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Abstract

Mu |l-mait er i al 3D printed (MM3DP) samples offer

added benefit of being customizable for speci
weak adhesion at the boundarysiinhmerfhase. stSoyc:
critical factor in determining the strength o
correl ati or i(eDIdC)s tirsaian fruelals ur e ment tuencihfnoirgm e

|l oad responseanat ariamlisotuoepitm their het eroger
demonstrates the fabrication of MM3DP sampl es
The wmaltteiri al samples were extensively compare
basateri al with a shear test to assess their
samples were PpmalcesscdamwdtmodDtl C software as d
were explored. Additionally, i daaei shecalsahalk

the feasibility of the methodol ogy.
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Chaptetnfiroducti on

1. Motivati on

Additive manufacturing (AM), commonly known a
prototypes, model s, or f-dhménsnahako@pmpenes
(3D CAD) file. The 3D objects alaygiroayercedntbiy
t he final st rlgcTthuer enaiisn ffoorcmesd of t hi s printing
or representative parts before a commeli &iDal p

printing enables parts to be produced with <co

wastage, and | ower energy consumpti on, whi c
manufactur i[ndg] tTelcehsnd qaudevsant ages, al ong with th
design and material s, have contri bljuiledDPohasn
seen widespread applications in form and fi
model |l ing, teaching aids, medical[®nmpIlSanrtvsey spt

have shown the success of t he Fa d ai(td )aln wohfe rteh
i ndustrial 3D printers haFieg Hi(hee) 1malj lou sSytterypartoef s tt
forecast of the additive manufacturing mar ket
Growth Rate (CAGR) of 20.51% t203I3.achoratrho uAsnde
currently holds the | argest mar ket share at

growth of the market size over this period.
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Figule (la) Additive manufacturin@O0@38nr k¢t
manufacturing market share between @&$kt
Researchers are cumaeeti gl wdbDRIi nhgc lomnmaghuedrgi iatlo
p arAt anudattier i al component i s generally defined
materials distributed conti nuomastler iarl @iDs cporni
( MM3DP) structures allow the deseghi @$, coenpl le
parts with mechanical properties specifically
Bracket by Diehl fAwWiIDaitntoend ccaornbpoons efdi boe r el eme

composites, is 50% |lighter and cof2.28] 50% | ess

The primary challenge with MM3DP is the weak
the boundary interface. Studies have indicat ec
material s at their geometriomelntbowmadmariytal s 3D
printed dampd&roentist I's i mportant to character
boundar y-maotfermudlt iparts and evaluate the adhes

materi al s.



Due to the complexity of tmad emataérisdiruco mpes

experience heter ogeinnevoaussi vaee froertmhaotdiso nl.i kNeo nDi g i
(DI'C) are ideal for evaluatinbefock defl omnchatiis
Cameras capture images at a high frame rate as:s

are then correlated to track the speckles to

efficacy i numefdedmirmptnoms in compl ¢4268Y ruct u
Additionally, it can be compared to finite ¢
val i dati ons.

1. Phesis Objective

The main objective of this thesis -matdroi alnadD
printed structures and compare them with homo

printingFmesetdo#s!|l ament Fabrliicgbhti oRrdé&EEF3i mad|(

used in two studies to eval umdteertihael asdthreuwsad tounr
modes were observed after the samples failed
mat eri al s. Theo faicrhsite vree g thii rse noebnjtectt i ve i s t o

variations along the samples particularly at

|l mage Correlation (DIC) was used to capture a

under shear | oading to evaluate the strains a
before | oading into the wuniversal testing mac
correlating all/l the i magtisoms The msasnpll tes uwidle
strain measurement s, failure modes, and manuf

combinations of materials are explored.



1. Bhesi s OQutline

The thesis consists of five chapters. Chapter
thesis and provides a reviewadfert meé @BrmhDepiroumg e
and Digital |l mage Correhaveobeedhegumgmasi tadt a

this chapter which provides motivation for th

Chapter 3 discusses the anal ypsriisnt ecfoa tineutligalf a
structures. Shear -bag pgiat séampiaes oh gwangobe
including homogenous and heter oag exnteswairs Isaanpil reg
2D DI C. The methodol ogy demonstrated in the s
fabricatae emulat i structures with enhanced mecha
Chapter 3 has beraviseWwenditGioeurotsailtae sp eSetrr uct ur es
MAnal ysis of i nter-materipaloptusieds fof amandtti f at

pol ymer compo@sanaegd issractmuertsly with the editol

A different ampaptreoraicahl t DD murlitnt i ng was explor
met hodol ogy and results of this study are des:

were performpdi mhe-dahei jDd.iPet sat ostamail yz eamsteax

under | oading conditions. 2D DI C was wused to
di fferent | oads and to characterize the inter
shows promisingimgsulhtes,polhieghliiagh applicati on
fabrication of soft robotics, microfluidic ch

revi ewiffAdddintalve Manuf act tAmiad g7,sd surmode rt hteh @ nttiet

of rmmaltteiri al digital | ight processing (DLP) pr



Chapter 5 summarizes all the results and find
and 4. 1t also provides some recommendations
on the experience and knowl ehdeg ef ignaailn esde cdtuiroinn ga

some areas that could be explored in the futu
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2. lntroducti on

The objective of this thesi-smaterpal aBPdyz &MMBDE
Sinlgde joints wusing digital i mage correlation
topics relevant to thisitlkeesaitsr@andomueciesws nat
sections introduce 3D printing, anal ysis of a
chapter concludes by identifying the | iteratu

those gaps.

3D printing i S considered a transformative

manufacturing industry by replacing traditio
conventional manufacturing procksegegeomptluds
mi ni mal materi al wastage and energy consumpt.i
chapter introduces 3D printing and the -advanc
material 3D printetdhstvarcitauesmethoddhafoerc omaem
structures and their applications.

The next section introduces an analysis of ad
di fferent methods generally used. 't also dis

analyzing adhesion strength.

The next secti on i ntroduces DI C. The fundamer

processing techniques have been discussed ext



various | iterature, the highlights and benef.

over traditional strain measurement techniqgue

2.2D Printing

2. 2Fltndamentals of 3D Printing

Addi tive manufacturing, commonly known as 3D
advent of stereolithography, a technif[quel n hat
1992, Stratasys introduced another manufactur
(FDMR] A thermoplastic filament i1 s heated to I

nozzle to deposit on a surface and subsequent

a digital model . Later, as 3mDnipguenst iwegr e edcehvneol
printing offers numerous advantages, includin:
costs and | ead ti mes, enabl e great ¢B8] cTlhetsemi .
benefits have |l ed to its adoption [id] vraoh otuisc 9

[TA)] aut dm@dt] ewnelrlg,yl P[pBS5] mefli®a] and chemical [
[ 2D2] Research and studies by academia and i nd:u
pool for 3D printing. 't is now [pAdLh9i dd rea mioc sd
[ 23Q] gl 833%] and pgARBYielrhsi s process has been ve

prototypes and has been very popular with bot

Standards from International Organization for
Testing and Materials (ASTM) have <c¢l assified

categories: binder jettingttdingectoodvdemebgyd d

10



l ami nation, material ext [ 38i]Ansummar yw adf
printing met hodsTahbalse been provided in
Tab2le Summary of different 3d pr
Met hod|Commer | MateriBenefi|Drawb{Res|Popul a
model s S uti|brands
printe
Binder|*3DP: Met al {* Fasteg*Low 13 6 HP,
jettinlprinti|Stainl|l*No memechaliQOn Mar kf o
*ExOnelsteel prope Deskt o
Pol y mg *Post Met al
ABS, | proce:
Cer ami requi
Gl ass
Direct|* LENS: |Metal {* No sy*Hi gh|250|/0pt ome
deposi|Laser Cobal{struct|/initii{GOn DMG Mg
enginel/Nickel*Enabl|i nvesH| AddUp
net sh|{Titanimodi fi
*SDL: n of
Sel ect struct
Deposi
Lamina

11
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Mat eri|* NPBan|Polypli*High |[*Post |520(Str at a
Jettinlpartic|ene, accur aproce{On 3D Sys
jettinfHDPE< |* Mu- tijrequi DP Pol
* DOD PS, Plmateri|* Prop
Dr eom printily mat g
demand
Powder |*DMLS: [* SHS: |[*Wi de |*Weak |80 |Strat a
fusion/Direct|{Nyl onimaterijstruci1250|Pri ma
|l aser DMLS. [range |propelOn Addi ti
sinter|*SLM: [*Minim*Long
*SL M: Stainlsupporfti me
Select|steel |struct
|l aser titanirequir
*SLS: al umi |
Select|*SLS:
|l aser Nyl on |
sinter|PEEK
Sheet *L OM: Paper  |/*I nexp*Limi{0. 1/BCN3D
| ami najlLami nalpl astie mat erimm [Techno
object|sheet |*Rel atjuse S
manuf ajmet al §f ast *Post
*SDL: proce:
Sel ect

12



deposi may

| ami na requi
Materi|*FFF: *Polyl*I nexp*NozzI|560 Prusa
extrus|Fi |l ame|ABS, e desi gl1200|Resear

Fabri clPETG, |*Ease |i ssue |On Bambu

* F DM: TPU, | *Less Creal:
Fused accur Strat a
Deposi
Model |

Vat p|* SLA: *Phot (*Good |*ExpellO Prusa

pol yme|Stereolmer s finish*Post |On Resear

on aphy *Rel atlpr oc e El egoo
*DLP: fast requi For ml a
Digita
Proces

2. 2M@AI-Mait eri al 3D Printing

Traditional 3D printing methods are | imited
mechani cal performance than conventional ma n u
fabricate functional mat eri al s eusaibd g tthoi sbet e
and designed i n speci fic | ocati ons t o succe
devel opments in 3d printing have all owed f unc¢
materials in one objeet cWiarlacecestiecmiizesd [@ddrn fsor

of the properties of the components,[ 3u,ch0]as

13



Sever al industries, such as aer o[sglajJdhe,v ea watl a m@
integr amatdemudlti 3D printing as they | ook for\
manufacturing. For example, NASA reduced the 1

from 163 to just|[ 22pby using 3D printing

Studies have investigated different 3D printi
jetting, direct i nk writing, vat phot opol yme
MM3DP parts. The next secti oresi mtnrdo dtulcesisr t hec
application areas.

2.2 . D2i.fiff erent PrdMatesseal faddMul ve Manufacturin

2. 2. Mat etri al Extrusion

Materi al extrusion (ME) is one of the most <co
material feedstock through a single nozzle or
with multi[p4.2]lmatiesr icadpsabl e of printing with
thermopldgdmiecal ed t her mopl[l As]tfilcesx,i bd petmpeplasa siteosm
bl endedthameltitabapeodwwdépsddsd4dpblk feedstock i s me
extruder and deposi tbelda yoenrt,o aas Fb ugiPHude tSrilasggdek lilayy
end printers wuse -matmordiidli eunilti keMMUW)e imulRriusa
Czech Republic) to switch the filaments in thi
which are relativeneynwtexmemsithe, rpre«itoadefrisl & h
filaments independently on the print bed. For

mat eri al s -miasteedr iitanl nfuMM)i printing must have goo

14



Filament

Filament
extrusion head

Sample :““ Heated nozzle

|
Build plate

Fig@ie Schematic representation
Yin eéddamonstrated the significance of opti mu
interfacial bonding between thermoplastic pol

(ABSinaberial structures. The t hearheet iecxale rmordeen

results and predicted the interfacial b-onding
materi al filaments.

Ri beiro 4&omakr ed di fferent i nterface me c hani
heterogenkePWsddLeAt ai | shape sampl es. One set
mi croscopic Iishapaceas ewiftalcea While the other
inter haaemechani cal interlocking mechani sm. E
was oObserved in samples with macroscopic inte

The heterogeneous samples were signitfthiec-amut Ity

material samples delaminated at the interface
Lopes[ BObmpared three different samples: singl
single materi al sample with a dual -eateuvdat i

15



sample with two materials in a zebra crossing

filaments were used as feedstock material. T
geometrical boundamgt entefr faampifechéee madt aff
Hence, -mhtemubti sampl es wemaet eweiaakle rs atnhpalne st.h e

2. 2. Powd2r Bed Fusion

I n powder bed fusion (PBF), a |l ayer of metal p
system such as a rolling blade, selectively m
aided design (CAD) fil-EBfF dmBFelpec-hBE)r shauasm @E
soufr2.@8]The process is repeated for subsequent

with the plre&83 oulshih@aylea s

Laser, electron beams

—Powder roller

Powder bed New powder stock

Fig@2e Schematic representation
The single powder delivery system | imits the |

materi al samples with PBF are achi ev[exdl., b52]bl e

We i ¢58akhl yzed the characteri st ibcAR . drEhAfMe c han
4V dual all oy matbeanels pec iSheMi s dbhaewmal oa@ | d eifr g ¢ tc ¢

interface with al most simil ar mi crohardness a

16



Chueh[B##htBégrated FFF and PBF to analyze the b
The study exhibited good adhesi on beetnweeren t h
density -praisnetresd n3oDbi | e phone back casleisveaarnyd i
systems were also successfully printed in this

of heterogeneous metal/ polymer structures.

The studies demonstrate the I mportance of op
previous | ayers to be remelted and 5fédrhm bp rtoepde |
cracks between the different materials due to
that using smaller powder sizes with high mel:
mu kntait er i aJ] 56amphies i s because the increased s

absorption.

2. 2. 2Malt.e i al Jetting

Material jetting (MJ) deposits microdroplets

by UV | ight Fiag®s3iel Dwes ttroattehde ilmnat ure of the tec
t hat can be used in this process is very | i mi
droplets. For t-mat émabal caamphesf ssmav eéipali ntti ny

head to pri nActurnaublltei pmaet eprhicatlos g iemwll[tbd8n, ebadu]ls | y W

17



Photopolymer material Dissolvable material

e

Leveling uv "

blade — light _é"% Nozzles

Object (cured)

Object support

Build plate

Fi g@gB8e Schematic representation
Vu ef5@apbed this procemat eroi afl abfrriaccattuer emuslpteici n
(TangoBl ackPlus) and glassy acrylic (VeroWhit
at the materi al interface region.rfThhee scamdyb

i mproved with gradient material interface.

2.2. a1. Photopolymerization

Il n vat photopol ymerization (VPP), UV Ili-ght is
links in the polymeric chain Riogdreahsbor mt & & ¢

working principle of VPP. This procesq 6@rjoduc ¢

18



X-Y scanning
mirror

Resin Sample

Build plate
Fi g@4#e Schematic representation
General ly, mul tiple vats with different resin
[ 6 0,HoMaln g b d 6etth mpla.r ed t he mechani cal propertie:
materials with varying acryl atLeo wec dnupnacstii toincan s a

with |l ow viscosity exhibited better adhesi on

VPP has al so been used to fabricate micro ac

YoungOs|[ n@]dTwoi di fferent vats were used during

out in the middle of t hmatpariingli nmr ipmtox.e s$t rt on ¢
was obser verdati er itahle sreurhpglies, as Bahethael of st hi
material. The methodol ogy was al-se@alviahg drait g¢idd
The primary challenge is the |l onger printing ¢

MM printing.

2. 2.2um@mary

MM 3D ©printing has enab-medertihael fsatbrru cctautrieosn
mechani cal perfor mance, but it al so presents

di fferent processes and met hods, nperd matr i v §r iwd

19



|l ayers. Analysis shwmasernihalt snompl ed d&xlei bmutletd

interface of the other materials. The adhesio
materi al combination and a swsaestabhei desi gnenp
explore better material combinations and char .

the -mat eéri al s.

2.8el ection of AM met hods f or t he

Material extrusion and vat photopolymerizatio
FFF from ME and DLP from VPP were selected fo
AM met hods are fundamentally adi fdfi srceirsts ealnd no ft f

section.

I n FFF, the material is melted and deposited |
induced diff628]lom domtdri axgt , DLP involves poly
i ght, f olrimmi knsg bcertowsesen each | ayer, rTehsewslet i ng

di fferences highlight the distinct approaches

The resolution of [UBhpseéecawwes AMhmet hbdbes | ayer s

macroscopic | evel for FFF, whereas DLP has th
However, studies have shown that both these p
| ayeruldhat emi al prints, as discussed in the pr
Therefore, exploring different materi al combi |
mechani cal per frnoartnearnicael opfr i mubti Additionally,

characteristics of thmabeubndhrigrimpersanh tbe

20



enhance t he adhesi on bet ween materi-matser ilalad

component s.

2. MAnal ysis of Adhesion Strength

Two materials are combined using adhesive |jo
reduced stress concentrations, | i gh®©.8Vaprairotuss,
standards from ASTM and | SO are available, whi

adhesi on [&6t4,t6bd j oi nt

ASTM D5868 is one such standard that demonstr e
for fiber reinfordé&d]pwarsdiinofea rFcRePd) pbaorntdsi nogf 2
mm with a thickness of 2.5 mm are joined toge
suitable adhesive. Five samples must be prep
temperature dforome nmiocmurmuanf t er applying the ad
uni versal testing machine (UTM) with an initi

the sample held in the test grips. The | oadin

Hi remath6é@énalaylzed the effect of printing or.i ¢
characteristics of PLA specimens produced usi:
D5868 to evaluate the sheari nstteddamsg jniyg0Aefr &tnhive t

orientation had the highest shear strength th

| mpregnating different fiber fabrics iIin the a
sinlgdape [6i7hSlear tests olnapt hjeoiditfsf esrheonwt e ds itnhgal t

bidirectional carbon fibers in the adhesive e

21



Adhesivel y-GBosdendpl &ioni Nt s were analyzed wunder
eval uate the adhematoenf h&ltilsvaepe ns hteraer nsulrteingt h e
trend as the toughness and maxi mum | oad as t he
and adhesive behavior was observed at meagr e

|l oading rates increased.

The studies mentioned above highl-lgpht jbobhatsm
determining the adhesion characteristics at |
bonded sampl eski gag,eiddmnusalraad edei ahar agcé6.2fi zed
The standard for <classifying failure modes i

foll owing categori es:

T Adhesi viesdmarlatrieon of t e hjeogiemtd &sturtflae eadh

T Cohesi vies efpaarlautrieon of the joint within the

T Thilmyer cohesepeaer dtaiidruref the joints very
i nterface.

T Fi bteerar ifravipltwrree wi t hin the FRP matri x.

T Li gthitber tieraup tfuaried uwiet hin the FRP matrix cl
| ayer of FRP matrix on the adhesive.

T Stock brierakptfuarid uaofe the FRP matrix outside

1T Mi xed ifaaniyl ucroembi nati on of two or more fail.

22



Adhesive failure Cohesive failure Thin-layered cohesive failure
e I —
— I—
Fiber-tear failure Light fiber-tear failure Stock-break failure
Figahbse Different failure modes acc
An adhesive failure indicates poor adhesive

good adhesion between the material s.

2. Analysis of fiber content i n 3D

3D printed parts have been reinforced with

mechani cal propef@D2p Vaf i adlheseceipmafrdarscement

i ncorporated in 3D printipg,31darabmemtTssdingd tarsise sa

fi b[errS5sjland c a[r7b6o]iBomea ok t he studies have intro

t hermopl astic filament t o fabricate parts

performance, [a/mn7d reduced cost

| mpregnating 13 % by weight carbon fibers in
bone samples by 200P67.8nldn ntohdeu | sutsu doyy, 4A0BOS% p e |l |
with chopped carbon fibers in a high shear mi
fabricated with continuous car bon fméocehamwi mali

performance but | ighter and more inexpensive

Zhong|[ é@®mi] aéd ABS with short glass fibers with

and hardness than conventional ABS. Sampl es

23
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exhibited higher tensile strength. The bl ende

the addition of small amounts of ©plasticizer

Tekinal[p7 @d moanls.t rated a significant Il ncrease
ABS/ carbon fiber FFF samples. A maxi mum of 1
increase in modulus was achieved with 40 % f

f ahartiepBDnted parts with more than 40 % fiber

become [c3.®]gged

As the different fiber content in the fil amen
the samples, it is essential to determine the
generally evaluated ths ouUf®ANi]bher chq Bride s thelouwi ©
of[f8.2]Recent studies have suggested that TGA i

met hod to determine[] @8&6&] fi ber content in FRPs

Moon ¢é¢BOhmpared TGA results with standard di

determine fiber aentndrmtrciend eatlhmerf EC&R®) c aadh

pol ymers (GFRP) . The TGA results were within
sandard ignition and digestion methods.
Reliability of TGA technique has al {@60Q€Eka@ in

measurements of fiber wei ght percent wer e c
measurements from matrix digestion. The study

errors in the composite density.
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2. 06ptical Measurement Techniqgues

Het erogeneoenuast eoli almulkstaimp-basf awwrnmMedg® ommat i on u
conditions. Optical mesausiureedmetnot mnteeacshurrii gnuge st ha rs
in complex structuresmauehpabn®BBdadipwrse &.e sT haen df ¢
section discusses digital 1 mage correlation (I

techniques.

2. 6DLgi tal | mage Correlation (DI C)

Porwmitse strain gauge technique is a prevalent
I i mi t[a&71,08n8he technique is not ideal for mater
compl ex geometries as it i's in direct contact
over come byi nwaismng e oofput li Ic a | t ec hrAfiigeu eds . o pMairci
techniques, such as speckle interferometry, m
met hod, and digital i mage correlation, have b
ranget eofi anlas. -inltCG rifsorminmmexarli ¢ echni que t hat ha:
and used in the measuf d¢intt eovahismbatd adiet plled © & mMme
strains by correlating digital i mages of a spe
to the deformed stage. It is an easier techni

DIC setup conesospbe oflewni cehacagmera (CODR) der a
semiconductor camera (CMOS), a computer with
speckled sampl e. The speckling patvteersnufdn cti lee
contrast to achij &9 EOfgtoeond, DAhG tree sourl thsl ack pai nt

or airbrush to achieve whi t[e8 &,r9 b} taecrkn aslp elcikd het

25



such as[B®l1geVvI[IBigdhhtwhi[te3]Imaghtoe required to su

the samples before recording i mages.

The captured i mages are segmented into evenly
on the speckling density. Subsets are numeric
reference iIimage with the unddefedr nwa ch doavmp Ise .a pTp
using an algorithmic interpolant function. Th
based on a suls8Bt]Tehaperbundesonhhe vector dir
the strainFog2a@idd usdampmltee.s a shear strain dist

DI C processing.

a)

=20

Shear Strain ¢

Fi g26e Representative 1 mages of d&a3péeal
speckled sample captured with a CCD casa

failure after DIC processing

DIC measurement can be di(wi)degeickt o nfgo u rh ed isfafn
cali bration, (c) capturing opromageisngucamtgurd

to evaluate V| &88B1A ucsalpirborpaetritoonest arget with pred

26



be used as the reference iIimage for calibratic

mm) .

2. 6T®®i mensional Digital | mage Correlation

DIC was initially designed to eV®l4dsStedoerbyhp
i mproved and validated the a¢@©6t & &dvionoefn stihoinsa lt
(2D) DI C generally uses a single cafneg2t ¢ o c a

il lustrates an example of a 2D DIC setup.

T Load

Light source

DIC processing
computer

CCD camera

Specklsample Light source
Fig@re Schematic representation
The Iimitation of 2D DIIpQ ainse tdhedtorintatd am se vaanldu
ouddpl ane deformations. 2D DIC can [a99590 Ibe&semt
scanning conflddal, 19idédmomns agp el ec t[rlolhd /] atr @mmico p
force micr o[sldd®py] dmMdEMIcanni ng tunnelld8 @djg mi cr

measure microscale and nanoscale deformati on.

2D DI C was conducted to determine thebaoletcdd ni

(HBB) wundeat gaoaaste[nislilifehd osatduchyg hi ghl i ghted t hi

27



over conventional met hods, |l i ke using a strai
and shear strain distributions-cwecentsrhatwed i me

especially the region nead jtohhenthol e i n the mi

2. 6 TBr2iemensi onal CDirgiet alt i omage

2D DI C setup was modi fi ed bydianmednisnigo neaxlt r(a3 Dc)a nbe
eval uat epl abnoet hadpitnaoet def or mati ons. 3D DI C rec
cameras at a s-tereel anhgba ©b0r iamha gosns. -RIING, sittndaregeeo
correlation between the reference and the i mac

from the other camer a.

Mel enkp9@@ihplaé¢ mented 3D DI C to evaluate the eff
on the strain pattern for tensile and torsion:
the help of 3D-pDIlo®@ evgistim gs. o nMetrep o $sttrurat PO Wemnao

to the braid yarn undul ations.

Dondi s 1d®2¢madnstrated 3D Dis@ewedttamesanghd h

mirrors. They =evaluated ke nfperc¢ed mapmwmdeg mer |
compression after i mpact with 3D Ddpeed heamdrus
wiht setup modifications as feasible, which off

a pairsmpdedhigdamer as.
2.Gaps in Literature

Recent studies have iIinvenatiegatteéd twhe hf 8IDr ipaatr
the mechanical -prriompteed i par tod, tvnlkei 3lD can be use
majority of the studies haevwd iusged oi n knjveets tp rgiantt

28



of t henatmaltt al42paiMBlpmost every paper has high
analyzing the interface characteristics in M

del amination|[ 49, % Wder yi nltiemiftaecce st udi es have ut

fabri catad emuladti structures, though these are t
3D printing. Materi al combinations have to be
well to each other. These snmautdereisalh apvaer tesx htithan e
base materi al 3D printed sampl es. Researcher s

i mprove the mechanicpti pedddby Bt e nof | FEETr abu

found on having different reimorcedlfislaameé et

Though studies fpavetiendv @atritgatwed h3 DI C, no st u
DIC to analyze the interf agri tthenaametrldtail s tpiaacgs s
has been proven very efufne dteifvme thfadn omat ersioali &
analyzing the dmdbempdali acBBPdi sampl &€ where t he
may differ significantly. It tracks the defor
di fferent | oadhsi cchn etvlad usaampl d,ocwl i zed strain
samples could also be assessed from the strai

DIC to analyze the interface characteristics

The | iterature review concludes that there is
combination of materials to the printing proc
need fdepth analysis ofi nnMdMBDRcsestchatacesri §

proper printing process with optimum printing
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2. Broposed Study

The author suggests that the studies on the
structures demonstrated in the following two
study evaluates the i-ptientfledae cjihairmtcs eusisng c2a
t hermopl asti c frielianmhenrtceedandd | aameinierwer e used t
and -malkteiri al sampl es. T-ma&t esrtiraeln g$ dmpolfe st hwea sn
homogenous sampl es wi tahn d metchheann i t la ¢ tesal ng

statistipcalnltyldaBlL pgil et s were used for the sec

testing was performed wusing DI C. Sampl es fab
propertikkKlprtihmtned hseampl es. Statistical anal ysi
identify the statistical difference between t
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met hod that can be wseensnykeehdbefr oohemel &b«

as aci d diogdst iammd, olpuriic @d8Ji nstrumentati on

The strain and failure characteristics need

mu kntait er ipali n8B8Pd samples to evaluate the stre

heterogeneous material s. Due to ti-mat eomal exi
struct wreess,r uc d-haosne dvimatomods | i ke digital i me
i deal for measuring heterogendowd ddeaefed mmantait c

measurement technique typicalacyquuissiing oomne lar
randomi zed speckles sprayed on the sampl es
acquisition and their correlation to extract

t ool and has become-uno mdne fmo rt nma t neoanssu r ceu rni onng
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testing in compl ex [sS3tOrly cReuaerst |dtkued iceosmphoasv & e

to be effective [fd2] polymeric material s

This study aims to analyze the adhesion of di
Sinlgde joints. The samples will be subjected
to assess the strain fieldn@nd2elBlh@nt ealhnipq
be used to evaluate the samples. Ina€Cehasal not
FFprinted parts. This would be thepfinsedtim
mu kntait er i al structuresosnf of dmeextneresifvae ee \paloy
materi al structures. |l mages were taken at tw
side view to get an overall view offighhe estr a
33(b). Microscopisecmagaswefethesoroaken to I

bet ween the different polymers at the interf

3. at ermainal snet hods

3.2Sampl e preparation

3.2.Pr.ilnter and feed stock materials

The singl,as| saspéywvogdifmg awedr € bdesi gned using
(Dassault Syst mes SolidWorks Corporation,
met hod f or | ap s hreeairnfeadhceesdi opnl af$§driAd f i ( bReRrRe) b
sampwerse fabricatesduusengFFERBUIMKPEFritremwar e
3.11.Mrusa Research, |Pwaghe,a Oz ec mmRedpuabmeitcer

nozzle and 1.75 mm.Sanpleeserwe reee dpsrtiorctke d nwiett h
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infil+4BWidBh oa i entati onMiulint ial Mpygeaidal 2a@ef BIMU
(Prusa Research, Prague, Czech Republic) was
to prifntvewidftiiilfaeeneegntite nt i al |l y wi t hout physica

has only one extruder, but the MMU2 helps i nc¢
automatically, according to the sThe&edlepirpmgr e
of the MMU2 hvaldeirge Idii di tnaotti osnuppor t printing

mat er ddil fsf gmaemtti ng st eSnp,eraawdteem wer e added i n
softRWauea (YersepnP2uSaO)Resear ch, JtPor acghuaen g eC z €
the extruder temperature before the second f
Three different types of commelrabdB-®l Ilwereaevai l
obtained to manuf act ulraeh32eh & i y@mplaanp,] eds weh @w
for each materi al combination to investigat
Polylactic Acid (PLA) was selected as it 1is

based 3D prli2az.,i h4gP oplryoectelrsysl ene Ter epht hal ate (
mo s t common fil aments used among the polye
dur apainldi tiyncr eased i mpact resistance. It I s

medi cal sectors, advertisifMp]Duseptaygpodndhe
chemical resistance, this matercilald iig eanisso o
containers, and protective parts. A PETG wit
obtained commerciall,y wafetreer ilti twearsatfuag ®n da ntah :
all owabl e weight fraction of carbp®28JfTihbeer s i

PETC used in this study was PETG infused wit/
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di fferent

drmhent s

paramebnéter foul thpl ¢ hr €

|l amen

me

The optimum printing
with differenar er s hTeabBeOBlRéet i pgppul ar i
and TPU have alreadwatexhiebine¢eeaathe@acicealaddBnsp oin
samples in previous studies [21,22].
Tab3le Printing padiafnfeareernst ffoirl
Fil af Manufactur| First Ot her [[Printe
extru extrudtemper
temper| temper & ()
() ()
PLA Eryone, Guan 215 205 60
PETG Eryone, Guan 235 230 90
PET(Ci SANGBuWandong 235 230 90
Tab32 Sample I D for all the
Sampl e Material <co
AA PL&RLA
BB PETRBETG
ccC PETRETC
AB PLARETG
AC PLARETC
BC PETRETC
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a) i

{PETG§

End tab ; 2 . Bh mhﬁj

End tab

End tab

25.4? mm

25.40 mm
Overlap length

12°~ 3.35mm
101.60 mm End Towmd tab thickness
—50.00 mm 2.35mm {
1l [ ,

T
—50.00 . J w [1.00 mm
2.35mm End tab angle End tab thickness

Fig@ite (a) Examples of 3D printed <sPiLmMgl € iH
PETG, (i-PEYCPET®E)TGRLA-PETELAand -RET(¢,; PEDN)G
representation of the. 3D printed single | a

3. 2.9he&ar t est

The slianpgljeoi nts were subjected to a shear | ¢
(I nstron, Nor wood, USA) equi pped with a 3kN
constant crosshead speed of 5 mm/ mdnspé&bds d
given in the standard was significantly fast
and providing insufficient images for good ©TC

3732AFdAch) an&® XBEhXFIWMi gitaletmi,crAtnedle,r sUSA
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five different points, and their average was

also thinner than the standard due to | imite

3.2.9ur3f ace preparation and painting

The samples were tRemtpraspgarsed ctkd eh gvad theirgihs

coat was applied to the( PBaimptlersdsusTionugc ha Fllaatt
Ol eum Corp., Qwi nxctourrde, OoON)whiAt e pai nt (5212
Airbrush Col or s, Createx Color s, East Gr anb

Reducer waGr eaghieénx ed t o the sample wi-BMHan air|
set, Paasche Airbrmuasmdvd@mt eCh p eaasy bseh Epvagiuticeo n a
32The histograms i n tdhiestfriidpwrnne dalnud tsipdow wpe

thereby minimizing the [e46]or percentage in D

3BPprint edd PtLeAmk tvaerheed t o t hestsraenpdtals ttuepogya
(Gorilla Epoxy, Gorill al Gl alel €wsptameg ,siCearcilIno
evenly, -opdanes bewmtdi ng moments and, s-ubseqgue
uni form shdahesttradbs $ @aphkra s ngHied(aisn 1t20 r ed u c ¢

the stress concentrd4a8]i on at the tab terminal
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a) b)

(G == <+ Painted and
: speckled 104 Painted and speckled
sample 1<
e 50 Region of €
é Interest \E~ — Region of Interest
S (o) S (ROI)
5 B
CE 25 8
0% i 2000 IMage 0 : 72000
/ ) o O | Image
S L intensity o | A [ — intengny
Image 0 2 40 60 g O count Image 0 3 6 9 12 count
intensity Position (mm) intensity Position (mm)
count count

Fi gB32e | mages of the painted and spec

ROI |, hori zont al , and vertical FOV sho
|l ens; (b) Lateral view of the sampl e
3.2M3teri al characterizati on

Thermogravi metric analysis was performed to
filaments. Ther mogravi met r-04c9 7i,n sTtA ulmesnttr uTn@AMA5
USA) was used to heat three differ emett esrasmp| e ¢
specified i-a3RITMh&LdBhpl es wetre he@t ealt fa ohme
rate of 10 /min in Platinum HT pan under a

mL/ mi n. TRI OS software was used for data ana

3.21 Bhaging setup

3.2.28D1DI' C I maging Setup

Two Hmiegl!| uti on c almetreas5 N, mag¥irsiMon GmbH, Get
were placed at ®DAsFli e teichmk mashé@dt h t he front

side views safmutl it @alneagngd gwer e acquired at a r
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secaondi |. fTahd ucckemmpmsapandi es hBab8l3d eTehne |ciasnteerda
for i maging the wider front view was equippe
50 mm, Navitar, Rochester, USA) , and the cam
equi pped with a macro | ens (3. 32X nub&Ngo zoom
LED panels (LED Lighting Panel, Adjustabl e |

beside the cameras to i mplement bright field

white speckles and the bl ack buwursteed oan .diTfhfee

tripods.
Tab33k Properties of the imaging set
Property Unit Value for setup for | Value for setup for
front view side view
Camera resolution pX X pX 2464 x 2056 2464 x 2056
Pixel size Hm 3.45 3.45
Frame rate Hz 20 20
Image Scaling Factor px/mm 27 167
Image field of view mmxmm | 91x 76 14.5x 125
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Camera with Calibration scale w
= lldev 50 mm lens | Camera with e
BN
- /i
) /

r "
/ J

Load cell %l; Vs

macro len -
Al

b c . .
) 25.4 mm WD ) Camera Trigger Connection
= ' 225 mm
IS DI:I Camera with macro
,:r' lens for lateral side

LaVision Cameras

90° | Orientation of
the two cameras

Camera with 50 mm

lens for front side

LaVision
DAQ

Instron

Analog I/0 to ADC

W.D.: Working distance .
channel connection

Figd3Béa) Experi ment al setup of the sh

Schematic diagram of setup of cameras

for i maging andfgywmdchwoarn dawii dma @ifng s

3. 2.Bat2za acqui sition

The anal og voltage dat a

wa s

acquired

from t

h

converted

showki gB83(e). The applied | oad was
scaling factor of 517 N per volt, whi-ch
section area of the | ap joints.
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3.2.28D3DI'C I maging Processing

Al l the acquired iIimages were processed usin
(Davis version 10.2 Strainmaster, LaVision (
di spl acement andsampikee bmagéde ¢tcapt ygmoectby t
simultaneously for two different views of th
for cali bration Thme tihmad@easvi solslod dtwad ewi t h t
cali bratedl ausalng3 @ cdaMoi br a5SSiSDOP, plLatMeH,( Iy p &m
Gettingenwi tGermaheyneference point at the mid
Thiemages with the macro | enslW®ereMisttal @eylo uGa
l nc. , Mi s swistslautglme 1OdNf)er ence poTihnet ctaol itblreatli e
targets are a reference for scaling the capt
performed for each individual frame before f
i mage is correlatddthetceopelce mpnevimagesi wagdé. th
procevsdédda subset size of 15 opi xolrs@hmad hens-t
contrary, the specimen i mages with the macro

pi xels and a sfterp cdurzreelodt ild2n pi xel s

Rectadggbtimmpauges were constructed on both tt
samples in the DavHisgBstoef tt avac &I, c mlsatsd otwlme i av e
di fferent paAver @adetaei slamptdreai ns at four di
were evaluated byl 9cdnsnmr weétritm@g| 23 t5% amm gauge
as shéewgd4m) . Two strain gauges were placed

overl ap region to assess the strain at the e

59



Two 2/8mm virtual straFng¥é®yesweas sSbowhruot
| ateral side of the sample to assess the aver
gauges, aFsi gsBhtodw)n, iwer e constructed for the |
assess the average 3$hearemarnaingi hwohestsear agi

above and below the overlap region.

b)

a)

Strain gauge 1
SG1
( ) Strain gauge 2
(SG2)

Strain gauge 3

O

(SG3)

Strain gauéé 1 g Strail; gauge 2
(SGI) =+ (SG2)

Strain gauge 4
(SG4)

“Line plot

Fi g34e Rmrsdcessi ngofithwarae/.i s(a) Strain
the sampl e; (b) Strain gauges on the

| ateral view of the sampl e.

60



3.2MéAcroscopic imaging

The samples wesectubtnadvfthekeicopesplermgdgEedgi on
machine (Mecatome T260, PRESI , Hungary) and
the | ayer adhesion at the boundary interface.
(West System 105 Epoxy Raistihn,a Wersa n sSpyasrteennt, hUa
System 207 Hardener, West System, US) in a r
hour s, after which the mounted samples were
machine [(M30AV,GrMinadr osntaadra )2 0tOhOr,ou@ah fi ve steps
180, 400, 600, 800, andTHROIOpg T rtid rsermowe narry
modi fi cat i osnesc taiton hcef ctrlbbesssampl es due to the
true microstr udt 00 Bd fu ntimea iprotwedrefraoveas used t
after grinding at 300 rpm. Microscopic i mage:
Mi croscope camera (Zeiss Axiocam %06 nogcelngr ,
Germany). The microscope had multiple magnif
l ens were used to take the images of the inte
mi cro har(dMetslsalh,esMetrLab QGuarsp aarl astoi ourns,e dC a noa dt aa

of the interface at a higher zoom ratio.

3.RBResuwlntds di scussi on

3.3Thermogravimetric anal ysis

As discussed in CBdpmensf2ra¥Kabithetfiaabre vol

Onyx composite filament was 10.5% wusing TGA.
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di fferent filament samples during FhguT@6As u
35 The TGA curwPETShewartiBatdertloeposi.ndg ha&t apr
average weight percentage of wahse 1t9h rOesel %, a mphli
was the carbon content of those samples after
content is the carbon weight fraction of the

to be quite close to othe2mnobdabononrerbser swerc

a) ‘
< —Sample-1
<100 Sample-2
0]
= —Sample-3
s 75
@
o
g 50
5
2 25
=
0

0 200 400 600 800
Temperature °C

Fi gwse (a) Ther mogravimetric danalryns in
carbon weight per-icrenvtiagw .o f( bt)h & omlmetd

percentage of the three different sar
3.3M2chanical properties

3. 3.Axilal strain

2D DI C techniqgue was used to g8Dvprintddei faqlld fi.e
l ap j oi nThissa mpdemnwviagweaear at wi tsh r pi ager cal i br
mi ni mal fit e0r. r501r3, iwnh iTthhei s@ ®stiundayg e s of t he

di stributions on the surface of all the samp

al | t he $avebeleans sfffadiw®6.A£n24 1 méh5 R M, as shown
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F i g 82, leas been chosen to obtain the average strains in the area around the overlap area,

which is the main interesshowthet hincretmeady. ofT
as the applied | oad increases over ti me, Pl
can be observed right above and below the ov
joint sampl ePsETath ds atthpee P, EFTa& | wunder hi gher | oa
PLARETG anRIETPCAsamples can be seen to fail at

around the overl|l ap area were | ower compared

For the het-PE0OGeaonRIBTPEAsAampl es, the strains
along the upper boundarFi @36 Aftenthis,tolves rtl vag paa retas
delaminate and separate from each othdr,0o wi ng weak adHhFdasgi8dmmre. As s
both the samples undergo cohesive failure,

compl etely.

Al l the homogenous sampl®&T@ndamphbkeedhetrhobbei
strains above and below the overlap area and
the overl ap area was better -PBRG & wRE TAGA het

and, hence, did not del ami nat e at the overl a

From théipgBdaersiig®9, e it can be seen that the
and above the overlap region covered by the |
the homogenous SsaAEITE€s samep| ¢ het PETGt rains
significantlsy sienent hiant trReegoid@aenadian nmatfphseg upneot s
38anki g&#9.BEhe samples then rupture at the regi

strain | ocalization. Average strains within

6 3



average strains outside the overdiaspt ridgited,
t hroughout the samples and do not produce a
However, -mather maHEBTFCEToQt perf orms the homogeno
sapl es, its base materials, and has shown sir

Both t-ReAPd@&mpl ePBEBTA PEMWGI es fail after 1950

For the heterog®PEdGuanBBEmE/Aest PEAN 1 ncrease:
upper boundary of the overlap region. As th
upwards in the direction of the apPET&d | oad
samples then delaminate cleanly at the inte
di ssimil ar mat rEiTel ss aanp | 260 aN.soPldAe |l ami nat e a

showing weak adhesi on.

The weaker het ero®fPETGuUuandBPCAal sbssPoWw si mi|

stress vs strhRig3dpeédhe, aasasesnrann i ncrease
gauge 1 for both samples as |l oad increases,
interface creeps along it and then del aminat
PETC samples' vaxsakrasnrelots follow a simila
materials as | P&EdCi samphaseesshB®wWT&i mi |l ar mech
homogenous samples and even fail at similar
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100N | 200N | 400N | 500N | 1000N | 1100 N | 1450 N | 1950N | '
AA
1.0
BB
0.5
;::
C
0 ®
n
S
AB -
0.5
AC
-1.0
c| B | B B
-1.5
Fi guwwte Axi al strain di stributions in dif
manufacturing codelsab&2e summari zed in

a) [

Fi g37.e Samples aftePLAAai (D-PEPBT &] cPHPHTRC
(d) -PERG, (PETELA(f-PETPRETGThe overl a

highlighted in red. Sample manhalhd2et ur
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a) Average axial strain in different areas of PLA-PLA

Load 1
©
=
PLA = 1
[0}
@
@
=
w
| === ® ]
x
<
0 B % 1 L L L L L L
[ PLA 0 0.005 0.01 0015 0.02 0025 0.03 0.035 0.04
Axial Strain €yy (mm/mm)
Strain Gauge 1-AA2 -------——- Strain Gauge 1-AA4 Strain Gauge 1-AA5 —— Strain Gauge 1-AA7 Strain Gauge 1-AA8
Strain Gauge 2-AA2 Strain Gauge 2-AA4 Strain Gauge 2-AA5 Strain Gauge 2-AA7 Strain Gauge 2-AA8
Strain Gauge 3-AA2 --- Strain Gauge 3-AA4 - - Strain Gauge 3-AAD ———— Strain Gauge 3-AA7 X Strain Gauge 3-AA8
Strain Gauge 4-AA2 ----—--——- Strain Gauge 4-AA4 Strain Gauge 4-AA5 — Strain Gauge 4-AA7 -~ Strain Gauge 4-AA8
b) Average axial strain in different areas of PETG - PETG
Load af T T T T T T T T ]
©
o
PETG 2,! 1
7)) U
7}
[}
=
w
g1 i
>
<
PETG 0 L I L I I I I
0 0.005 0.01 0015 0.02 0.025 0.03 0.035 0.04
Axial Strain €y (mm/mm)
Strain Gauge 1-BB1 -~ Strain Gauge 1-BB2 - Strain Gauge 1-BB5 - Strain Gauge 1-BB6& Strain Gauge 1-BB7
Strain Gauge 2-BB1 - 8train Gauge 2-BB2 -~ Strain Gauge 2-BB5 — Strain Gauge 2-BB6 Strain Gauge 2-BB7
Strain Gauge 3-BB1 - -- Strain Gauge 3-BB2 Strain Gauge 3-BBS — Strain Gauge 3-BE6 Strain Gauge 3-BB7
Strain Gauge 4-BB1 Strain Gauge 4-BB2 Strain Gauge 4-BB5 Strain Gauge 4-BB6 Strain Gauge 4-BB7
C) Average axial strain in different areas of PETC - PETC
Load af T T T T T T T T ]
©
o
PETC = |
(]
w
@
=
w
T 4
x
<
PETC | ! I I I I

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
Axial Strain €yy (mm/mm)

Strain Gauge 1-CC1 - Strain Gauge 1-CC2 Strain Gauge 1-CC5 - Strain Gauge 1-CC6 — - Strain Gauge 1-CC7
Strain Gauge 2-CC1 -~ Strain Gauge 2-CC2 Strain Gauge 2-CC5 Strain Gauge 2-CC8 Strain Gauge 2-CC7
Strain Gauge 3-CC1 - Strain Gauge 3-CC2 - Strain Gauge 3-CC5 - Strain Gauge 3-CC6 Strain Gauge 3-CC7

Strain Gauge 4-CC1 - Strain Gauge 4-CC2 - Strain Gauge 4-CC5 —— Strain Gauge 4-CC6 Strain Gauge 4-CC7

Fi gB8e Stress vs average strain plots
of the samples for each h&#@bAgern OPERE]T

PET-BRETC. Sample manufacturi mgbh¥*¥2edes a
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Average axial strain in different areas of PLA - PETG

Load
©
o
PETG = 2t _
1]
w
=
&
s 1
x
<
PLA | | | ‘ ‘
0 0.005 001 0.015 0.02 0025 0.03 0.035 0.04
Axial Strain €y (mm/mm)

Strain Gauge 1-AB1 Strain Gauge 1-AB3 -~
Strain Gauge 2-AB1 Strain Gauge 2-AB3 -
Strain Gauge 3-AB1 Strain Gauge 3-AB3

Strain Gauge 4-AB1 Strain Gauge 4-AB3

- Strain Gauge 1-AB4
- Strain Gauge 2-AB4 Strain Gauge 2-AB7
- Strain Gauge 3-AB4 Strain Gauge 3-AB7
Strain Gauge 4-AB4 ———— Strain Gauge 4-AB7

Strain Gauge 1-AB7

Strain Gauge 1-AB8
Strain Gauge 2-AB8
Strain Gauge 3-AB8
Strain Gauge 4-AB8

b) A

Average axial strain in different areas of PLA - PETC

Load af ]
©
PETC %
— 2 - -
%]
%]
g
7]
[ f
X
L1 <
O Jra (Y S A R R R
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
Axial Strain €y (mm/mm)
Strain Gauge 1-AC1 ----------- Strain Gauge 1-AC2 - Strain Gauge 1-AC3 - Strain Gauge 1-AC4 Strain Gauge 1-AC5

Strain Gauge 2-AC1 Strain Gauge 2-AC2 Strain Gauge 2-AC3 Strain Gauge 2-AC4

Strain Gauge 2-AC5
Strain Gauge 3-AC5
Strain Gauge 4-AC5

Strain Gauge 3-AC1 -—-----— Strain Gauge 3-AC2 - Strain Gauge 3-AC3 —— Strain Gauge 3-AC4
Strain Gauge 4-AC1 Strain Gauge 4-AC2 -~ Strain Gauge 4-AC3 Strain Gauge 4-AC4
C) Load Average axial strain in different areas of PETG - PETC
oal T T T T T T T T

PETG

Axial Stress (MPa)

PETC

0 0.005 001 0.015 0.02 0.025 0.03 0.035 0.04
Axial Strain €y (mm/mm)

Strain Gauge 1-BC1 -
Strain Gauge 2-BC1 -
Strain Gauge 3-BC1 --
Strain Gauge 4-BC1 -

--- Strain Gauge 1-BC2 -
Strain Gauge 2-BC2

Strain Gauge 3-BG2 -
-~ Strain Gauge 4-BC2 -

Strain Gauge 1-BC3 —
- Strain Gauge 2-BC3
Strain Gauge 3-BC3
Strain Gauge 4-BC3

Strain Gauge 1-BC5
Strain Gauge 2-BC5

Strain Gauge 4-BC5

Strain Gauge 3-BC5

Strain Gauge 1-BC6
Strain Gauge 2-BC6
Strain Gauge 3-BC6
Strain Gauge 4-BC8

Fi gB%e Stress vs average axi al

areas of the samples for

PETC; (cBETPETGSampl e

strain

eachPBEGdnogd

manufacturi imgb32ec
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3.3.2har strain

The shear strain maps for all Fhg3B@rmeml e com
shear strain maps were obtained from the i ma
the samples. This provides a betteratuntdlee st a
i nterface of the overlap region. Shear strai

homogenous samplP&IFCasdmphe. PEDIG PEFGCGhaner oge

PLARAETC samples, shear strains inereadecfeem
along the interface as | oad increases. The f
region.

The difference in shear strainmtmatetiralbusammls

where the strain in theFitggdra ddnieonndii vyi druead u
orientation for each samplFe g&bmbkEing@&li2an has
Fig3rZendi cates that the average shear strain
as stresses increase on the samples. -The she
PETG anRIETPC Ashow similar patterns wlhoi ltenhef ai l
ot her sampl-RETC Tha&m@PIEel Gagai n shows similar p

train plot before failing close to 1950 N.

I n the homogenous sampl es, the shear stress

stress for both the regions covered by strai

PETC samples, the shear vs straismmplletss didhirs
shows the difference in mechanical behavior
sampl e.
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The shear stress vs strain plots for the dif

heterogeneous matFargidallesnkKagdtT 2| ashir@aitteda i mi gh

of consistency. This indicates that the samg
suitable for ensuring repeatability.
100N | 200N | 400N | 500N | 1000N | 1100 N 0-75
AA 05
0.25
BB
0
9
=
CcC "-0.25;
[
fos ©
5
AB =
-0.75
AC -1.0
-1.25
BC
1.5

FigBiLie Shear strain maps acfomdlihathemdi i

Sample manufacturing TolWd&s are summari ze
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w

a) TLoad

=25
_ o
2 2
PLA §
=15
wn
g 1
[}
%
05
PLA
0
Shear Strain €y (mm/mm) %1073
——S8train Gauge 1-AA2 = = Strain Gauge 1-AA4 -+ Strain Gauge 1-AA5 —-=- Strain Gauge 1-AA7 - -* - Strain Gauge 1-AA8

~— Strain Gauge 2-AA2 — ~ Strain Gauge 2-AA4 Strain Gauge 2-AA5 —-—- Strain Gauge 2-AA7 - - - Strain Gauge 2-AA8

Average shear strain in different areas of PETG-PETG
3F T T T T ]

b) Load —
T ~25¢F 1
o
— é i |
PETG 2
a5 S S e 1
w
51 ]
| 5
7
051 J
PETG
0 |
— -1 3
Shear Strain &y (mm/mm) %1073
—— Strain Gauge 1-BB1 = = Strain Gauge 1-BB2 == Strain Gauge 1-BB5 —-—- Strain Gauge 1-BB6 - -* - Strain Gauge 1-BB7
— Sfrain Gauge 2-BB1 — = Strain Gauge 2-BB2 -~ Strain Gauge 2-BB5 —-—- Strain Gauge 2-BB6 - -* - Strain Gauge 2-BB7
C) Average shear strain in different areas of PETC-PETC
3r T T T T .
Load —_ L |
T oa =25
o
2 5l ]
PETC @
S5t 1
(5]
g 1) ]
[J]
®
051 1
PETC
O 1 1
-1 2 3
Shear Strain €y (mm/mm) %1073
——S8train Gauge 1-CC1 = = 8frain Gauge 1-CC2 === Strain Gauge 1-CC5 ===~ Strain Gauge 1-CC8 - -* - Strain Gauge 1-CC7
—— Strain Gauge 2-CC1 - — Strain Gauge 2-CC2 -~ Strain Gauge 2-CC5 —-—- Strain Gauge 2-CC6 - -+ - Strain Gauge 2-CC7

Fig@it® Stress vs average shear strain
of the samples for the hofRddren P EHE

(c) HPETEC. Sample manufacturi mgb¥2edes
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Average shear strain in different areas of PLA-PETG

w
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Shear Strain €y (mm/mm) %1078
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b) Load Average shear strain in different areas of PLA-PETC
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Strain Gauge 2-AC1 Strain Gauge 2-AC2 Strain Gauge 2-AC3 Strain Gauge 2-AC4 Strain Gauge 2-AC5
c) T Load Average shear strain in different areas of PETG-PETC
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3 - 4
E 25¢ 1
PETG
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o
=15+ i
w
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T 1+ 4
PETC o
3
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Shear Strain €y (mm/mm) «1073
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Strain Gauge 2-BC1 Strain Gauge 2-BC2 Strain Gauge 2-BC3 Strain Gauge 2-BC5 Strain Gauge 2-BC6

FigBt2 Shear stress vs average shear
areas of the samples for the -PhEeTtGr o(gh

PETC,; (cBETPPETGSampl e manufacturi imgb32e
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3.3. Ho2iXont al l ine pl ot

Shear strain along Rihgeddge emadhobeeaonamdl y 2 ac
software Bsg&h®»whhe nhori zont al green |ine il
determines varying shear strains along the hq
The shear strains are highest along the | ap

i bess possibility of fracture within the ove
heterogeneouBEBG@Mp hRET®AeAX hi bit the highest

i nterface, and these are the ohhuwys, atmlpil ®sf itg

aids in predicting the failure of the sampl e

PLA - PLA PLA - PETG
PETG - PETG PLA - PETC
PETG - PETC

PETC - PETC

———————————— Lap joint interface

Shear strain €,, (mm/mm)

0 1 2 3
Position (mm)

FigwBfLB8Shear strains along the |l ap join

failure.

3.30Btical mi croscopy

The microstructure at the boundary interface

i nvestigatkidg8&IT heetngune skecws omhefcrtdohes i nt
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the different sample combinations in this st
attached to the i mmediate neighbouring raste
sample combinations with PETCbehewaa s$hegni hit
PLARAETC has higher-PET Ge n gvth hPIEEThCR BhTaBL Ahi gher st
than -PETTC. This can be attributed to the pre:

the interface | ayer, which provides better a

I n their study, Dam et al. showed that the rc
contributed to mechaenpaoxayl adheedrid ®dcTkhi entge oi Ging ltae r
surface will al so have more microscopic peak
This will i ncrease thieffcomemicts slustiamzteear amad

adhesi on.
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Interface [nterface

PLA-PLA
PETG-PETG Y . M —
PETC-PETC| = - mmmm.

PLA-PETG

In terface|

PLA-PETC

PETG'PETC [m'u 'ljluc
g .

Interface

FigwBild Microscopic images of

overl ap region with different
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Interface
Ly

Interface

zoom |



3.3S#datistical analysis

The | apt rshreqatrh o f al | t he sampllTab3dePmbAl nat i on
PLA has the highest strength of all the samp
| ap shear s tPrEeTrCg twha so ff oRIEKRTdG t o be hi gher than
sampl e c oinftbE TAEEITIGO mn P EFETC Hence, ifabwasapes i
mu kntait er i al sample using FFF, which demonstr e
homogesnaonpsl es made frohme erigrhairnifngd atmeenthet er c
PETG anRIETPCAsampl es had the | owest shear stre

the previous |literature discussions.

Onway anavgygrsiiasnced ( ANOVA) was performed to f
bet ween the different s alnapbi3-Be Ho wmb e watyiomres |,
ANOVA is |Iimited to finding the variability

ot her groups. 't cannot evaluate the correla

SubsequentKryg mear Ttueksety was performed to find

sample combinations. 't estimates the differ
measures a 95% confidence i nter vnagl pfoopru ltahtei odn
means.

Tab3d3bes hows-vaheepfor all/l the 15 pairs of <comb

combi nations wusevdaliune twhaiss hsitguhdeyP.L AThhaemdpOP BBGTf o
PETC], -PIEFIEGT G n P EAETC amHKT G PaLn®RE TPCJA. Thi s si gn
t hate tilserno evidence that supports the null f

pairs are statistically significantly differ

75



This iIs quiRieg8hVdE deenltapf rsohmear LPEITECn gtampd fe st h «
guite simil-®&LAt o Tthiea th oonfdPdeltCd anPPEEHET G| so have
similar | ap shear strengths, which support t

PETC anRIETPG& Ahavei mil mostl ap shear strengths, t

Thus, t-Aeamekeyest supports the a#nreEITYCsi s t h
samples achieved similar | ap -BhARasampglresnngaic
hence, almost similar adhesive strengths.

Contemporary st udi eeaxpesehcedw 90. 1% loss Bppioxematelpof et a l
tensile strength in theiPLA-TPU multi-material 3Dprinted mechanically interlocked

sample compared to thédLA-PLA homogenous sampl¢21]. The results from the study

with zebra crossing specimens by Lopes ef2dl] showed a decrease of 73.07% tensile

strength for the PLAPET samples compared to the REPAA samples and a decrease of

67.2% tensile strength compared to the FHET samplesin this studyt he het er ogenec
PLARAETG samples had a 79.3% | oss of-Plshear st
samples and 67.28% shear sRETe® gstahmpdeecHCi nRRL A o
samples had a | oss of 73. 6RLY%A sshaempal essb saemdp f h
64. 97% shear str enPgg@ThC csoamppal reesd. -PtBoli CP, 5TaGme | £ T
achieved 22.72% hi gPtheeTrC sstarnepnl getsh atnhda n4 6P. EOTBC %
than -PETG sampl es. Th-mateat ahatampdeatimat tt ér

than its base materi al homogenous sampl es wa
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of

Tab34e Lap shear strength
Sampl es Lap shear str
PLARLA .92 30. 11
PETRBETG . 8\Q9 79
PETEETC . 2ND1 25
PLARETG . 6ND5 05
PLARETC . 7N01 03
PETRBETC . 7Nm1 33

Tab35 One

way ANOVA

al |t

anal ysis fo

Sour ¢ SS df F p-val u
(Prob
Group/ 23.57 5 4.714 139.8 p < 0
Erron O0.80¢ 24 0. 033 - -
Total 24. 38 29 - -
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Tab36e Tukkreaymer analysis for all t

nd Sampl e Sampl g LowegDi ffe Uppe|l pvalu
Boun boun

1 PLARLA PETBSETQq 0. 71 1. 07 1.43] p < O
2 PL&®RLA PETRET(CO. 36 0. 72| 1. 08 0.000
3 PL&®RLA PLARAETG 1. 95 2.31| 2.67| p < O
4 PL&RLA PLARAETG 1. 79 2.15|] 2.51| p < O
5 PL&RLA PETBET(-0.13 0. 22| 0. 58 0. 427
6 PET®BETG PETEET(-0. 71 -0. 35/ 0.00 0. 051
7 PETBETG PLARETQGE 0. 88 1.24] 1.60| p 0. 0(
8 PETT®SETG PLARAETQG O0. 71 1. 07| 1.43| p < O
9 PETRETG PETBBET(¢-1. 21 -0. 85 -0. 49 p < O
10 PETTEETO PLARETG 1. 23 1.59 1.95 p < O
11 PETTEETQ PLARAETQ 1. 07 1. 43 1.78] p < O
12 PETRETC PETKBET(-0. 85 0. 50 -0. 14 0. 007
13 PLARAETG| PLARAETQG0.52 0. 16/ 0.19 0. 70¢%
14 PLARAETG| PETBBET(-2. 45 -2.09| -1. 73| p < O
15 PLARAETC| PET-BBET(-2. 2§ -1.93] -1.57, p < O
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!
|
i

Lap Shear Strength (MPa)
- i)
|
Il
N

<

’?\,‘% —?@«QG ??/(O 9@10 9?;\0 ‘??;(O
RSP R E SAt

Material Combinations

<
<

Fig@gt® Box and whisker plot showing t

|l ap joint sample combinations.

3.3SHErface modifications

Future work could involve modifying the sur
di fferent l evel s o f sur Fagefianug hnwelssse q uean t
i nvestigating the adhesion properties of the
obtained by wusing the default Jironing settin
rougher surface was aht asknelmesitaggpsdre serf faa

i mprove the adhesion at the interface by pro
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FigBte® Lap joint interface highlighte
characteristics; (a) sampl e without

smooth surface; (c) sample with a rot

3.@oncl usi on

Single | ap shear joints were fabricated wi!t
filaments to evaluamat eéhiealadéesuonuoéstae mo
Shear test was perfor med on t he sda mp@li ens t

concentrations on the sample using 2D DIC te€

effectively captured the front and | ater al S
sides of the sampl es. Mi eccrt ol socsogpm fcl ¢ geavgeerse  odf |
analyzed to investigate the microstructure a
summari zed as foll owing:

(1Mhe heteroPeEMNCusi MBETE@ | ap joints achi e
to the | ap shear str-ebfgtdampl ¢ hewhioaomlo gl
hi ghest strength of -RPAHTC tshaeempd emphaeds . h

strength than theeasgthdhibBomsegdrmhaeusfigasn
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printedatneurlitall could achieve a strengt
sample or surpass the strength of othe
(2Hhi s study suggests theprpostseidbiddmpyo sa
Sstructures wi t h better mechani cal p
homogenopursi nRFRR structures. The key is
materials to maintaiaeantthkee chelmy maid s afif
fibers in one of the base material s,
application. The presence of fibers al
structures.

(3Mhe 2D DI C technique highlights the | a

mu kntait er i al polymeric structures withou
tailored according to ASTM D586 8, It [
adhesi ve. Some sofwetrlee tuanreadmeto f it t he

strain maps from DIC point out t hat t
di fferent strains due to the different
materi al s. So, t he samplcdisngdoc onnodti tu rodh
Ot her standards,[ 5@k hl asi ASTFML PHBEDr t ¢
be explored to determine if -mategr iwalul d
3bprinted |l ap joints.

(4)n the future, the percentage of <carbo
find an optimum fiber content in the f|

of th-matmeldpberi n8bPd structures.
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(59etting the raster orientation in alig
the shear ptrenhgtdhsampB®s, particul ar|l
I's observed, as seen tbr esaskmpilaa s utrheat e

(6NHhe manufacturing technique discussed
future research and integrated into rc

compl ex functional parts with reinforc
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ChapteAndl ysis of the iIint-erfac
materi al vat photopol ymer i z

pol ymer structures

4 . 1ntroducti on

Additive manufacturing (AM) or 3D printing i
manufacturing technology for intelliddnt man
The main advantage of AM is the [f2abalilcawii roq
for easy design modi f i[c3a,tdipolnls wahnidl ef eancehri ecvoi mp
mechanical [ p¢AMomamamwmcal | ows for the fabricat
that are difficult to manufacture |[wénhkd tr adi
Craddodkhl]ate ademonstrated the i mpact energy
The ZRerMa&tri x | D Trench hel met fpromtVadipadd
with complex | attice structures, was rated b
[ 8] Presently the AM market is valued at USD
at a compound annual growth] GEALRN 0 v a 2e3 . 81
I nternational currently wutilize over ten addi
by the U.S. Federal Aviation Administration
including GE90, CFM LEAPL.OBGA nrxe c eamtd SGEWLdXy edg
the potenti al of additively manufactured he

particularly for va[l Mu]lTéhre msdaurdty o igsuenaistet lk(avt H L
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valves exhibited mechanical performance comp

studies undemrarc@irreg themme rdcei a | applications
vari ous manufacturing sector s, i nclhwedi ng a
transformative potential of this advancing t
Recentl vy, researchers have been interested i
single print, as industries increasingly foc:i
visual aesthetics-mandrifailnc8Dompal ontvg.ng My IMMB B
fabrication of assemblies with fewer compone
clips, and other materials. This approach hel
whil e having mechanical petfadmtahno[alaZx]dmpackemb
sever al studi es, mul tiple materi al container
the direct 1 nk writing (DIW technique to pr

[ 1 B5] A DNA shoe from PENSAR was designed us
materi al through material jetting (MJ). Furt
mu kntait er i als with fused fil ament f atberifcaadd on

at the intleér,flayde j oint

DLP is a <c¢class of vat photopol ymerization t
reaction | ocally to cure the resin | ayer by
| aser, a digital mi cromirror dtehlve cent(iDiM®) ]| dyy
a single step, resulting in faster printing

optics magni fication and the number of mi rr

resolution of the DLP systemb] €@oimplr eadanges t
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conventional AM techniques, digital ITight pr
as high resolution, dimemKiicmmgaldeanmsduryacy.,el\vad:t
and excellent I8a) fDacPe emuallietsy t he modi ficat.
structure of | ayers of printed parts, wherea

Its printed parts.

VPP has been used to print flexible material
[ 21]pol y(tri met[h2y2llamel hydbomgaetes) with very |
approxi mately 4 MPa. However ,-mdtieviiteaeld 3D upgr ie
structures using VPP. A combination of hard &
to fabri cattceer smiwirtoh aactmiani mum featesel stizen o

DLP by Sphg]wherad .t he hard material provides

Most of -mahermuwulltistudi es using 3D printing su
joint ofmatkeei mbul St ructures is critical for e
techhildyé&@®B,)]2Bol ymers generally have |l ow surf
functional groups on their surface]] 2Whi ch r
Therefore, the strain and fmatlarmriealats @ el &9 ul

evaluated to assess tnhaet eardihaclsst @ N abe t wetemo d $h e

digital i mage correlation (DIn@) derfermatiobau
anisotropic het e[r8,en®BloCs i-fsiterhudcft wiplteisc a | def
measurement technique generally wusing a sing

[ 3.0]Random speckles sprayed on the samples p

contrast and are tracked through 1 mage acqu
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vector fields. This technique has been used
structures spupa8d3tjos deed repasuimeefdsoh eni dehm @om mati ons
also been found to be a powerful technique f

[ 3.4]

I n this study, the -mdhesiahs bat wedre tlhe ndal
extensively analyzed using single lap joints
techniques intr¢_RBdAdhdDIYd Soeagi ret matler i al was
material. The presence of a high concentrat.i

resins promoted covalent bonding with each

resulted | ki sgr begweenet henheterogeneous mat
of del ami nsattrieosns actorhdegrmt r ati ons. The mechanic
assessed with shear test on the samples in a

tdetermine the surface strain during shear t

to obtain both front and | ateral sample view

4 . Materials and met hods

4. 2Sample preparation

4. 2.Matleri al s

Poly(ethylene glycol) (PEGRrobMry20h900pcrREG
i sobornyl acryl ate (1 A), diurethane di met
tri methyl benzoyl) phosphine oxide (TPO), and

Si g-Aladi ch (Taufkircphpreapan®@dr maay ) purchased f
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(Karl sruhe, Germaery) PES di ones hacryl ate (PEG
combinati on of unmodi fied PEG (Mn -10, 000)
di methyl aminopyridine (DMAP), was used. The

[ 2.3]

4. 2.Res2in preparation for 3D printing

The chemicals were weighed into a 250 ml b
for mul aTta ba-tes s o int maTa&bdizdf har dndnat eri al ) . The
placed in an wultrasonic bath (El asonic 30H,

homogenous resins were yielded.

Tab4le Resin formulation for soft ma t

Chemicals Weight (%)
CEA 40
PEG ( Mn 40 30
PEG (Mn 40 20

PEGDMA ( Mn 1 967

TPO 0.3

SOG 0.03
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Si

Co

ac

Tab42 Resin formul ation for hard mat

Chemical Wei ght (
I A 49. 84
DUDMA 49. 84
TPO 0.3
SOG 0. 03

2. 0.8 t al Light Processing

ngle | ap joint samples weBgstdeme gné&dl ii dhWoS
rporation, Masasachshoenrt(sa,n WA (b) for |l ap
cording to ASIN 815 FkTthaen ddairnde nDs5i806m8s of t he s amg
e to the size | imitations of the build pl a:
sins were used to maniuad alca ma ge ntohurse eh adridf frea
i nt (1 ADDou s as chfotmongaet er i-mdt € rSIPEIG) I, a @ njdo ian tmu
e two different resins. Five samples were

amine the repeatability and consistency of
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10.00 mm
a) b)
25.40 mm
L +15.00 mm
40.00 mm 2.50 mm
[
I ~15.00 mm ‘*2.50 mm
40.00 mm
+—15.00 mm
c) 1. Printing of first material 2. Wash 3. Printing the second material
Bulild plate Resin #1 Iso- Build plate Build plate goqin #2
propanol
|
v"Light vLight
Fi gd4dhi:eSampl es, sample dimensi 8ampl asndapt e
| ADD, (ii) SPEG, and (iii) MM; (b) Schei
j oints; c) Schematic representation of 1
printing the materiahgwithwthbk T so0optopeaensni
then printing the second materi al
The STL files for the samples were sliced us
Erfurt, Germany) and printed using a DLP pri.
The printing par anleatbhdtl3es have been | isted in
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Tab43k Printing par amenderrsediom soft an

Printer g SPEG | ADD Uni ts

Layer thi 0.05 0.05 mm

Light in 8. 4 8. 4 mwW/ ém

Exposur e 5 8

Burm tin 16 21

Separatio 10 10 mm

Printing t 50 50

Z-compensa 0 0 mm

X¥compens -0.100 -0. 037 mm
When printing wibtBh BSRME@i cessoppac7fl ass sl id

Marienfeld
for
he

on t buil

uncured

GmbHK&nCgs his@e maamyda was

d

for further opr
both the resin
After

resi dues

chamber

(Asi ga

bettecefquali spft

pl at e,

resking4l el hseh orwens ii m

inting

tanks

t hwee mpsea nmpt | egds,r et Hdyws hed

FI ash

fmad iem.i akord atphe omuwltt, i

after whi ch

t ank
he

of t har d

used wer e

adnrdi etdh ewni tbhl onw t r 0 g ecqiu rae d

UV chamber,

wa s

of

attached
SP
the sampl e
changed t
materi al on

the exact

wi t huncuwregesdo panol

.u9ihey aeU¥

Asi ga, Er fu
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The hardness of the hard and soft mabe0i al s:

10A, -&Shdaedness Tester, Gain Express Holding:

4. 2.Shedar test

The slianpgljeoi nts were subjected to a shear |«
(I nstron, Nor wood, USA) equi pped with a 3kN
constant crosshead speed of 5 mm/ minntBhe sa
usi ng 317 3iRXdEN) ane2 dRTTDNOYFLDi gital mi cr ometer

USA), and the average value was used for fur

4. 2 .Surb5f ace preparation and painting

A matte black paint was appl i edPaiontteired ss aTnopul C
FI at Bl-GQlckymRQaesntp. , mioxntcwrra ,ofONyhi tAe pai nt (5
Createx Airbrush Colors, Createx Colors, E e

Performance RwdscapphiCedatex) he sample with
Ai rbr-8a38H $let , Paasche Aitrobrcasehant@m t @h ispaegk, e
pat tasr shdwmdRe The speckl ed-dsasmplidout eldowewaé
vall eys in threi gdidebogbamhpt bée fnont and | at el

enabling preci d8.601 C measur ement

4. 21 haging setup

4. 2.2D 1DI' C I maging Setup

Bot h t he front and | at er al vi ews-r ®$ olt thtei osna

camer as, Risg4&2l{ed wnra glieimt eM 5M, LaVision GmbH, G°t
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whiwér e

rat®5s ofhmes

| i s tTeadbdtdemf i x e d

was uugsedamteumwe derand otnhte vciaenwer a f or
was equi pped with a macro | ens (3.
LED panels (LED Lighting Panel,

next to the

pl aced

camer as to

at

f ocal

8 6 A shhiogviB.deima g@tsh avre r e

l ength

i mpl ement

puenrt isle ctohned. s dmel eh efedsialr adddeei st i c s

| ens

t he

bet ween the white speckl es and itnhge wbelraec kmobuanst
on different tripods.
Tab44e Properties of the DIC
Property Unit Value for setup for Value for setup for
front view side view
Camera resolution pX X pX 2464 x 2056 2464 x 2056
Pixel size Hm 3.45 3.45
Frame rate Hz 15 15
Image Scaling Factor px/mm 22 80
Image field of view mm X mm 115 x 97 31x 26
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acquir

(MVL50M23

Il maging
3Xwmacr o
Adjustabl e

bright

i maging




(=%

~

o
N’
N
T

45-
15+
E 304 E : Region of
~ Region 0 g 10 ' Interest
S i S : (ROI)
3 3
a o
Do_ 15 o
0
NI 3200 M M 3200
§ | L
Image T T T 0 Amage: | | '
intensity 0 15 30 45 60 intensity © 48 12
count Position (mm) count Position (mm)

Figd2e | mages of the painted and spec
respective ROI and i mage density cou

sample with 50 mm |l ens; (bmatmbdoelFahsy

4. 2.Rat2za acqui sition

Anal og voltage data was acquired from the t
showhi g#a3% e The applied | oad was converted to
factor of 517 N per volt, which wased¢thieaman con

area of the | ap joints.
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a) ; II m
Camera with
Camera with W macro Iens

50 mm lens _—

/

d!c

‘I
) 5 - Load cell@ N
vsa. X

b) | 25.4 mm Camera with
c ! 390 mm macro lens
] -
w
7%’3'%"1 I Orientation Instron
of the two E3000
cameras
i Analog 1/0 to ADC
Camera with .
50 mm lens Camera Trigger Connection channel connection
LaVision

DAQ I

W.D.: Working distance
Figd4Be (a) Experi ment al setup of the
Schematic diagram of the camera set

connection for i magi ng -vainedw saynndc hlreaotne rz

4.22B DI C Imaging Processing

The i mages acquired during the | ap shear t e
processingDaswifsd wareesi on 10. 2 Strainmaster,
Ger many) to measure the di sphmpEwendi fafner esnti
vi ews of the samples were separated into di

soft Waeei mages collected with the-l BOemm3Dens

101



calibration -pP3IS30DR, (LTayWpiesi @©H8 GmbH, wiG°ht tti imgen,
reference point at the mididikbe i mbagkeetneh stame | e
macro | ens were scal@hd, ubBingt ayst@ahadallemc (]

with the reference pbhetcaloi bhatiledtt @afgethse

for scaling the captured i mages with mini mul
i ndividual frame before failure was the sum
t hper evi ous i maigmag elsh ewistamptl repr 6 € evindndhrd ean s U W e e ¢

size of 15 pixels fanmd cargted [na mmlanea goeftsi Twepti hx etl r

macro |l ens were processed with a subset size

Within the DI C s o6f.tSwamne ,di2g2.t5almnstrain gauge :
front side of the samples to determine the a
gauges were placed at the upper and | ower pa
were pltaaebovjieusand below théei g ml)ap Adelgit o mn a
two vertical l ine plots were placed along t

i 1|1 us tFri gyt+d(cde )i,n t o cal cul ate the average axi al

the samples failed.

Similarly, two 2.44 mm | 14. 7Ei gét( &) giweale st
al so placed on the | ateral side of the sampl
of the overlap region. Three horizont al i ne
Fi g#44de), to determine the shear strain along
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Strain gauge 2
(SG2)

Strain gauge |
(SG1)

Strain
gauge 1

Strain gauge 2 !
,,' e e (SG1)

(SG2)

Strain gauge

‘ :'iJ_SIrain gauge 4

(SG4)

Horizontal line 3

Horizontal line 2

Horizontal line 1

Vertical line plots

Fi gd4e Pomrsdcessing of DIC data. (a) Di
the sampl estr(adi)n Dgagudgead on the | ater a
pl ots on the front side of the sampl e

samples at the top, middle and bottor
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4 . Besudnd di scussi on

4. 3Méchanical properties
4. 3. Harldoés8D printed material s

Average hardness of the hard s a3mpRAeswi(tlhADD)
standard deviation of 1.803, whil e the aver:

750BRA with a standard deviation of 0. 76 4.

4. 3. Anal yxi &l owd ttaha iDn C

Fufileld strain nmbpatedsea mgrntes laamp tjlbd nt sampl e

using 2IX r@dli@d.s can be measured with high ac

cali brated, with a mini mal Tfhiet 2eDr ri awwa,g evsh iod h ti
strain distributions on the surfacehaef all t
been sKkog&5 emrxi al strain distribution was <ca
i Fi g42 e

For the | ADD samples, strain concentrations
regieing#4smhe However, the axial strains in | AD

to the SPEG samples and the MM sampl es, sho
samples did fail at hi gher | oads of approxi
Sshowedt maaimlcencentration | ocalized bel ow an:
ofFi gd%e The reddish ateai demegesnshenhible

samples fail -etxraxitn yr eadi dmealthowydér t he overl ap
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The MMmpl es exhi bint thieg leeart owtert iamasy ear lraeps ua rte
of he presence ,ofwhhitheee soi¢s mao ek o=@t rFhirgguwea nl o ¢
4-5).Fi g46iel l ustrates that MM samples fail bel
| ocali zati on occurhse IMM tshaenps cefst earl snoa tf eari il a la.t

to the SPEG samples because the | ADD resin i
No del amination was observed at the | ap | oi
occurred i ph39)hlesseampineds ngs i ndicate good ad

het er ogenmeactuesr inaul |l tsiampl es.

Average axial strains at four different regi
Fi gd4,e were evaluated blye.donmsm rdiicgiitnagl 2s2t.r5ainm
average axi al strai R& géhendh gdd@felRiIOt h era,s Ereewi

evidence to val iFiagl4é et Thlkee sda xiad In gnarfesgunmoes er ¢

47show the stress and strain variations in t
pl otted withsitnmiel aarxlegsl |s ctahleedsampl es. Since t
hi gher | oads, it also shows that the | ADD sa

the SPEG and MM samples. SPEG samples underg
axi al st rlaADDs stahmepn etsh ed u € hteo atxh ail r sftilrex inlsi lwietr
i n theaametti al samples, tehithle bhanebegaeneripuct
Since the | ADD section of the sample does nt
SPEG section of the samplthexpgewiasnae@gpl a eldi. g
samples al so experience higher stress than SI

and SPEG materi al
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Figd48pperovides a detailed representavtiieommn of t
strain gauges on the samples by zooming iIn o

the strain gauges outside of the oOe2baph reg

at MP@7axial stress. The strain gauges in SPI
strain gauges, which is consistent with the
rowFi gdgb)e where axi al strains were found to
overl ap region. Strain gauge 4 in the hetero
strain of 0.5 % at 0.5 MPa, which was twice
hihgst strain of all the strain gauges of MM
the overl ap &rigay(el ower row in
30N 60N 90N 120N 150 N 180N 500N 900 N B
6.0
IADD
40 ¥
c
20 '®
SMPEG Failure Failure Failure Failure Failure G
0 %
MM Failure Failure 72
-4
Figdbe Axi al strain patterns of the
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[ ]

Figube Characteristic samp@IPEGE aialndr €

overl ap area has been highlighted in
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Load

IADD

IADD

Average axial strain in different areas of IADD

Axial Stress (MPa)

PR

R

L e

A

A,

T
(e

o

0.1 0.6

0.4 0.5
(mm/mm)

0.2 0.3
Axial Strain ¢
yy

Strain Gauge 1-IADD1
- Strain Gauge 2-IADD1
- Strain Gauge 3-I1ADD1
- Strain Gauge 4-IADD1

Strain Gauge 1-IADD2
Strain Gauge 2-I1ADD2
Strain Gauge 3-1ADD2
Strain Gauge 4-I1ADD2 -

Strain Gauge 1-IADDS
-- Strain Gauge 2-|IADD5
Strain Gauge 3-IADDS
Strain Gauge 4-IADD5

Strain Gauge 1-IADD4
Strain Gauge 2-IADD4 -
- Strain Gauge 3-1ADD4 -
- Strain Gauge 4-IADD4

Strain Gauge 1-IADD
Strain Gauge 2-IADD
Strain Gauge 3-IADD
Strain Gauge 4-IADD

b) 3 Average axial strain in different areas of SMPEG
T T T T T
Load
@
o
s2f :
%]
SMPEG @
=
[S20E S J
g
>
<C
— — ‘5/@,4-—.-—__
ol e |
sesnannnd SMPEG : : : :
0 0.1 0.2 0.3 0.4 0.5 0.6
Axial Strain €y (mm/mm)
— Strain Gauge 1-SMPEG1 Strain Gauge 1-SMPEG3 Strain Gauge 1-SMPEG4 — Strain Gauge 1-SMPEG5 Strain Gauge 1-SMPEG
- Strain Gauge 2-SMPEG1 Strain Gauge 2-SMPEG3 Strain Gauge 2-SMPEG4 - -~ Strain Gauge 2-SMPEG5 Strain Gauge 2-SMPEG
Strain Gauge 3-SMPEG1 Strain Gauge 3-SMPEG3 Strain Gauge 3-SMPEG4 - Strain Gauge 3-SMPEGS Strain Gauge 3-SMPEG
Strain Gauge 4-SMPEG1 Strain Gauge 4-SMPEG3 Strain Gauge 4-SMPEG4 ~- Strain Gauge 4-SMPEG5 Strain Gauge 4-SMPEG
C) 3 Average axial strain in different areas of MM
Load
@
o
S2r 1
w
w
IADD @
=
Wt J
I
x 2
— < T — oo
\5 ,/,‘:':;".
0 L L L L L 1 ]
SMPEG
0 0.1 0.2 0.3 0.4 0.5 0.6
T Axial Strain €y (mm/mm)
Strain Gauge 1-MM1 Strain Gauge 1-MM2 Strain Gauge 1-MM3 —— Strain Gauge 1-MM4 Strain Gauge 1-MM!
Strain Gauge 2-MM!

-~ Strain Gauge 2-MM1
- Strain Gauge 3-MM1

'''''''' Strain Gauge 4-MM1

Strain Gauge 2-MM2 ---
Strain Gauge 3-MM2 -
Strain Gauge 4-MM2 --—-—-- Strain Gauge 4-MM3

Strain Gauge 2-MM3
- Strain Gauge 3-MM3 -

Strain Gauge 2-MM4
- Strain Gauge 3-MM4
77777777 Strain Gauge 4-MM4

Strain Gauge 3-MM!
Strain Gauge 4-MM!

Fi gyime Stress

areas

of

t

h

e

V' S

sampl es

average

M @)

strain plots

4 1AIDDs a ipl) e Sd
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3 T

Average axial strain in different areas of IADD

Axial Stress (MPa)

1 L L

Strain Gauge 1-IADD1 -~
- Strain Gauge 2-IADD1
- Strain Gauge 3-IADD1
Strain Gauge 4-IADD1

Strain Gauge 1-IADD2 -

Strain Gauge 2-IADD2

Strain Gauge 3-IADD2

Strain Gauge 4-I1ADD2

— Strain Gauge 1-IADD4
----- Strain Gauge 2-IADD4

- Strain Gauge 3-IADD4
Strain Gauge 4-IADD4
Strain Gauge 1-IADDE
Strain Gauge 2-IADDE
- Strain Gauge 3-IADDE
Strain Gauge 4-IADDE
Strain Gauge 1-IADDE
Strain Gauge 2-IADDE
Strain Gauge 3-IADDE
Strain Gauge 4-IADDE

0005 001 0015 002 0025 003 0035
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g i || Strain Gauge 3-SMPEG1 —— Strain Gauge 1-SMPEG5
E 9 ------ Strain Gauge 4-SMPEG1 -------- Strain Gauge 2-SMPEG5
% !' 1 Strain Gauge 1-SMPEG3 - Strain Gauge 3-SMPEG5
@ 4 i Strain Gauge 2-SMPEG3 --—---- Strain Gauge 4-SMPEG5
Z Strain Gauge 3-SMPEG3 Strain Gauge 1-SMPEG6
i 1 Strain Gauge 4-SMPEG3 Strain Gauge 2-SMPEG6
] Strain Gauge 1-SMPEG4 Strain Gauge 3-SMPEG6
-------- Strain Gauge 2-SMPEG4 Strain Gauge 4-SMPEG6

0 0.05 0.1 0.15 0.2 0.25 03

Axial Strain €yy (mm/mm)

Average axial strain in different areas of MM
T T T T T

0.6
0.5 ]

Strain Gauge 1-MM1 === Strain Gauge 3-MM3
~ 04 11+ Strain Gauge 2-MM1 —---—--- Strain Gauge 4-MM3
< - Strain Gauge 3-MM1 Strain Gauge 1-MM4
e 0.3 i Strain Gauge 4-MM1 - Strain Gauge 2-MM4
2 Strain Gauge 1-MM2 e Strain Gauge 3-MM4
% 0.2 1 Strain Gauge 2-MM2 --=-=--- Strain Gauge 4-MM4
Z Strain Gauge 3-MM2 Strain Gauge 1-MM5

0.1 1 Strain Gauge 4-MM2 Strain Gauge 2-MM5

Strain Gauge 1-MM3 Strain Gauge 3-MM5

0 1| Strain Gauge 2-MM3 Strain Gauge 4-MM5
04 ‘ ‘ ‘ : s
0 0.1 0.2 03 0.4 0.5 0.6
Axial Strain ¢ (mm/mm)
yy
FiguBe Zoomed in axi al stress vs ave
samples in the different areas of the
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4. 3. VNePtilcal i

ne plots

The average of the axial strain variation al
the sampl &9 ,048shs.gé&dieilnustrates further suppc
previous results. All the samples showed hig
al so segiFendi g4t e SPEG samples also show hig
overl ap region, mhg#he Whe alvepbpageeaxial stra
i's found to be higher than 120% above the ov
30 Average axia] strain glong the' vertical lines i
; —IADD
SPEG
. —MM
£ 20
E
S
§1o—

(L

0 20 40 60

Axial Strain e
%%

Fi gd9ARAverage ax

si de

80 100
(mm/mm)

i al strain variation a

of the sampl es

4. 3.Ana&l yShesarows t haiDh C

The shear strai

| oads

n distributi ofi g4drr@tald i fsfaenmpelnet

rangi ng fTrhoeng GMOetrdd¢i neod 90OI0ONmM t h e hiemages

macr of dre ntsheammiteéw.abvi des a better understan.

behaat orhe inte

rface of the overl ap region.

SPEG and MM samples comparFedqga4iree TAPDsbhampl 867

are more | ocali.

zed above and below the over/l
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observed along the | ap joint interface. This

at the interface and the samples provide goo

Théaestmr gsaspnrot®s gaarlenki gé4rZemonstrates the ave
strain in each of the strain gauges construc
as shbwg44d®). The shear strain in both the s
| ADD and SPEG samples due to their homogenei:

samples <clearly reveals a higher shear str

het eebgenof the samples. Strain gauge 2 is p
SPEG material, and since SPEG experiences mu
the shear strain is also higher tlhan strain

Fig&X3®B3hows the shear stress vs strain with t

di stinguish the strains in each individual S
exhibit slightly higher strains insgstshaéar ga
strain in strain gauge 2 is markedly higher ¢
stress, while strain gauge 1 records an aver

the shear strains for alclh caombliesatiimne aacgh 9/t

each other, providing further evidence that
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Figdil® Shear strain maps of the | ate

| oads.
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