanical properties of cast epoxy resin with and withilteelded silicon substrates verified
that the ultimate tensile strength dramatically redweleen embedding was performgi®]. Also,
the points of failure for each specimen were locatélde embdded section. It was concluded that
the strength of the part embedded with an insert will have to be investifatednsertpossesses
more rigid material propertig49].

As this review showsthe existing literature has demonstrated a consistent growth in
acknowledgment of applicationgrocess, and material property influenoesmbeddingvith AM.
This has led to further investigations into procedisatcould assist in emioeling. Howeverthere
is little to no research performed to understand the effects of process interruption or embedding on
the mechanicalproperties 6 printed parts. To address this critical gtips research investigates
the effects of embedding on the material stlerajtthe part. The research questions, hypotheses,

and methodologies are discussed in Chapter 3.
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Chapter 3

RESEARCH METHODOLOGY AND DESIGN OF EXPERIMENTS

3.1Research Methodology

The objective inthis researchs to investigate the effects of the embedding process on the
mechanical properties of material extrusion parts. To this end, tensile tiestiagdin order to
determine i) how process interruption affects the strength of a printed part and ii) lresthece
of an embedded artifact affects the strength of the printed\Waen a print is interrupted, the
exposed top layer loses heat to the atmosphere, causing the temperature of that layer to decrease.
When the print is resumed, the first depositg@idonds with the paused layer. This bonding may
be affected by the reduction in temperature caused by the process interruption. Similarly, the
bonding may be influenced by the material difference between the embedded component and the
deposited materialAfter inserting the component, the exposed layer now has the embedded
component 6s surface at the paused | ayeifflag which
recreate the condins of an uninterrupted printhe pauses layer is reheated to daiee if that
has any influence on part strength.

To scientifically investigate these hypothesized influences, experimentation was performed on
specimens prepared accordingly. Thegess interruption specimewsre prepared witHifferent
pause time intewls to test if thergvasany correlation betwegrause timénterval and mechanical
properties, while embedding specimens both with and without shape converters. Knowledge of the
influence of these parameters can greatly benefit in making design dedwsionanufacturing
systems or for preparing safety critical parts.

Section R discusses the experimahtsetup and specimen design process. Section 3.3

discusses experimental setup and design of specimens with embedded components. Section 3.4
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presents thprocess for determining clearances in specimen designs. Section 3.5 demonstrates the
determination of clearances fembedded componerasd cavity designs. Section 3.6 shows the
method for reheating the specimen in case of any weakness caused bydhle ptecruption or

embedding.

3.2 Process Interruption Experimental Setup and Specimen Design

As previously discussed,rqress interruption durin@D printing is a requirement while
embedding, but these interruptions can also be caused by power outsiges erorsor material
shortages. When dealing with such issues, the decision of whether to resume the prietior to
the print lies with the system us&vhile resuming the print saves time and material, it may affect
the final part quality and propées. To make an informed decision, it is necessary to know the
impact of this interruption on the strength of the printed part. To better understand these effects, a
Mark One 3D printer is used to create specimens from nylon filament. The system eae achi
layer resolution of 100 micronsvhile Ei ger ( Mar k Fbasedy erihtd pepa@tiom u d
software[50]) gives a provision to insert a pause a#tey selected layer. This allows for a precise
consistency iprepared specimenéll testedspecimens were printéda Z-orientation SeeFigure

3-1) so as to study the magnified effects of process interruption on tensile properties of the parts.
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(a) (b)

Figure 31. Build orientation of the specimen on Mark One and (b) Mark One while printing the
specimen.

To perform tensile testingdirst, a sandard ASTMD638 specimen design asattempted for
print [51]. However, the specimen dimensions were either too thin for a successful print or too tall
to fit within the allotted build volume. The size of the cavity for the embedded compmagsnain
i mportant role in the success of the print,; a
due to the print e Amalernate tensilepacimertiesigntéaekigare3s2i(by e .
and €)) was selected based dime physical limits of the build platfornthe potential for print
success, and careful consideratiothafparameters to be studied. The strength atbag-axis is
lower for material extrusion parts as compared to other build orientations. This maiedabany
is an inherent limitation othe material extrusion process, as material cools more thoroughly
between layers than between roaalsich affect fusion of the thermoplasti&2]. Therefore, all
the specimens were printadthe Zaxis so as to study the magnified effects of process interruption

on tensile properties of the parts.
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Figure 32. Shows (a) the failed print of a standard ASTM dmme sample design, (b) the final
design of specimen for no paysed (c) with pause of different time durations.

Process interruption for embedding purposes is required for theéousenually insert and
secure the component. However, this process interruption cools down the paused layer with time.
It is hypothesized that the tensile strength of the specimen will be influenced by the time
interval of pause due to the cooling of thepaused layer For this purpose, specimens were
prepared with different treatments of pause time inten@pgecimen design for no process
interruption and procesaterruption is shown in Figure-3 (b) and 2 (c). The specimen with

process interruption @e paused at the middle layer for 5, 15,88@ 60 minute¢seeTable 31).

Table 3-1. Shows the specimens prepared with different treatment of time interval of pause, the
tensile strength of these specimen was the metric used to compare these groups.

TREATMENT .No Proce.ss Process Interru!:tlon (Pause Time in
interruption minutes)

3 Specimens
each

0 mins 5mins 15 mins 30 mins 60 mins
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3.3 Embedded Specimen Experimental Setup and Specimen Design

The embedding process for a material extrusion part requires the user to manually insert the
partto the designed cavity when the print pauses. Since the resumed layer is deposited on the paused
layer, the paused layenustbe flatin order tosupport the resumed layand havea successful
print. Thereforewhen embedding a component with an irregubgr surfacegeometry a shape
converteris used to cover the cavity tte paused layendprovide support to the resumed layer
While enbedding components with flat surfaces may not require shape converters, the layer
adhesion maye reducediue to thanaterial transition between the top surface of the emedd
objectand the resumed layef build material If a shape converter isused that isof the same
material as the print material, it is hypothesizal that it will improve layer adhesion between
the paused and resumed layerwhen compared to embedding a component without a shape
converter.

Specimers with different embedded components (copper tape and shape convester)
prepared to test the hypothesis andsaiewvn in Figure 3.3. The two typesanfibeddingspecimens
were designed with cavities offdm x 11 mm crosssection and.5 mm depthfor thecopper tape
specimen(seeFigure 33 (a)),and 5 mm x 11 mm cros®ction and3 mm depth for the shape
converter specimers¢eFigure 33 (b)). The crosssection of the cavity was selected based on the
success of the test prints as demonstrated in SectiosekBigure 32). The copper tape insert
was selected because of its applications in direct writirgectronicswith in-situ embedding and
becaus®f its smmth top surface. The shapenverter embedded specimgas designed with 3
mm cavity depth in order t@accommodate the added thicknesshefshape convertewhich is
printed with the same system, parameters, andrmabas the specime(seeFigure 33 (c)). Three

samples were printed for each of thesatmentypes.
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Figure 33. Specimen design for copper tape embed (a), and shape converter embed (b), with the
dimensions of shape converter shown in (c).

Design dimensions and tolerances in AM are unique for each process type as well as each
machine. Therefore, it is difficult to obtain
or machine, especially given the relative youth of AM technol&$}. In order to properly
dimension the shape converter, tolerances were obtained by experimeatdtdiynining

appropriate clearanceselaborated on in Section 3.4.

3.4 Design Dimensions and Tolerances: Determining Clearance for Shape Converter

To determine thadimensionsfor the crosssection of the shape converter, a set of shape
convertes with digital designclearances al ues (t he values in the Soli
varying from Omm to 2mm in boththe XandY axesof the build were printed tbnd a perfect
snug fit. An overly tight fit can cause residual stresses in the part and niagnoé the tensile
properties of the overall part. A loose fit is to be avoided so that the embedded component does not
move while the resumed layer is depositéte shape converters of varying sinese then inserted

in the cavity ofdigitally designedcs mm x 11 mntross sectiorgs shown in Figure-8. As shown
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in Figure 34 (b), the shape converter with a design clearance ahinin bothX andY axes was
selected abaving themost suitabléolerance$or embeddingTheselection was done on the m&si

of ease of fit and low clearance with the walls of the cavity.

5 numbers of 5Smm*11mm cavity loacaTs : -4 tight ﬁt

9.5mm*  10mm* 10.5mm*  11mm*
3.5mm 4mm 4.5mm Smm

(a) (b)

Figure 34. (a) Initial shape converters with different clearance values varying from t 2mm
in bothX andY axis and (b) demonstration that clearance ofmind in bothX andY axis was
found to fit snuggly in the cavity.

To find the clearance faheshape converter in th&direction, another set of shape converters
were prepared witthe same crossections ¢hosen from the clearance test if¥>plane,9.5mm
x 3.5 mm) but with different thicknessés the digital desigr{varying from 2mm to 3mm, as
shown in Figur&-5) to find itsappropriatdit in a cavity designed with &im depth. The alignment
of the top layer of the shape converter was checked after insériimg the cavity. This is
important because the layer adhesion between the embedded compontetrasdmed layer
would depend highly on the alignment of the shape converter with the paused layer; an indented
shape converter will have low or no adleesiwith the resumed layer, and a protruded shape
converter can impact the nozzle and can damage the partpointee. As shown in Figure-3(b),
the shape converter withdigitally designedZ-axis clearance of 0.28m was selected d&ving
the mostappropriatevertical clearance for the shape converiss.seenin the images,he cavity

caused by thandented shape converters would not solve the purpose of inserting a shape converter
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to improve strength and the protruded shape converter would beidgrfaghe print head if the

print is resumed. The aligned specimen was chosen sofiad the effects (if any) of the inter

layer bond strength between the top layer of shape converter and the resumed layer. Therefore, the
shape converter was designeith afinal clearance of 1.5 mm ahe XandY axes each. Th&
axisclearance waset at0.25 mm so that the top plane of the shape converter coincides with the

paused layer of the part, after being inserted in the cavity.

5 numbers of 11mm*5mm ¢: ‘with a depth of 3mm

2mm thk 2.25mmthk  2.5mmthk 2.75mmthk  3mm thk

Indented

5 numbers of 9.5mm*3.5mm inserts with different thickness

(@) (b)

Figure 35. (a)Initial shape converters of same crosgisas but different thicknesslues, varying
from Omm to 1mm and (b) demonstration that the shape converter with a design clearance of 0.25
mm inZ axis was the most aligned with the top layer.

The shape converter of digitally designed dimens@&smm x 3.5 mm x 2.75 mm was

selected after checking for clearances.

3.5 Reheating thePartially Printed Specimen

As discussed in Section 3.1, one known event that occurs with process interrupkien is
cooling of the paused layer. Cooling of the extruded melt is necessary for the material extrusion
process so that the next layer can be built on the solidified extrusion. However, this cooling between
layers makes the part weaker along the Z diredtmrmducing mategl anisotropy in the part. Ravi

et al.[54] attemptedo createa material extrusion system with a nedrared (R) based localized
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heating method, to heat up the surface right before deposition. Theyugeessful in increasing

the interlayer bond strength by 50%, which was caused by better diffusion of the heated layers.

In the case of embedding, the process of inserting a significant multifunctional component into
a cavity typically takes at least Smates of process interruption, which is enough time to lose most
of the heat through convection and radiation to the atmosgheareder to find the temperature of
the immediately depdaed layerthetemperature historfseeFigure 36) of the print was measured
via infrared (IR) imaging using an Optris Pi 400 IR camera and Optris Pi Connect process
monitoring software (Optris Gmbh, BerlitGermany. The temperature of the immediately
deposied layer was calculated to Bé °C (on average(seeFigure 37). It is hypothesized that
if the paused layer is reheated to theametemperature as that of an immediately deposited
layer, then the conditionsof an uninterrupted print can be recreated, thereby reducing the

effects of the process intauption.

5 W5 A USED
3 —r

R Gk W BN B CEN Es kA e
2 3 2 R @ 2 o0o@m 3 » @2
8 @ B 8 & 8 8 d &

Temperature(-CJ-——>

Figure 36. Temperature vsme diagram of th@rint before and after pausing, shows temperature
loss for the surface layer with time, obtained with OptrilRRiamera
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t 96.1°C

(a) (b)

Figure3-7. A snapshot of specimen beipgnted with the temperature)(af the printing nozzle &
(c) of the most recent layer, through IR camera.

To test this hypothesidhé specimens were prepared in the saraeneras theearlier process
interruption ancembedding treatment specimens.nfiake sure that the paused layer reaches room
temperaturethe pause time interval was kepil5 minutesThe paused layer was then reheated to
approximately 110C, and the print was resumed. By the time the actual deposftheresumed
layer started, the temperature of the paused layer was closé@oR@ecimensvith i) 15 minute
process interruptionii) copper tape embdihg, and iii) shape converter embdidg were
reproduced by reheating right before resuming the primteheata standardheatgun was set to
350°C, and manually held approximately 10 cm above the paused layer, directed perpendicular to
the paused layeThree specimens for each treatmentengepared by reheating the paused layer,

right before resuming the print, as seen in Takke 3
Table3-2. Shows the specimens prepared with reheat treatment, at the paused layer.

REHETEAD Process Interruption | REHEATED Embedded
(Pause time in minutes)

15 mins Copper Shape
tape converter
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Chapter 4
TESTING, DATA ANALYSIS , AND DISCUSSIONS

4.1 Introduction

Chapter 3 elatrated the research methodology for this research work, where design for
experimental approach was explainddhis chapter elaborates the experimental details, data

collection and analysis, and discusses the implications of the findings.

4.2 Testing Setupfor All the Specimens

The build was prepared usif@la r k F o Eigee sbffwargkey settings wer8.2 mm layer
height, 100% fill density, and rectangular fill pattern. Each specimen was printed individually
and stored in a dark location at rosemperature (24C) with 50% humidity. Desiccant packets
were used in an attempt to control the impact of humidignsiletesting was performed after at
least 48 hours of storagkensile testing was performed usiglnstron 5866 Mechanical Testing

Machine, using mechanical wedge action grips ork&l%oad cell éeeFigure 41).
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Figure 41. Tensile testing on Instron 5866 Mechanical Testing Machine.

The pull rate waset ats mm/min. Serratefaw facedgrips of thickness rangeom 6.35mm
to 12.7mm were used. Gauge length, width, and thickness of each sarapleaorded in
millimeters every 0.1 second the extension (mm), tensile stress (MPa), load (N), and tensile strain
(mm/mm) were recorded. The temperature during testing was recorded@sadd the humidity

was recorded as 55%.

4.3 Effects of Process Interruptionon Tensile Strengths oParts

Gathered data erecheckedio ensurghatthey metthe assumptionander which they were
parametrially tesed in order to validate the use of statiat analysis to identify significant
differences. These assumptions aréndependence of cases, normality, and homogeneity of
variances. All the assumptions were met except for normality. The Shéjkatest [55]
confirmed that the data forarimumtensile sressis not normal p = 0.002, < 0.05). Therefore,

non-parametric tests were performed to analyze data for maximum tetness. Thetatistics of
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the maximum tensile stress data obtaifuzdeach of the three specimens made for each treatment

are reported in Table-1. Three pecimens were tested for each treatment.

Table 41. Statistics of maximum tensile stress (MPa) values obtained for each treatment:

Treatment Mean | Median | Std. Deviation | Variance | Range | Minimum [ Maximum
0 minute pause| 13.03 | 12.92 0.20 0.04 0.36 12.90 13.26

5 minute pause| 7.43 7.90 1.42 2.01 2.72 5.84 8.56

15 minute pausq 7.00 7.03 0.75 0.57 1.51 6.23 7.740

30 minute pausq 6.27 6.13 0.69 0.48 1.36 5.66 7.02

60 minute pausq 7.54 7.17 0.75 0.56 1.35 7.05 8.40

Since there arive groups (treatments) to be compared, a Krugkallis H test (also known
as oneway ANOVA on ranks)[56] was performed to identify if there was any statistically
significant difference in the data due to treatments. A Krdékallis H test is a ranlbased
nonparametri¢estused to determine if there are statistically significant differences between two
or more groups of an independent variable on a continuous or csdalalThe test showed that
there was a statistically significant differencanaximumtensile stress Vaes between different
treatmentsg?(2) = 9.633,p = 0.047, with a mean rank of 14.00 for no pause, 8.00 foirfite
pause, 6.33 for Ehinutepause, 3.00 for 3thinutepauseand 8.67 for 6@minutepause. Effect
size quantifies how well this differensgorks in a range of contex{§7]. This value can be
calculated as

Effect size =s¥(NT 1)=9.633/(151 1)=0.688

whereN is the total number of observatioffhe value 0.688 of effect size means that 68.8% of
the variability in rank scores is accounted for by different treatments. The Krugabils test only
verifies that at least two groups were significantly different. To identify where these differences
occurred, poshoc analysis was performed by pairwisanparisorof each combination of groups

(based on treatment). To study the individual tensile property effects of process interruption while
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embedding (pausing the print to insert) or due to systensetha specimens prepared with pause
were compared by grouping them on the basis of time intenthlegfause Specimens with no
process interruption (0 minutes pause) were used as reference valube #mralysis The
maximum tensile stress values agparted bythe pause time intervals in Figurde2. Error bars

indicate sample standard deviations of the data points for each treatment.

14
12
10

MAXIMUM TENSILE STRESS
(MPA)

o N B O ©
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PAUSE TIME IN MINUTES

Figure 42. Median values of aximum tensile stresses of specimens with respect to their pause
time

The graphshows a clear difference between maximum tensile stress values of specimens with
process interruption (5, 15, 3@Gnd 60 minutes of pause) and specimens without any process
interruption (0O minutes of pause). However, there is no clear difference in maxénsite stress
valuesfor specimens with different pause tis{e0 minutes).

The posthoc test performed on the data was the Méfhitney U test, which is anon
parametridest to compare two independent gro{fg]. PairwiseU andp values forthe Mann
WhitneyU tests are shown in Tabde2. Any p value of 0.05 or less Bdeen highlighted to indicate
statistical significancbetween thenaximum tensile stress values. This test helps in identifying the
specificdifferencesthat are significant, which could not be obtained using the earlier Kruskall

Wallis H test.
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The ManAWhitneyU test indicated that the ultimate tensile strength was greater for specimens
with no pause (Mediar 12.917 MPa) than for specimens wdtb-minute pause (Mediarr
7.899MPa),15-minutepause (Median 7.037 MPa)30-minutepause (Mediar 6.131 MPa), and
60-minute pause (Median=7.173 MPa).This shows thatprocess interruption does havea
statistically significant effect on the tensile strength of the printed partSince there is no
statistically significant differencbetweernthe maximumtensile stressvhen comparing all pause
times greater than Minutes,experimentation suggestisat the magnitude of pause time has no
significant effect on the strength of the part. However, theretiatisticallysignificant difference
between maximurtensile stress values f80-minutepause timeersus the 6@ninute pause time.

This difference is inconsistent with resuitsm the other pairs of pause time intervals; more data
points areneededo confirm theexactreason for this difference.

Another interestingobservation from tensile testing waslated tothe location ofeach
s peci faikie GeeFigure 43). Specifically, each interrupted specimen failed at the layer
where it was paused (in this case, the center layrranwhile, he layer of failure for specimens
without any process interruption varied across the part. This confirms that process interruption
introducesa notableweakness on the layavhere interruption occurredrhis information is
importantwhendesigning functionaAM components to be manufactunith in-situ embedding
The location ofthe embedling plane should be carefully determinemhsideringthe weakness

introduced at it.
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(a) (b)

Figure 43. Examples of specimen failure after testing with (a) proggssruption specimens
grouped based on time interval for pause, all failed at the layer which was paused, and (b)
specimens with no process interruption, failed at varying layers.

4.4 Effects of Embedding, with and without Shape Converter

Since there waso influence ormaximumtensile strength when the pause time was greater
than 5 minuteghethreespecimens with embddd componentaere prepared by pausifgy 15
minutesimmediatelyafter the cavity was printe@hreeembeddedopper tape specimsnvere
created bynsertinga 5mm x 11 mm piece ofcopper tape inside thedesignedcavity. The three
embedded specimens with shape converters weegared by inserting thelesignedshape
conveter (demonstratein Section 3.4 into theprintedcavity onceits top layer was reached.

The tensile testing was performed wilie same parameters as befofée statisticglerived

from themaximum tensile stresaw dataor each teatment are reported in Tabl24

Table4-2. Satistics of data obtained fanaximum tensiletsess values (MPa) for each treatment:

Std.

Treatment Mean | Median Deviation Variance| Range| Minimum | Maximum
No process interruption | 13.03 | 12.92 | 0.20 0.04 0.36 | 12.90 13.26
Copper tape embed 5.28 5.12 0.96 0.92 1.90 |[4.41 6.31
Shapeconverter embed | 5.11 4.97 0.68 0.46 1.34 | 4.50 5.84

With process interruptior] 7.54 7.17 0.75 0.56 1.35 | 7.05 8.40
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As before, he data wrecheckedo ensure they méhe assumptions for parametric testiAg.
ShapireWilk test (seeTable 4-3) confirmed that the data fenaximum tensile stresswere not
normal =0.014, < 0.05). Therefore, ngrarametric tests were performed to analyze
maximum tensile stress data

The KruskallWallis H test showed that there was a statistically significant difference in
maximumtensile stress values between different treatmet{,= 9.359,p = 0.025,with a mean
rank of 11.00 for no process interruption, 3.67 ttoe copper tape embed, 3.33 fthre shape
converter embed, and 8.00 for specimens witly process interruption. Effect sifb7] was
calculated as:

Effect size =&?/(NT 1) = 9.359/(121 1)=0.8508

The 0.8508 effect sizealue means that about 85% of the variability in rank scores is
accounted for by different treatmenBairwise fatistical analysis (Mann Whitney Test) was
performedn the groups of treatments jdentify significantdifferencesn maximum tensile stress.
PairwiseU andp values for the test are shownTable 43; anyp value of 0.05 or less has been

darkened to signify statistidglsignificart differences betweerultimate tensile stresslues

Table 43. Post bbc analysis results of pairwise comparisdrgroups with different embedding
conditions, only process interruption, and no process interruption.

Process Interruption | Copper Tape embed| Shape converter embed

Condition Mdn = 7.044 Mdn = 5.121 Mdn = 4.976
No interruptiohMdn = 12.917 0.05 0.05 0.05
Processriterruption| Mdn= 7.044 - 0.05 0.05

Copper tape embed| Md@n5.121 0.05 - 0.827
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The Mann WhitneyU test indicated that the ultimate tensile strength for specimens with
embedding (Coper tape embed Mdn5.048 MPaShape Gnverterembed Mdr=4.976 MPa) is
significantly less thaspecimens witlonly a pause (Mde 7.173 MPa)lJ =0, p = 0.05. This can
be explained by the presencetud cavity in theembeddedpecimens. Theoreticallihe presence
of a cavity in anymaterialresults instress concentratisraround the cavityywhich makesthat
crosssection weaker. In addition, statistical analysis shows that the maximum tensile stress values
of embedded specimens (Copper tapibedMdn = 5.048 MPaandShape converteembed Mdn
= 4.976 MPa) are significantly lower than that of specimens with no process interruption
(Mdn=12.917MPa)U =0, p=0.05. This difference is higher than the difference observed between
process interruption and no process interruption in Sedtin

The MannWhitneyU test also indicated th#tere is no statistically significant difference
(U=4, p = 0.827) betweerthe ultimate tensile strength for specimens with only copper tape
embedied (Mdn = 5.121 MPa) and for specimens withshape conveet embeddedMdn =
4.976MPa). Whileit is hypothesized that shape converters would provide increased adhesion
between the last layer before embedding and the resumed layer, thergweadioaimprovement
in the strength of the part§his suggests thalesigners only need to use shape conveaethe
geomety of the embedded components requires thiégure 44 below shows a plot of the median

maximum tensile strength values obtained for each treatment.
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Figure 44. Median values of maximum tenss&rength values for each treatment.

Overall, he presence ainembedled componentauses a significant decreasariaximum
tensilestress compared to that with only process interruption. A reduofi@®% of the median
stress value was observedditionally, the presence of a shape convesteowedno significant
effect on tensile properties as compared to an eddzecdomponenvithoutashape convertethe
location of failure for the embedded specimeeefigure4-5) was same as that ftie process
interruption seen earlier. Atif the specimens with any form of process interruption failed at the
layer which was paused. Though the two types of embedded specimens had two dfétgnt
depths(0.5 mm for copper tape embed andrn for shape @anverter embed), the failursill
occurred at the layer paused. This is important information for making design decisions; the
location of the embeatkd componenin a loadedpart becomesrucial because of theeakness
introduced by thepaused layer awell as additional weakness caused by the presence of an

embedding cavityn a material extrusion part
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Figure 45. After tensile testing, (a) copper tape and (b) shape converter embedding specimens with
demonstrated failure at the pausgela

Experimentation and analysis suggest thaptioeess of embedding significantly reduces
the strength of the part because of two fact@rprocess interruption ar(d) presence of a cavity
for embeddingPrevious research on polymer diffusion has also suggested that the temperature
change caused due to process interruption results in lower diffusion between polymer roads, which
results in lower strength valugs8]. Although one might assume that the use of a shape converter
for embeddingshould assist in improving the adhesibaetween paused and resumed layers,

experimerdtiondemonstrated that this is not the case.

4.5 Addressing theWeaknessesReheat Treatment

During specimerpreparation, it was observed that process interruption allovisphayer to
cool down to room tempature within 5 minutessgeFigure 36). Results from Section 4.2 and
4.3 show that thigyreatly affec the strength of the parts. Therefore diecreasehis weakness
introduced by process interruptioadditional testing was performaéd which specimens were
reheatedfter process interrupticaccording to the methods discusge&ection 3.5

Thereheated specimdansile tests were performedtiwvthe same conditions as for specimens

with process interruption and embedded compon@&htstensile strengtiraluesof these reheated
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specimensvere then compared with the values of their-nelmeated counterpartom Sectiors
4.2 and 4.8 As shownm Table 47, the MannWhitney U test indicatedhat the ultimateensile
strength wasignificantlyhigher p < 0.05) for specimens reheated afiéb6-minutepause (Median
= 10.52MPa) than for specimens witio reheating (Median 7.037 MPa) Thereheated copper
tape(Median=9.77)andreheateghape convert¢Median= 9.31 MPagpmbedded specimentso
had significantly higher tensile strengitompared tdheir nonreheated counterparfs < 0.05).
This shows that reheatns able tosignificanty improve the strength gérinted parts that have
been subjected to some form of process interruption (with or without additional embet@idasg
findings were consistent with polymer diffusion findings bytBa | a i [58] tvelddhlearytos

reduction in strengthaused byeduction in diffusiondue to temperature change.

Table 44. p-values fompairwise comparison of groups with differéreatmentsGrey
background highlights the ststiically significant differences. (Median value of strength in MPa
reported as Mdi

Treatment Process Interruption Copper Tape Shape Converter Reheated Process Reheated Copper Tape | Reheated Shape Converter
€ ents Mdn=7.044 Embed| Mdn=5.121 | Embed| Mdn=4.976 | Interruption] Mdn=10.52 Embed| Mdn=9.77 Embed| Mdn=9.31
No Process Interruption|
e 0.05 0.05 0.05 0.05 0.05 0.05
Process Interruption|
oo e - 0.05 0.05 0.05 0.05 0.05
Copper Tape Fiibed| 0.05 - 0.827 0.05 0.05 0.05
Mdn=5.121 . . ° . :
Shape Converter Embed ~
Converer ® 0.05 0.827 - 0.05 0.05 0.05
Reheated Process =
Interruption) Mdn=10.52 0.05 0.05 0.05 - 0.827 0.513
Reheated Copper Tape
e Copper T 0.05 0.05 0.05 0.827 - 0.827

While improvement was seen when pieces were rehedtedsgecimens with no process
interruption (Median= 12.917MPa) werestill significantly stronger than albther speimens
However, the reheat treatmaetitl help improe the strength of the process interruption specimens
by 47% and the embedded specimens by 9@#ties as seen in Figuresd Thefailure location
for the reheated parts watill found to belie layerthatwas pausedust like theearlierspecimens

prepaed without reheating This indicates thateheatinga paused specimeback to its initial
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deposition temperature doiesprove thestrength significantlybutit doesnot completely remove

the weakness.

Figure 46. Median maximum tensile strength valdeseach treatment with error bars.

4.6 Suggestions foDesign for EmbeddingGuidelines

The findings fronSectiors 4.2, 4.3, and 4.4, provide crucial information for designers to make
decisionswhencreating multifunctional components by embedding with material extrusion AM.
These findings are summarizas follows

1 Inan event of unplanned process interruption gdiggigners should considedoingthe

print for better part strengtiThe paused layenay be reheated before resumimgrder
to offset a portion thaterruptioneffects,but this does not completely eliminate the
weakness introduced.

1 The cavity should be designed and placed in thespdhiat the layer paused for

componentnsertion & not located at the loattitical points of the parReheating of the




































