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Abstract

Additive Manufacturing, more commonly known as 3D printisgthe way of quickl
manufacturing the producadding layer by layehence also known aapid prototyping
Due to production time being very quickwas mostly usedbr prototyping in the begk
ning. As, a result of more research and experiments, application areacegasing anc
the process itself ibeing considerewith high hopes forthe future to replace some ot
complicated and traditional ways of production.

The major issue in the application of such product is the mechanical properties ot
uct thatare dependent on too many building parameters. trigial to research othose
parameters and the way those parameters affects individodtye strength properties
the end productAlso, the quantitative effect of the parameter on e product is les
known to say itclearlywhich parameters shoulte focusedluring poduction. Normally
strength properties of the parent matesialower in theendproduct and are too sensit
that the slight change in parameters, changsigitificantly. Although the applicationre
eas of the 3D printed parts are rising, the resedocused on prediction of the fail
strength of such parts are not being carried out much. In these scenarios, usepafts
in the safety critical areas can be dangerous.

This research paper focuses finding out if it is practical to use therahdy existin
lamina theories in the strength prediction of the 3D printed parts asrémgthof the 3L
printed parts is also hugely affected by the layer orientation while 3D prirfurthe-
more, wide varieties of test specimens used in mechanicalied conditionsre teste
under loadingconditions. Theailure occurred during the experiment is later amalyzc

usingdigital image correlation method and fracture surface analysis techniques.

Keywords 3D printing; Rapid prototyping; Strengiodeling; Failure Mechanism; DICEracture Surface
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Introduction

3D printing has become easily accbisieven for the domestic users. ThBB, printed

parts are orthe rise to be usedn different application field. Though the use of 3D
printed parts has imeasedsignificantly, strength calculation and failure prediction in
such pasd havenot advanced so much. Thaeenot any certified or widely ecepted
way to calculate thestrengthof such parts accurateliluch work has not been done to
provide theanswer whether 3D printed parts shoh&ltreatedin the materialevel or
structurallevel. 3D printed parts appears as the single unit as an end product similar to
that of composite materials. Composite materials can be treated as a mateusé and
the lamina theories for the strength calculation and failure prediction. &xsurch 6-

cuses on finding outrst whether 3D printed material can uee sameprinciple topre-

dict its failure or the 3D printed materials should be treated as strutttwegh the end
product is one single uniEirst, the theoretical analysis is done to find if there is any
feasiblefailure theorythat already exists.dyer orientationin the 3D pritting playsa
significant part in determining the strength of the 3D printetts as in the case of
composite material Lamina theories areonsidered irthe beginning to be the close fit

for the strength calculation of 3D printed materfaistheoretical analysigl, 2, and 4]

After that,3D printed testpecimeris experimergd toverify the strength of 3D printed
parts according to the outcome of the theoretical analysis. Experimental test specimen

will be discusseh the later part of the research.

1.1 Additive Manufacturing

Additive Manufacturing, commonly known as rapid ptgpng is the way of manufe
turing the productaddinglayers on top of precedindpyer. Dueto production process
being uncomplicatedt was mostly usetbr prototyping in thebeginning As a result of
more research and experiments, applicationsaagaincreasing and the process
consideredvith high hopes for the future to replace some other corap@d and adi-
tional ways of productionAs explained by the term additive manufastg, pralucts
are produced, adding the materialdayoy layer. One layeis depositedon top on
another which allowsnanufacturinghe complicated shapes that are difficult tarm
facture by alternative walt eliminatesthe requirement of using expensieeling and
machining processCompared to the aterial removal approach toanufactuing the
products, additive manufacturing usually easier to manufacture the complex shaped

10
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materials.Also, the additive manufacturing process uses less material compared to the
material removal proces§he wastegenerated in material removal approach is high but
almost none in additive manufacturing. Produntde from plastic matials like ABS
and PLA arecheap aough for domestic productiand alsahe building equpment are
less expensive and easily availa#dditive manufacturing using metals e material

is also possible but are slightly expensivieich is mostly limited to industrial and e-
search purposes.

The alditive manufacturing proceslas already made some progress in increasing it
applicationarea. More researches dreing focusedn different areas of additive man
facturing for example production technology, strengthdeling Different technadgies

of additive manufacturin@re in usdoday, and few popular examples &® printing,

Stereolittography SLS, FDM. This research projeahostly covers3D printing.

Material Stai
Liquified
Mounted FDM Head
21 Solid
Material Filament = E>
Deposited e —— = FO Tip

e e e =
Material e e : =

Figure 1: FDM Process [1]

1.2 Manufacturing Process

The alditive manufacturing process has two maub-processes
1 CAD
1 3D-printing
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CAD and 3Dprinting have togéter added a new dimensiém manufacturing objects.
The manufacturingprocess starts first witlthe creationof the object virtually ina
computerwith the aid of the CAD software that is present in numbers these days or by
scanning components physicall$TL formatis createdrom designed3D model that
containsinformation about the object by meshing into smaller triangular pieces. The
whole object now according to the STL format looks like built of small triangular
bricks. STL fileis exportedto the Qickslice software where the object is dissected h
rizontally into many thin sectioriato a serie®f thickness planesrhis datas exported

to the 3D printerThe mnimum thickness of the lagr depends upon the capabildf

the printer to produce théhinnest layer from its nozzl&he ncreasean thickness ne

mally means the decrease in printitige, but it degradeshe quality of end product on
bath strength and surface finisbayer thicknessis definedat thisstage. Therstarts the
deposition of he molten material layer by layer horizontally and finally creates the part
at the end.

1 CAD

2 STL convert

3 File transfer to machine
4 Machine setup

5 Build

6 Remove

7 Post-process

8 Application

Figure 2: Stages invdved in additive manufacturing [2]

12
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1.3 Objectives

The availability of the 3D printerbas become so common that applicatiof 3D
printed partgs in arisein different fields.However,significantwork is not done yet to
predict the strength and failure mechanisms accuratelne 3D printed partdn fact,

the strengthof the 3D printed partdepend on so many panmaeters that it is not easier
to calculate accurately, when and how féiéure in such parts igoing to happenit is

not likely that such equation will be modeled soon that includes all the parameters that
affectthe strength of the 3D printed par@®n the other handjse of such printed parts
asaload carying componenin the machines has already deep roofdw: aim of the
research is tanalyzethe failure theories used to calculate the failure in composit
structures and to find if theyare feasible to calculataccuately the strength of3D
printedparts.

Another,objective of the research is to perform the experimentatiastrefgthof 3D
printed parts with different tepecimen comparetb other previous research that
modly used dog bne structure to test according to the standard ASTM D368. There
not any standard test specimen defined yeestithe strength of 3D printegarts The
standardused in previous research followed the same standardsthaedfor teding
othe isotropic plastic material strengthftén the researchers are facing ltdragesto
test the ampleaccuratelydue to premature failuri@ 3D printed partsThisresearch is
also aimedto experiment dfferent type of 3D printed parts than used before which

might contrbutedefining the standard test specimen in future.

1.4 Research Method

There are two major parts in this research work:

Theoretical Part

Experiment/Observation

In the theoretical part, the basic concept of additive manufacturing and its process,
building parameter and its effects on mechanical propertes introducedPrevious
researches on the mechanical properties of the 3D printechparéviewedin this se-
tion. The teoreticalpartis basedon research scientific articles amextbooks.Due to
the lack & enough research, it has always beenfusingif the 3D printed parts caoe
treatedas material or structur®lo researdh wok is done to validate howcaurate the
strength pediction of the 3D printed things came doneconsidering the3D printed
parts as raenal, using the already present failure theotiest areusedto cdculate the
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failure in amsotropic materials. So, this research starts from the point trying tdatal

if those theries work for 3D printecparts as matial or not. This sectionof the -
search give the idea to proceed forwaadd analyze the strengtind failuresof the 3D
printed parts as aterial or structure.

In the experimentapart of the thesigjifferent types of3D printed partsare manufe-
tured using the 3D printing technologliat canbe loadedmechanically Thereis not
any standard test specimen for 3D printed partsSgetthe various parts that are being
used or catbe usedn real life are tested to cover thiastarea of fdures that happens
in 3D printed productsExperiments are carried out with printed specimens usiag
various loadsThe failures occurred on the specimare observed and agzed using

digital image correlation (DIC)

2 Literature Review

Much research iimechanical properties of 3D printed pastslonebefore. Most of the
research are based the experimental appach and comparing the failure of the same
materal, varying the parameters thaffectthe strengthMost of the experiment used
the smilar kind of shape manufactured ussgme standard for example ASTM or ISO
standardAs stated in ref [2], according to ASTM D63® standard, FDM maded test
specimen idreatedas beams. Breadth and height of the speciarertomparatively
very smallto length When atensile load is appliedin the lengthwisedirection
deformationwill be uniform with distributed strainlhe popularshape irmost ofsuch

type of experiment is bone shaped printed parts as shawafigure below.

Figure 3: Most popular experimental test specimen

14
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Almost all theprevious researcehowed that the 3D printed parts amsotropicby
nature i.e. they exhibit different strengthamifferentdirection. The raster orientation
defines thadiredion, andthe strengtls aredifferent paralleko it and perpendicular to it.
The strengthof the part is highest when the raster orientation is paralldig loaing
direction andt starts to decrease as the raster angle increases. Minimss) \ste is
attainedwhen the raster angle is 90 degreesA&tording to the ref. [1], test spaten
tested according to ASTM D638 standaedultedin the premature failure. The pram
ture failure moreover looks like because of the test specimen shape atdgowihys
rather than the testing standard. So the testing standard followed in refcHgnged
from ASTM D638 to ASTM D3039 which stiloes not guarantee that the same failure
will not occur as specimen useds same Only loading conditiorwas different Not
only the builddirections butfew other parameteralso affect the strendt of the 3D
printed @rts Researchfocusedtowards formultéing the equation which predicts the
failure of 3D prinéd partsandconsiders all the parameters traftectthe strengthis not

donebefore

2.1 Effects of build parameters

Objectsare createthy depositing lindoy line and layer by layer. it direction and the
compactness of the material and few other facaffiect the strength of thelypect in
considerable amouniormally, strength properties of the parent mateaiallower in

the end product and are too sensitive that the slight change in parameters, changes it
dramatically. Some of the parameters that affect the properties mechania

discussedbelow [1, 3, §

2.1.1 Bead width

It isthe thickness of the material that comes out of the prinsesizecan be varied but
cannot be less thatme threshold capability of the printing machine to print a layer
Melted material comes out dfe tip of the printer as ink comes out of the tip of a pen. It

is highly viscous so always comes out with the constant thickness and that thickness is
called bead width[3] Bead width directly affects the compactness of the layer in the
end productalteing the material properties’ he largerthickness of the bead means
more possibility of pores in thendproduct which obviously affects tlsrength but ref

[1] found that the bead width is of less significance compared to other parameters.
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2.1.2 Layer Orientation

3D printed partsare built layer by layer. So, building angleof the layerdeposition
affects the mechanical properti@sgelywhich makethe object anisotropic/orthotropic.
The angle between the applied force and built direateterminegthe componet of the
forces that acts on the object. Exboughthe force acts in ongrincipal axis due to the
raster orientation the force gft affect the object ianother principal axi§3]. Due to
the layer bonding effect of the force splits into materiadration and normal to. i[5]

2.1.3 Air Gap

It is the gap between two adjacent rastghich can be positive or negative. Positive
means the gap is present and negativeans theywre overlappedThis factor also
causes the compactness of the material in theyat resulting, varying mechanical

properties[3]

2.1.4 Contours

The number of contours analso the way it iscontoureddecides the mechanical
properties. Contourglay a directrole in creating the stress concentration points which
arevital regardingthe strength of the objec{5] According to ref [2] counters plag
noticeablerole in strengthening the mechanical propertesipared to not having it in

possibleplaces

2.1.5 Build temperature

It determines the viscosity of molten material which after solidifyffgctthe density
of the material and also ghthickness of the material which eventually affects the

strength of the objecf3]

?® Raster angle

3 Raster width

Contour width €——

o

<« Slice height

> Raster to raster
air gap

Figure 4: Building Parameters [5]
16
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2.2 Material Properties

The basic idea of manufacturingDBprinted materials involves creating the object by
printing layer by layerSo, 3D printed objects cabe definedas the stack of the maiter

al layers of which each layes calledas a lamina. Based on the manufacturingptec
nigue, a new coordinate systeranbe definedasa 1-2-Z coordinate system of which
parallel to layer orientedirection is taxis, orthogonal téhe layerorientedl-axis is 2
axis and the lamina deposited direction is Z directidfany experimentsveredonein

the past to study the mechaalibehaviorsof 3-D printed materialsThislead to the fact
that 3D printed materialbehavesorthotropicallysimilar to the composite laminates.
They have different strenggiroperty indifferent principalmaterial aes. The following
symbols are usedithis paper to define the respective strengthdifferent principal
axes

Xt tensile strength in-axis

Y tensile strength in-axis

Xc: compressive strength inakis

Y .. compressive strength indkis

S: shearstrength

The strengthof the materialised for 3D printing may vary from the parent material as it
undergoes melting and solidification. Also the layer depospgmameterfor example,
the layer gap, bead size determines it strength. It is important to defisgehgthof

the material aéir the printing is done to get the precise prediction of the failure in 3D
printed parts.

Many theories thaexplainthe failurecriterion existswhich are used to predict thelfai
ure ofthe isotropic material. These theories ugée material propertiesetermined by
the uniaxial tensile, compressive and shear tests. The same approach can bénged to
out the material propertie&irstly, through the uniaxial tensile, compressive and shear
tests, material properties can be defined in both materiakiomeand the perpendicular
direction to it.

Xiis determined applying theuniaxial tensile stressestto the specimens with only 0°
layer orientation i.e. the stress and layer orientation have the dmention Y; is
determinedyy applyinguniaxialtensle stresgestwith only 90° layer orientation i.e. the
stress direction is perpendicular to the lageentation In the sameavay, compressive
strengthmagnitudein both taxis and 2axisis determinedy applyinga uniaxial com-

pressive stresgestto the 0° and 90° layer orientated specimrespectively These
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determinedstrength valuesan be used abe threshold values in the respective dire

tion to calculate thetrengthof the parts oder all combination of stress components
different directions The magnitude of ultimate tensile stress and ultimate compressive
stress are different ithe caseof composite structures but sanmethe caseof metals
plastic and other brittle materials tadow failure theories can be used to predict the
failure usng those material properties. However, to predict the faidrdD printed
parts, the applied stresses must be transformed in the material direction and perpendic

lar to it as shown in equatidnbelow. [1, 6]

2.3 Failure Criteria

1 axis

Figure 5: Body under all stress condition
Let 6s suppose t hibdustatedmnthdfigureatoee Wbeyes t em a's
X and Y are the main axes,
» G Stressn X-axis
» . Stressn Y-axis
ton = Tew : Shearstress componesit
1-axis: Hypothetical axis parallel to material layer oriented direction
2-axis: hypothetical axis perpendicular to material layer oriented direction
U :angle between the-¥xis and 1axisor between two cordinate systems
1. Stress in 1 direction due 1@, ., , and Ty,
» 2. Stresdn 2 direction due tQg,,, ;, and Ty,

t12 = 1,1: Shear stress in 2 direction dug, i, ¢, and fgy,

18
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As the threshold values stresses in 3D printed partsasly knownin mateial direc-
tion, only possible way to calculate the failumeterion is to transform all the stress

components to the principal material axes.

Transforming, ¢, ¢, @andty, into the 12 coordinate axis we get,

V1S OBl 2t o @2 2t CE O —
w2 = nof @2+, (081 2— 27Ty08i 40— é Eql
T = we »o CEi —i O+ Tw(dilz— l@zﬂ-

For the simplicity of the problem and eake it easier to understand, strength teseexp
riments araisually done in uniaxial stress condition, i.e. the stress in the experimenting

body applied in only one direction. In this case, following uniaxial case is considered.

Load Direction

e —

Figure 6 Body under uniaxial stress

Only, stress irthe x-directionis appliedof the magnitudef, which hasthe following

effect on thdayer direction and perpendicular direction to it.

Ky = Acos® —
K, = Asin? — é Eq. 2

T12 = /{(IEI —+e—

Although many failure criteria are in use today, few of the mostly used criteria with
their conditionare explainedbelow. All thesecriteria are possibleo define fromgere-
ralized form intouniaxial stresgorm. Uniaxial stress forms amasier tocomparewith

each ater to find out the best possible failure criteria for the 3D printe madd

2.3.1 Maximum Stress Criteria
General form of the equation of maximum stress criteria
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ezl ..Eq.3
Where,
X =Xcif ,; <0
X=Xif,; O
Y=Y.if,,< 0
Y =Yif,, O

All three cases explained in equat®must satisfyin any case to keep the stresseat
terial withoutfailure. Violationof any one of them or two or atlauss the failure in the
material

According to maximum stress criteria, Failure occurs when one of the inequalities is

T12

n 2
- lor N

satisfied either% lor 1. Although equation includes alhree

strength factor i.e. X, Y an§, but there is no interaction between one another. Genera
ly when the failure occurs, only one of thosduesis responsible for the failure. X, Y
andsS, acts as threshold value for each components of the stress.dfoplexX acts as
threshold value for stress component in material oriented direction, Y acteswltr
value for stress component in direction perpendicular to material orientetiotirend

S acts as the threshold value for shear stress componenstr@sg comgnent never
affects theother two threshold values except the one in its direction. For instance stress
component imaterial oriented direction is never affected by Y or Bi@aThis applies

to all stress component that the other two threshaldes never affects that stressneo
ponent.This failurecriterionis normally feasible to those types ofterial which has
same magnitude of tensile strength and compressive str¢P@jtfi he failure envelope

is rectangular in the stress space whiclforsned from the intersecting straight lines
[26]

For the uniaxial stress case, from equation 23xme get,

£ = Or P éEq[7] 4

cos2 — sin2 — i —+e—

2.3.2 Tsai-Hill Criteria

This theory is proposed as the generalizerm of Von MisesHencky maximum
distortionalenergy theoryto work for anisotropic material$Jnlike Maximum stress
criteria, this theory considers the interaction of different failure strength to produce
smooth failure envelope. This theory though does consider different strengths for

tensile and compressive strength. Both tensile strength and compressive strength of the
20
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material must be same whichnberegared asa demeritof this theory Also, the fal-
ure strength canndite predictedbut the only onset to the failure can be predicted using
this theory[26]

General formulation of the Ts#lill Criteria,

=1 éEq. 5

Where

X=Xcif ,1<0
X=Xif,7 O
Y=Y.if ,,<0
Y=VY:if,» O

X and Y are strengthin x, and y-direction respectively which caibe substitutedy
tensile stengthand compressivetrengthdepending upon the condition and S is the
shearstrength However,in the caseof 3D printed partstrengthin both directionsis
consideredf the samemagnitude as in metals and other brittle materials.

Now, using equation 3 and 4 to derive the uniaxial case forHiariteria, we get
1

A2 =
7
Cosg +30 5 coP—sin® —%
@ of B )

6Eq[7] 6

2.3.3 Hoffman Criteria

Hoffman criterion isa generalizedorm of TsatHill criteria for different tensile and
compressive failure strength. Once the compressive and tensile failurasstegdaced
with the samadentity, this criteronreduces exactly same as TFhHll criteria. Sq there

is nothing new in this criterion compared to FBli criterion as both compressive and
tensile failure stress is considered to be s&n&D printed materials, in this reselr
[26]

General form of Hoffmanés equation:
2 2 2

I ST SR NP = 1 6Eq. 7
iy Rep P @ o W G 0%
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Hoffman Criteria considers both compression and tension in the same eqgfatais-.
cussed in limitations, using the sameagnitudevalue for compressive and tensile

strengthof the 3D printed material as metak or other brittle materialsye get
2

2 42
— 1 n2 le nln 2 4
1_('b_2+§+_"\2 o7 e Eq. 8

Now, using equation 2 and 8 to find the critical uniaxial tensile stress, we get

5 cos?— sin%— co 11 .

R ——+ =5 +cos—siP—5 = =1 €Eq. 9

Comparing the Hoffman criteria and Td4ill criteria shows that bib the criteria
reduceto the same equation the caseof the uniaxialtesting condition of the material

which haghe samemagnitude oboth tensile and compressistength[7]

2.3.4 Norris and McKinnon

This theory is also the generalized form\@n MisesHencky maximum distortional
energy theory as Ts#lill criterion. Thereis aslight difference between these two the
ries which makes this theory stand out as the best fit theory for the fatiguestetst r

[26]

Norris andMcKinnon's criteriastatethat;

£
=+
W

L= é E q10

N
&lon

Similar to TsaiHill Criteria,

X = Xgif ,1 < 0
X =Xif ,, O
Y =Ycif ,,< 0
Y = Yiif,, O

Changing the above relation into uniaxial stress case and finding the criticatudagni

of uniaxial stress gives the following condition.

£2 =

T on? 7 o
cos*— sin *— cos< —sin

7 @

—eEq.[7]11
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2.3.5 Tsai-Wu Criterion

This theory also put emphasis on different tensile and compressive failuresistitas
to Hoffman criteria Different research has validated this the@y one of the most
accurateformulatiors for engineering applicatiortlowever this theory has not been
applied much as is hardto determine thatrength tensors form used in tleisterion.
[26]

General form of TsaWu criteria carbe stateds:

2 2 1 1
o+ 2 sz
Qo CH  GGH 2 GuGaGh

2
] . u]_+ Z,,2+%:1éEq 12

W W w0

After usingy = Gy, = ©,03 = G, = QOwe get,

i+é lz L z +ﬁ—1 é E 3 1
@@ 2 werl 2t T 9

Finding the critical uniaxial stress value using equation 2 and 12 we get

l i Z_L i =
+ 57 cos® —sin 3 o 1 Eq. 147]

> cos? — sin4—

" I of

2.3.6 Malmeister Criterion

Malmeister generalized the Ashkenazi theory which is now known as Malmeister crit
rion. Ashkenazi theory is complicated strengtherion for highly anisotropic material

if the plane state of stre$sr such materials consideredThe coefficient used in the
criteria is required tde determinedrom the experimental data for biaxial states of
stress[26]

Similarly, the equation for Malmeister criterion is as follows:

1+ - wot L =0 win2 = 1€ Eq5 1

2 2 2
ST S+ i i ) : i 5
A A% @y G W0 2"V iy

Similarly, using he same tensile and compresstrengthwe get

2 n2 e O s
ﬁ+ é.p ﬁ + ¥ & [A) s =1
(I)Z (1)2 ..\2 2"\2(1:)2 nln2

According to the uniaxial test condition and Malmeister criterion, critical uniaii@ss

is given by;

a ind 2V 2 HE s
2 cos sin ) 1 o
-+ + —S _
A 2 (A2 cos’ n G 2"V 62
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2.3.7 Failure criteria Conclusion

Someconclusionscan be drawnafter studying differentypes of failure criteria. The
failure stress at O degrees and 90 degrees are material propertiesavéhialways
constanfor one material for all failure criteria which are determined by the expefime
tal tests.All the failure criteriadefinethe failue stress between 0 and 90 degrees a
cording to their formulation. Failure stresses calculated by two different failure criteria
can be different although the angle and material properties are Al failure cr-

teria defineits route of degrading flare stress from 0 degrees to 90 degrees with i

creasing angle.

2.4 Theoretical Results

One of the material properties is still unknown in the failure criteria formulatiens
shear st r e.nfhetnagnitu®tof & \@riedaecording to the lineartation

with the failure stress of the material at®@ gdr e e s . 0 Ieén variadbecaase h a s
thereis not enough research done to determine the valdeSi¥lost of the researches
have beendet o det er mi n é YUtimhty shaaXstrengiisnsthtedin the
manufactee r 6 s d &amavhichibhiefeundt hat t he ma ghecaseafde of
3D printed parts are apptionately 1.5. This value will be used later on to compare the
60S06 v al u ethecanpanisbrofftheexparimentatesultandtheoreticakesult.

Three caseare fixedas defined belowOne caseis varied to check and determine the

v al u e whefethedeg$p@rimental result and the theoretical result come close to each
other. Failure stress calculatedor all four cases bew for all the data sets.

When,

S=0.1*X

S =0.40.5* X

S=1*X

Where,

X = Tensile strength in material oriented direction

S = Shear strength

Above three cases are considered to calculate the critical failure steediffertent an-

gle of layer oriatation and plotte@dn the sme graphThe fourth case is determined
analyzing the first three cases and the
analyzing the first three cases so that the theoretical result is closer to experigental r

sult. The pocesss repeatedor five different failure criteria explained aboegceptthe

24
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Hoffman criteria. Hoffman criteria and TsHill criteria have thesameexpression for

the uniaxial critical failure stress. Total of eleven values for each angle¢atioen.e. O,

30, 60, and 9@re obtainedor each of abovdour cases. Xaxis represents the angle
whereas Yaxis represents the ratio between the ultimate strength of the material to the
failure stress of the material at the given angle. Ultimate strarsgd in the ratio is the
tensile failue strength when the layer build direction is parallel to the load tbrec

Four different graph lineareproduceddependingn the value of shear strengthS
Table 1 Collected Datashets

Number Material X Y Reference
1 Vero Blue 49,7 18,5 Aalto Lab
2 ABS PLUS 31,8 11,2 Aalto Lab
3 ABS 21 9,3 [9]

4 ABS P400 22 12 [1]
5 ABS 24 13 [10]
6 ABS 28,4 14,3 [11]
7 ABS 5% JUTE 25,9 9,1 [11]
8 ABS 5% TIO2 32,2 18,4 [11]
9 ABS 5% TPE 24 12,9 [11]
10 PA 30 15 [13]
11 ABS 25,72 14,56 [12]

The wbleabove consistlata collected from different previously published reseash p
pers. These data sets are used to calculate therdastress in the uniaxial stress test
condition using the equat derived for different failure criteria above. Each pair of
datasets used tocalculatethe critical uniaxialfailure stress fo five different failure
criteria

From thetable it canbe noticedhat the materials are not same for all the collected data
sets so the failure stress cannot be compared or combined dinestidad the ratio of

the failure stress calculated at different raster angle orientation to its maximum stress
i.e. stress atlngle O-degreeraster orientationis compared It is obvious from the
different previous research that the tensile strength is highest when the build angle of
the layer is O degrees. So, the calculated failure stress at each angle is divided by the
tensile failure stress at O degrees of itself. That producestibefawo stresaswhich

shows the proportioby which the failure strengtis degradghg compared to the failure
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stress at O degrees. Both experimental and theoretical rasultgalculated i similar
way so that it would be easier totain the averagresult ando comparehetheoretical
result and experimental resultnfexample is explained hete make the method easy
to understandFirstly, from the table, datset lis taken These valuesfX= 49.7and Y

= 18.5 are used to calculdtee failurestress at 0, 30, 60, 90 degreteach failure stress
is divided by the X = 49.7 to get the ratio by which its failure stredgtireasesvith
increasing angle and plotted in the graph.ifirly, for the data set 2, X =31.8and Y =
11.2 is taken and angsed to calculate the failure stress at 0, 30, 60 and 90 degrees.
Those failure stress are divided by the X = 3h&d the degrading ratio of failure
strength with increasing angie obtainedand thoseatios areplottedin the graph. The
process is regatedfor all the collected data and plotted in the same gfapbach fdk

ure criteria

2.4.1 Maximum Stress Criteria

Maximum stress deria as stated iBEquation3, is usedo calculatehe failure stress for
differentangles of material layer orientation dncreating a ploas explained abovao-
ducedthe followingresult andyraph

Table 2 Summary of Max Stress criteria

Ratio Rangé 0/ X)
Angle
S. No S-Value 0 30 60 90
1 0,1*X 1 0,23 0,23 0,350,57
2 0,4*X 1 0,92 0,470,76 | 0,350,57
3 0,5*X 1 1,15 0,470,76 | 0,350,57
4 1*X 1 1,33 047-0,76 | 0,350,57
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Graph 1 Graphical Presentation Max. Stress Result

Firstly, the four previously stated condition of &lue is used to calcutathe datae-
quired for plotting adifferent angles. When the ultimate shear stress strength &-rel
tively very lowi.e. S=0.1*X, failure stress decreased rapidly ul0l degrees, there-
mains constantintil 60 degreeslt started to increase linearly until the ratio of failure
stress to limate stress reached 0Slope changes after it reaches 0.5 on the way to 90
degreesFor S=0.4*X, the failre stresdeganto increasewith low slopevalue with
increasing angle, until the angle h#pproximately 25 degreesThen the slope el
creasedslightly, and failure stress continued to decline with that slope value until 90
with a negligible change of slope value at 60 degrdes: case3 and4, failure stress
started tdncreasan magnitudeuntil the value is approximately 3@grees

2.4.2 Tsai-Hill Criteria

Table 3 Summary of TsakHill Criteria Result

Ratio range({ /)X

Angle
S. No S-Value 0 30 60 90
1 0,1*X 1 0,23 0,21-0,22 | 0,350,57
2 0,4*X 1 0,700,76 | 0,420,60 | 0,350,57
3 0,%5*X 1 0,820,92 0,44-0,67 0,350,57
4 1*X 1 0,9741,15 0,47-0,74 0,35-0,57
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Tsai-Hill
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Graph 2 Graphical Presentation TsaiHill R esult

The graphs plotted according to the TisHll criteria, for all 4 values of sheastrength
using all the sets of data collectéthe resultof the plotting carbe seerabove with four
distinct lines for four different approximate values of shgeength. Inthe first case,
when the valuef S is 0.1, failure stress value started to decrease dramatically in the
beginning with the increasy angle until30 degrees. Failure stress remainedstant
for next 3 degrees andeganto increase again. THewest magnitude of failure stress
attainedn the graph for case 1 is at-80 degrees with the ratio of S to Xateasing up
to 0.25. Failure stress behavior for case 2 and &asesimilar but the ecreasing rate in
case 2 is slightly bigger than ca&elThe arves for both situatiors have thesamestat-
ing point and ending point as in akhsesbut the difference in decreasingte of failure
stress is highestt 30 degreesin case 4, the plot was differeraropared to case 2 and
case 3.Failure stess was always decreasing with the increase in amgtase 2and
case3, but in case 4, failure stress valgeew at the angle between 0 to 30 degrees and
started to decrease as in case 2 and 3, finally reaching the lowest at 90 dzapgeés.
has thredistinctly different values of slope for three sections of 0 to 30 degrees, 30 to
60 degrees, and 60 to 90 degrééwe dopewas highesbetween theections30 and 60.
As we already know that the ratio is always constant at 0 and 90 degrees for aach dat
set under all circumstances, it is more important to seeatlierange in the angleeb
tween them i.e. 30 and 60 degrees. When the shear st@4%Xs the ratio is almost

constant for all the data sets at 30 degrees and 60 degfees.the magnitude f 0 S 0
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lower, the ratio range calculated does not vary so much. As the magnitude of shear

strength is increased the ratio range also increaszdigternumber.

2.4.3 Malmeister Criteria

Table 4 Summary of Malmeister Criteria Result

Average 0/ X
Angle
S. No S-Value 0 30 60 90
1 0,1*X 1 0,350,36 | 0,300,33 | 0,350,57
2 0,3X 1 0,930,96 | 0,460,69 | 0,350,57
3 0,5*X 1 0,981,071 0,470,72 | 0,350,57
4 1*X 1 0,981,11| 0,47-0,74 | 0,350,57
Malmeister
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Graph 3 Graphical Presentation Malmeister Criteria Result
The result of the plot for the Malmeister criteria for the same input values and cond
tions as for previous two conditiscanbe foundin above graph. For case 1, theach
racteristics of thegraph are not sosimilar to previousconditionsand the minimum
magnitude of failure stresdsoincreased from 05X in previoustwo criteria to 0.35 *
X in Malmeister criteriaUnlike TsatHill and Max stress, the section between 30 and
60 degresis not constant. Althougliné rate of change is small, failure stress is deerea

ing all the time, hitting the lowest at @l@grees. Alspas the ratio of S to X increases,
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the difference in the gap between two plot lines of different cases decrEasekffer-

ence in failure stresst the samangle buthe differentvalue ofS decreases as the ratio

of S to X tends to IThe difference in the failure stress is very high when the value of S
is increasedrom O to 0.4 butthe difference when the S valisgeincreasedrom 0.4 to 1

is negligible compare to the increment from 0 to 0.3%hich createdhe big separation
betweengraph lines when S = 0.1 and 0.35om thegraph it can be deducedhat
beyond some pointhe failure stress will no longer be dependent on S value or will
hawe a very negligible effectin cases3 and 4the value of failure stress between angle
0 to 30 increases slightly before starting to decrease. As in all previtarg, the star-

ing point of the plot and &ing point of the plot is saen

2.4.4 Norris and McKinnon

Table 5 Summary of Norris and McKinnon Result

Average 0/ X

Angle
S. No S-Value 0 30 60 90
1 0,1*X 1 0,220,23 | 0,21-0,22 | 0,350,57
2 0,5*X 1 0,74-0,82 | 0,430,63 | 0,350,57
3 0,65*X 1 0,81-0,91 | 0,440,67 | 0,350,57
4 1*X 1 0,92-1,03 | 0,460,71 | 0,350,57

Morris and MCKinnon
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Graph 4Graphical Presentation Norris and McKinnon Result

30



31

Comparing, the above graph obtained for the Norris and McKimmnioeria with the
graph obtained for the TsHiill criteria, it can be @arly seen that the result are very
close to each other. The characteristics feature for all cases are verglikedbut the
magnitude of the failure stressl@sver inthe caseof Norris and McKinnon. For exa-

ple: in case 2at 30 degrees and 60 degrar Norris and McKinnon criteria, failure
stresses are 0.7*X and 0.6*Y respectively. In I8l criteria for a similar condition,
failure stresses are 0.75*X and 0.65*Y respectively. Comparing these two examples
shows that only the magnitudes are déferbut the characteristics of the graph isisim
lar. If the value of S is taken slightly higher time caseof Norris and McKinnorcom-
pared to TsaHill criteria, then it would produce the same resWihen the value S
tends tazerq then the failure strasvalue is same for all failure criteria explained above
except Malmeister criteria. The graph line is same at S = OcbtKpared to Tsadill

criteria.

2.4.5 Tsai-Wu Criteria

Table 6 Summary of Tsai-Wu Criteria Result

Averagell / X
Angle
S. No S-Value 0 30 60 90
1 0,1*X 1 0,31-0,32| 0,270,330 | 0,350,57
2 0,4X 1 0,8-0,92 | 0,450,67 | 0,350,57
3 0,5*X 1 0,921,01| 0,460,71| 0,350,57
4 1*X 1 1,06-1,21 | 0,470,76 | 0,350,57
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As in all previous failure criteria cagestarting point and ending point for the graph is

same. Focasel, the decrement rate of failure stress is very steep igréphsection 0

to 30 degrees, with constantvalue between 30 to 60 anding from 60 to 90 degrees.

As the value of sheatrengthS rises the slope of the first section of the graph i.e. 0 to

30 starts to decrease and is almost constant when the value is half of ultimate tensile

strength At the saméime, the slope otection 2 and 3of the graph i.e. 30 to 60 degrees

and 60 to 90 degrees starts to increase with the increment inssteeayth Throughout

the case 2 and 3, failure stress is decreasing all the time with the increasing magnitude

of the angle. Focase4, failure stress first increased until the anglencreasedo 30

degrees and it starts to decrease all the way to 90 degrees. The minimum value of failure

stressis recorded).48 times the ultimate tensile stress when the layer orientation is 90

degrees for ca&s2,3 and}, and for case 1 it is less than 0.3 at 60 degrees.

2.4.6 Lab Experiment Results

The data related to lab experimeate takerfrom the reference2p|. Uniaxial tensile

testing wascarried out to collect the data to observewhgying ultimate tensg failure

strength with the increasing angle between building orientation and the applied load

direction.Authors ofbothresearch papsrthis and the research referencgf [ carried

out research fothe sameinstitution and thesame research areat with different pes-

pectives.The Pllowing graph shows the result obtained from the expents.
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Graph 6 Lab Experiment Results

2.5 Theoretical Result comparison
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Graph 7 Result Comparison; All R esults
All the results, obtained frowalculation and analysare collectedn the same graph

above As seen in thsidebar, colorslistedrepresent the theoretical result obtained from
different failure crieria. When all thefailure theoriesare comparedo each dter, -
cept the maximum stress criteria all other theories are very close toteaclAccord-
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ing to the maximum stress criteria, all three material properties i.e. X, Y, and&h has

individual effect on the properties. Only one of those is dominaritarfdilurestrength

and they do not have combineflectat any point with each othdn other failure the-

ries those three material properties interact with each other and calcuatedure

stress at each pdiwhich mightbe the reasoaf thedifference in the result between the

maximum stress criteria and other failure critefesults from all the failure criteria

havethe same starting point and endpmnt

When these failure criteri

different in all failure theoriesThere might betherreasos behindthis, and one of the

a ar e

cl Db ei

most obviougeasonss these criteria are not developed considering the 3D printeed m

terialsbut to composite material€ontrastto the composite materialgere is not only

the layer orientation factor that affects the ultimate strength of the 3D printedatsat

Few more parameteedfect the strength properties of the 3D printed materials ss di

cussed in théheoreticalanalysis section of this paper.rFexample bead width, air gap,

contours, buildemperaturegetc. All these factors also affetihe strength properties of

3D printed materialso some extent buhe failure criteria for composite material do not

take intoaccounithe effect of those parseters

Table 7 S-Magnitude comparisonfor all Criteria

S. No. Failure Criteria SMagnitude
1 Maximum Stress 04*X
2 TsaiHill Criteria 0.55* X
3 Malmeister Criteria 0.3*X
4 Norris and McKinnon 0.65* X
5 TsaiWu 0.38 X

Above table includes the summary of the theoret&adlysis of the failure theories
eaBhbotherdllk e n t

which shows the magnitude

the failure criterisshowthedifferentma g n i t u d en ooefanothe® wheri tmesult

tends to be as close as possible with each otherT h e

of

ma X i

m uisfoumdafdr u e

Norris and McKinnon criteria with the value 0.65*axd the smallest magnu d e

arefor Malmeister criteria with the value 0.3*X. The smallest magnituéferd from

of

g o

0

0

the largest magnitude by more than 50% less. Other magnitude shown by o#ier crit

ri abds

stress criteria.

ar e

OHill criteriaKand @4fX for $saMVu criteia and Maximum
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According to the data sheet pgraced by the manufacturer d¢fet 3D printing materials,

[18], [19], the ultimate shear stress magnitudalisays morethan 1.2 *X, but result
showsthevery low magnitude ofh SThe highest value calculated was 0.65*X which is

| ower than half of the datatheee st ated i n t|

2.6 Discussion

After studying the result anohe on one comparison of the failure stress graph obtained
from the failure criteria, it is easier to conclude the result. As seen froraghl most

of the failure criterishave adifferentmagnitueé@ o f 6 SO f whietheessulish ot |
being close to each othélrhe variation is so larg that it cannot be neglected doaw

any common conclusiomr magnitude that fits all the failure criterith e v al ue of
obtained from the data sheets of mi@cturer does not match with values obtained for

any of the failure criteria above The hi ghest value of 0S6o
Mc Ki nnon and it is also al most halddla- of t
sheets. Wien the resulting grapdf all failure criteria is chead for the case S = 1*X,

the falure strength value increases from 0 degrees until 30 degrees and slightly beyond,
before it starts to decreas€he failure strength \ae never igreases at any point
according to previousesearch paperdhese all findingshowthat the failure theories
formulated for composite structures and other general mateloateot work for 3D

printed partsA maximum stress criterion which gpposed to work foa very wide

range of materials alseemsnot working in case of3D printed parts

So, «isting failure theoriesieedsome adjustment before using them for the strength
prediction of the 3D printegarts or an entirdy new theory shouldoe researchedt is

not hard toconcludethat the Ianina failure theories cannot be used directly for the pu

pose of strengtmodelingof 3D printed partbased on the above findings

2.7 Further Proceedings

After careful consideration of the result obtained from the literature review and analysis,
it is very hardto conclude that the 3D printed parts behava similar wayas in caon-

posite materials. Using lamina failure theories to predict their strength without any
amendments or further research seems unaftse considering the resuli$ the anay-

sis donen this researchMost of theresearchs carried out in the area of failure piedi

tion of 3D printed productarebasedon the comparison with each other with different

layer orientationFew resarch paper$fiave also predicted the failure by comparing the
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strength with the similar parts manufactured using other techniques for examgle mol
ing. Displacement and strains arery importantfactors in failure process. Most of the
researchhave overlookedhese particular terms while researching the failurénén3D
printed productsThus, taking into accourf the research done until this point for this
paper, it isnoteworthyidea to take a step back and try to research and finaftbhence

of displacement, deformations, strains, crack initiation and patjpegfirst to move
forward with strength modeling of 3D printed parts.

If we look closelyat the end product fabricated by two different techniquepi@iing,

and molding, they artally different. Even thougkhe same product with same dime
sion, shge, and sizeare producedthey exhibit properties ina different way The
materialin the molded end produi isotropicallydistributed and the wholeendprod-

uct behaves as angle unit somaterialfailure theories effectively work in those pro
ucts.Corners and edges are mostly smooth in molded end productgety idifficult to

tell where the initial crack starts to develop in such product but the usatefialfail-

ure theories can closely estimate the failure stféss. end product from 3D pnted
parts has some difference in regards to the material distributienbliilt by addinga
layer on top of previously addelayer, and that makes the end product as the several
bonded layers. If we just take two layers and analyzben each layemight be equia

ly strong but the bond between them might not be equally strong. Corners and edges in
3D printed parts are very rough if the end prodsi@xaminedroperly.So, 3D printed
partsarevulnerable to fail not entirely due to material faillmat also from the built up
defects that occurred during manufacturing. All these facts define 3D printed products
more as a structure. So, it seems beneficial to research on the failure mechanism of 3D
printed parts aa structuralfailure as the failureependsn more parametersther than

just materialfailure. It is easier to imagine the failure des if the end product from
molding is comparedo the brick and the3 printed parts areomparedto the walls
that are madefrom hundreds of such bricks.h& failure in bricks and walls can
frequently be seewhich do not requirany proof that the failure in those two is drffe
ent from each other.

Considering all these facts, theoretical analysis and studies from preesesch
papers strength and faile prediction of the 3D printed parts is not developing towards
a satisfying result. On the other hatiak popularityof 3D printed products is incrsa

ing more and more. Previoussearch papefsave been able to answer few questions

but not completely amost of the researches are done only in material level and not to
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thestructurallevel. It is wise to take a step back and analyze the failure, occurring in the
mechanically loaded 3D printed parts under different circumstances i.e. displacement,
deformaion, strains, cracknitiation, to continuewith the research in this fieldigital

Image Correlation (DIC) is the handiest tool to study those details.

2.8 Digital Image Correlation (DIC)

DIC is a method of tracking and comparing images of the object unds actions
(under loading conditions generally in mechanics) to measure the changes in those
images Changes are easier to observe as the method use small blocks afgligdlas
subsetgrom the image taken and compare the positioning of the samedflpcxels in

the next image with other neighboring blocks of pixels. This technique uses digital
charged coupled device (CCD) camera to takeirtiege of the surface of the object
under observation. Under the camera,dhidaceof the object should bdéluminated in

the wide range of contrast and intensity levels so that it is easier to distinguish the
blocks of pixelslt is doneusuallyby either painting speckles on the surface or mostly
the textureon the surface of the test specimen is itself sigfitto create enough o

trast and intensity levels to produce analyzable images. The method is capable
measuringhe changes in micro aménoscaleChanges are seenand can be measared
2D and 3D with the use of multiple camerdke method is proveaccurate enough by
comparing it tovalid FEA models whichmakethe method fesible for manyapplica-

tions [28, 30]Hence, the most important part in DIC is image matching.

Images used in DIC amgenerally of high resolution as it is used to researchnbe e
neeringaspects which requiranalyzing the changes in tinaéicro and nandevel. Ac-
cording to Sutton [34], to accurately reduce the ststiess curve from the images,
change in the displacementafier10°m/m is best to consideSo, there is no water

that the camera used for Dltlirposeproduceshigh-quality images to meet the #w
shold. There are few thirgto keep in mind before image matching, aperture problem,
correspondence problem and speckle patt€ns. particular image pixel is not pdssi

to comparewith anotherimage pixel as the multiple similar pixels might be present in
anotherimage Hence, making correspondence considering only one pixel is not
possible Insteagthe speckle patterpresenin a small neighborhooctalled asa sub®t

is compared in two images to make the proper correspondence. Such subset is created
either by the texture of the surfacetbé specimentself or by painting or sprayindt

enablesa moreaccurateway of tradking the motion of material flow when defeonation
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happensFollowing are some of the applications, where DIC lsarusedn mechanics
of materials
1 Material testing (defining materi al p
P oi s saboreft)s
1 Fracture Mechanics (crack initiation and growth)

1 Dynamics Measurement (example vibration)

2.8.1 DIC Software

There are different ways of matching the images and mathematically formulating it to
calculate thedeformatios and strainsMeasuring displacement anttan using DIC
has been in us®r a while now.These days fully automated Di€bftwarebased ora
different algorithm developed by researcharg available that caltates the deforia
tion, strains, dynamicgjeologicalmapping etc.processing thenage obtained from the
tests. Software deploys differealgorithmto quantify the test results. Different alg
rithms have alreadyeen developefbr image matching in DIC. The application field of
the DIC is so broad that researchers from different fields tlaveloped differenalgo-
rithm specializing in theirespective area of researéligorithm for suchsoftwareis the
mathematical formulatioto quantify the result obtained from images taken dutfireg
experiment For instanceSutton B4] explained the differential method and template
matching method toedermine the2D displacement of the subset and used shape fun
tions to predict the deformation of the subsktger on, the differential method ig-d
veloped to predict the 3D displaceméra. [31]

Due to the development of such D#oftware measuringdeformation, displacement,
strain and tracking crack initiation and growth has become fairly easy and accurate to
determine the material propertiddisplacement and strain avery importantparane-
tersin determining the mechanical properties of the nete DIC is well suitedor
measuring them as measurethe difference in the object from smaller loads tggbr
loads.The author of the article 8] claimsthatit is even possible to see the diface

in the bridge because of a bird landing Qmuging the DIC Cracks which are thmajor
reasonsf failure in both structures and materi@seenwith DIC that are not elily
visible to the naked eyd81, 32, and 33]DIC is in use to study deformatidrehavior

in different types of material sis¢he 1980sand has been able to produce the signif

cant results for mtals, plastics, woods, composites concredad other material®IC
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IS in use to research deformation for both mateaal structuresand most of thee-
search uses the teuque ofmatching subsstto determine the displacem¢§sd].

Crack initiation and propagation in 3D printed parts under the effect of Isanga-

tant factors taesearch3D printing is not one of the cleamanufacturingprocessess

the final producthasinbuilt defects. 1 is obviousthat 3D printed products usually do

not havea smoothsurface thatesultsin many high-stressconcentration points in the
product that increases the chances of premature failure of the material. DIC is well
equipped to trackhe crack formations that are not visible to naked eyes too and also the
crack propagion studies will open new insights about the failure in 3D printed parts
Since 3D printed partgre madef layers on top of previous layers, it would be interes

ing tosee the crack propagation between those lajz9k.

Figure 7 Cracks not visible to naked eyes but visibléo camera[28]

The algorithm used tanalyzethe test result in this research project uses the Least
Square Image Matching.SM).

2.8.2 Least Square Image Matching (LSM)

Image matching has broad applicas@nd somevorking principles that workbehind
image matching. The key objective of image matching is to figure out the matcking pi
el in the same physical region. Key point nhdtg, areabasedmatching,intensity
basedmatching are few mostly used matching metho{35] LSM methodgives a
mathematicaldescriptionwhich falls underan areabasedmatchingso, it is highly
acceptedor the research purposesompared to other meitls, LSM has higer acc-
racy in image matching. The results obtained from LSM hlaweccuracy of 1/10 pixel

or even better. However, being a Horear processclose approximate values ae r
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quired in this method. According to the author of teferene [36] LSM has thelual
advantage oéreabasedmatching process and edge based matching process if it is used
to its full potential. Some other potentials of the LSM method as exactly described by
the author of reference [3@felisted below in his words
1 High matching accuracy
Geometrical/stochastical constrairgabilization reliability, speed
Multi-image matching (reliability)
Simultaneousnatching/point positioning
Multi-patch matchingneighborhoodatonditions
Multispectral, multitemporal matching
Monitoring of quality precision, reliability
Simultaneousmage reshaping, radiometric adjustment
Combination of aredased and edge based analysis

Usable in hierarchical mode(coarse to fine)

=4 =4 A A4 A4 -4 -4 -5 -4 -2

Usable as derivative operator based matching procedureoffilest, slopevaria-
ble, second order)

Rule-based matching: patch selection (good signal content)

Incomplete data patches (for example, triggered by conclusions)

Computational performance: parallel implementation possible

= =2 =4 =

Usable for pattern recognition (t@hate matching), feature extraction, image
feature measurement, change detection, line following

1 General matching technique (beyanthge$

LSM is in usefor almost threalecades novand hasconstantlypeenmodified to yield
better reslts, accuracy ando address the specialty of the problem propéerlye gene
al mathematical formulation of the LSi¥l statedbelow.

Q@6 =R+ QR+ G+ @, QA + (A)
Where,
0102 is intensity of referece image and the querying image respectively deaends
onupon imageoordinatex and y
a andb; arethe unknowns in the affine transformation model
ho, hy are the unknowns in the linear model of intensity
As shown inthe equationabove, the generafipciple behind LSM is to define the eel

tion between two different patches thie samesize in different imagesThen affine
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transformation modes used to show then intensity variatiasinggeometry and linear
model descriptionNow, Using Taylor lineazation, transforming above function into
linear functionwe gelQ @, @ Q@ QQ w,w

- 00+9 .6 09+ Q 2 b+ ea - wh+ 0o 2 ab
e R 1R
QT Ghe Qe 2 heRa S ah

3 Experimental Setup and Procedures

Experimental setup for the testingredatively easier and inexpensithan most d the

other material testing sgis The main task of the experimial setip is to direct and fix

CCD cameraowards the experiméng test specimen and connectnith correktion
software througha computeror other possiblénstruments. As the test peeds the
cameracaptures the image of the whole process and sends the image for further
processing to correlation softwaf80] However, there are sonmaportantpoints to be
considered &ore actual testing starts. Wheoftwareand camerareready it provides

live feed making easier to adjust testing conditions. Following are the few important
parameters to adjubeforetesting starts.

CCD
Camera

Framegrabber

Displacement Field

Disp. x

(mm)
0.146
0 114
0 082
i Correlation Software
0.015
-0.047
-0.079
-0.111

-0.143

Figure 8 DIC Setup[30]
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3.1 Lighting Conditions and Camera Focusing

After the testing is caled out, all the resultare obtainedrom the study of images.
Hence the lighting adjustments are one of the important parameters to considér carefu
ly. Additional lightsare usedlependingon the experimental environment. itleer, too
bright light nor bo less light catbe affordedon the tesspecimersurface. Strong inte

sity of light on the test specimens causes the light reflection from the test specimen su
face showing shiny part dhe samplein theimage andhiding the infornation under

that shinypart. Less intensity of light on the specimen causes the dark patchesaand sh
dows of the surroundings and makes it diffidolsee the details in the images clearly
The aertureof the camera is important in fine tuning the lighting atinds afterthe
properamount of light iscaston the test specimens. Indirect lights that are reflected and
focused on the test specimens from other shining backgrdwidsh are not in the
focus of camerajan be a goodption to get the ideal lighting conditions.

When measuring the 3D full field displacement, multiple camearasusedSimilar, to

the ways that human eyes ggperceptionof 3D view, multiplecamerasan generate
enough information in 3D measurement. Both cameras should be focused to capture the
areaof interest. Only the common amethat are visibleon both camerascan be
analyzedn 3D. It is common that each camera has its unique area that is not visible in
anothercamerasuch areas not usedvhile processing the result is importantthat the

area of interest must be visibba both cameras. Ae angle of projection between two
camerashould be appropriate which neither can be too wide nor twowarl he wide
projection has the big area to focus which mesultin unclear infornation from the
areaof interest whereasarrowangle projection gives less information on 3D rae

surement.

3.2 Calibration

Image calibration isnimportantpartof the experimental setup and carried out after the
area of the interest in the specimen is already foci@albration defines the position
and orientatiorof the camera and the test specimen in the space cotrdinateform.
After confirming everything are in place and will not be moving anynespecially
cameraand its focal lengthcalibration is done to seip the reference to determine the
real size of the test specimen and deformaticcurringin the test specimerCalibra-
tion gives thenformationabout the distance of the camera from the imayése coo-
dinate forms to thesoftware being usetb quantfy the size of the specimens and
42
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deformations accuratelyalibration is done using the appropriate type of the @alibr
tion panel which helps to calculate focal point, principal points, distopgzameters,

and translatiowector andotationmatrix.

3.3 Specimen Preparation

DIC depend®nthe surface texture of the specimens recognized by the software-as co
trasting field whether it is naturally occurred, projected, paintesppayed There is not

much onecan do if the test is carried out with naturadlgcurred patterns. Heever,

most of the test specimemsquire painting or spraying to create the specklé&epa.
Artificial ways of creating speckle patterns is always an alternémiva@eate the good
patterns hie good pattern yields better resutsn naturally occurred contrast fields
Hence, it is important to consider few parameters to create the best postdiiespa
Patterns should not be repetitive and isotropic which creates confusion in tracking the
right one. Patterns made should & highcontrast as possibl®IC tracks the small
groups of pixels calledubsetand the patterns should be big enough to be seen and
recognized and small enough at the same time so that the whole patch does not contain
only one patternNormally, 2 to5-pixel size is considered to be the good size fot-pa
terns.[37]

Repetitive Low contrast Anisotropic

Figure 9 Invalid Patterns
Few ways to create patterase discussedelow:

1 Spraying/PaintingThe nostcommon method for creating speckle pattern. It
usegpaint orspraypants on the specimen surface

1 Toner Toner powder is used to create the patterns. It can be done by dropping
thespecimeron the powder and gently blowing the powdetil acceptable pga
ternsremain
Lithography Lithography owvapordeposition is usetb create the patterns
Stencils Stencilsare rolledon the surface adhe specimenPatterns created are

somehow uniform but contrasting and diverse enough to support the test.
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1 Printing Printing pattern on paper and thglningit on the surface ahe
speimen

1 Ink: Ink is dotted on the surface of the specimen to create patterns.
Projecting Eecially, it is usedor shape measurement. Patterns are projected
usingtheprojector It should be optimized usirtge lighting conditions.

Figure 10 Example of good patterns

4 Test Specimens

In isotropic material, standard shaped test specimens are normally used to define the
material properties. These test specimamesdefinedaccording to some test standards

for example ASTM or ISO afterears of research. They are well suited to answer most
of the questions in material testing. 3D printed products are different compared to those
materials. Although the printing is done using the isotropéterial the way of mami-
facturing makes the finlaproductanisotropic. Using the same techniques and similar
test specimens for experiments will not answer all the questioims @her isotropic
materials. Many researches a@neconsidering the similar techniques and similar test
specimensbut the indings are always confinedt one point. They are productive to
address few guions but not good enough to kill all queries. For instamesearch
works that havebeen carriedintil now havefound the ways to build the strongest 3D
printed products bustill not any research has been able to answer how to calculate its
strength. Almost all theesearch workdonein this field has been started from adopting
some standard shaped test specimens and trying to analyze theSgbk. findings

are alwaysconfinedat a point.The usedest specimenwere not designetbr testing

3D printed products sdhe prevalent approach of researching in this particular area
needs to be corrected samoev.

3D printed products we collected that cabhe mechanically ladedwhich are usedas

test specimensCollected 3D printed products ryafrom one another. The way$ely

are loaded mechanically are different from each other. Some of the test spemienens

loadedunder the bending moment, some with torque, tensilesstegsl compressive
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stress The failures under all those circumstancase compared and analyzed to carry

the research forwardIC is well suited to cover all those variations in testing. DIC can

be used efficiently to analyze the phenomenon going whitentethose test specimens.

All the test specimens collected are printed using the uPrint SE 3D pnaterfactured

by the Stratasy#\ccording to the manufacturer, the machine builds the objects with the
layer thickness of 0.254 mm. All the test specisavere printed using the material

ABS plus thermoplastic ggrinter can print onlyABS plus thermoplag as building

material. ABS plus has ultimate tensile stress (X) of 31 Mpa and ultimate shear stress(S)

of 35 Mpa.More technical specificatiorfer bath printers and materiatze available in

t he manufacturer 0sl8 mhthisatitlease referenced a:

B AN
N ®
2 - 13

Figure 11 Test Specimens




46

5 Experimental Results

The images captured from the DIC set up were analyzed using Davis LaVision sof
ware. The number of ¢himages from each tedependson the amount of time; they
resisted the applied load before failure. Fdlrtests, image capturing rate was 100
frames per second. So, each test has minimum thousands or even tens of thousands of
pictures in some cases.idt neithereasynor is important to analgzall the pictures to
calculatethe strain field. The reason behind taking such large number of pictures is
makesure that the important moments during the experimentaiomt missedSo,
from each test, apppriate numbers of images after constant intervals were classified
from the bulk to analyze.

Primarily, thestrains on the test specimen at the failure area vadcalatedf the fai-

ure area is visible in the camera focus. Strains are ¢dberparedwith the force b-
tained from the testing machine. Some of $pecimes failed at the points that were
not vigble in the camera ayut of focus The areas where the camevnaye focusean

such speiecnens were used to extract the strlaghaviorof the sampleon those areas.
Graphs depict the strairelative tothe preceding image starg from the strain zero
conditions. All three strains (g E.y, andE,y) are extracted and studied from the La
vision sofware.

High-resolutionimages were takeseparatelfrom the fracture surfaces of the teseésp
cimensafter the experimenfThe important factors behind the failure that are fwt o
vious to the naked eyes are visifiem the high-resolutioncamera images. The causes
and nature of the failure surface of each $gecimens and the force associated with the
failureare discussethat are vigble in the images

Test resultsaare categorizednder different test speciméreadsand each head has two

sub types namely fracture surface analysis and DIC results.
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5.1 Test Specimen 1 (Gear)

The drengthof the 3D printed gear teettas testedvith the DIC setup as explained in
the experimentalsetup The same gear was experimented three times with different
teeth as the buildingrientation of the teeth watifferent from ealk other. Following

figure shows the test setup for the gear setup.

B 11:43:24.667

Figure 12 Gear Experimenting Setup
Gearwas fixedfrom thetop, and the structure thé hookedto the teeth was pulling it

down. The rate ofpulling down in tems of displacement wasnm/min The force that
caused the failure of the tooth was niypshear force. Depending dhe teeth buding

orientation the result of the farewasdifferent and explained in detail below.

5.1.1 Fracture Surface Analysis

x 0O-degreeorientation
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Figure 13 Failure in gear tooth (0 degrees)

The building orientation of the tooth is parallel to the force in aclibwe. failing teeth
totally snapped from its place and got separated from the parent piece. Tiee\Viaitu
similar to the brittle materials like ceramics and glassessimatterwhen the enough
loadis applied. Failure surface was the same plane with eachteahating layer The
odd numbetlayerswere brokerat oneplane and even numbdayerswere lyoken at
anoher plane and the difference between the brgianesis very negligible that the
failure surface cabe counteds one plane.

x 45-degreeorientation

Figure 14 Failure in gear tooth (45 degrees)
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