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PREFACE

Therehasbeena growingsignificanceplacedon disciplines
like engineeringandpuresciencesvhenit comego determininghe
mostefficient systempointsin engineeringstudies.The parameters
utilized in optimization studies serve as boundary values for
identifying the most efficient points. The implementationof these
boundaryvaluesrelieson fundamentaklementsuchasproduction
methods,heattreatmentsand energytechniquesOur publication
focuseson the latest researchin this field, including special
production and heat treatmenttechniques,as well as therotical,
numerical,experimentaland optimization.We firmly believethat
theseproductiontechniqueswill serveasa valuablereferencefor
both researchersand technical personnelinvolved in practical
applicationsWe extendour gratitudeto the authorsof the chapters
in this book, with the hopethatit will provebeneficialto both our
industryandresearclcenters.

Editor
Hasan KOTEN, Professor



Content

PREFACE ... ..ottt eneea e 3
Parametric Design and Static Analysis For Solar Energy Panel
Bracket Application...............ooovvviiiiiiicccreeeeeeee e 6

Géel | ¢ AKKAK et 6

An Overview of the Substantial Outputs of Forging Processes and
the Generation of Loads Affected by Forging Parameters in Glosed

DI 36
Ksmai |l G}l.RB..Z. e 36
Seyit Mur.at. . Al.t.unNa........... 36
Abdul meci t...GlL.LDAK e 36

Replacement of CrogSar Beam Steel Parts with a Carbonfibered

Composite Material in a Vehicle...........cccooovviviiiicccniieeeiis 92
Cem KOCKE R e 92
Teviik Can. . ¥ZG| R . 92
Gokay PKRLEPELK e, 92
GO k- e EKEN. e 92

Living Hinge Design on Automative Glovebox Mechanism.100
Gokay PKRLEPRPELK e, 100
Abdullah HELVACH.......coiiieeeee et 100
GO k-e EKEN. e 100
Cem KOKER. e eeee e, 100

Additive Manufacturing in Plastic Injection Moulding.......... 109
Mehmet ALTUI e 109
YUNUS ASLAN . ...t rmmmre e 109
YaKUP YILMAZ ...ttt m e e 109



Performancelmprovement of Vapor Compression Refrigeration

System Using Nanofluid............coooiniiiiiiccciii e 141
MELtiN YILMAZ .ottt 141
Canan CKMKKT. e 141
El i f . d T 141

-5--



CHAPTER |

Parametric Design and Static Analysis For Solar
Energy Panel Bracket Application

Gel I ¢ AKKAK

1. Introduction

Modern 3D CAD (Computer Aided Design) has many
positiveeffectson acceleratingproductdevelopmenprocesse€One
of theseeffectsis the efficient andrelatively easyreuseof existing
models.In addition,the ability to makechangego thesemodelsis
also very effective in acceleratingthe processes. In modern
engineeringapproachesand especially in product development
processegheability to applypreviousdesignsaandprocesse new
situationsis extremelyimportant(Camba,Contero,& Company,
2016; lyer, Jayanti,Lou, Kalyanaraman& Ramani,2005;Jackson
& Buxton,2007).Mostdesigninformationis storeddigitally in CAD
models.The preferencdor modetbasedengineeringapproachess

1 Asst. Prof. Dr., Kayseri University, Vocational School of Technical Sciences,

Department of Machine and Metal Technologies, Kayseri/Turkey, Orci00B00

78369746, gullu.akkas@kayseri.edu.tr
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becomingincreasinglywidespread At this stage,if CAD can be
reused, design can be reused. CAD models are central to
development processes.They are also widely used within
manufacturingorocesseamongprocessstakeholdersln addition,
theyarethemainsourceof datafor theprocesgCambeetal.,2016).

FeaturebasedparametricCAD is a commondesigntool in
most engineering fields. It creates models and assemblies.
Industrially, it is the industry standardtechnologyfor model and
assemblycreation.Non-geometrideaturescalledparameterpased
ongeometryarethecontrollersof aparametriaesign(Shah,1991).
Theseparameteraredefinedbasedon dimensionalgeometricand
algebraicconstraintsAs aresultof the properuseof CAD systems,
designsemanticsare addedto the model. Designsemanticsallows
thedesignetto easilyupdateexistingmodelsquickly andaccurately
by adjustingsomeparameter¢Cambaetal., 2016).

The parametricCAD systemsusedtoday are characterized
by a history-orientedapproachAccordingto this approachhowthe
modelwascreateds automaticallyrecorded At the sametime, it is
made available while the model is being created.History-based
parametric modeling systemskeep relational threedimensional
information of certain aspectsof the model. This information is
basedon a parent/childrelationship.All featuresin the modelare
linked hierarchically.Eachnoderepresent®ne feature.Eachlink
showsthe dependencpetweertwo featuresin this way a network
structureis created.This structureis often referredto asa design
tree,featuretreeor historytreein differentnotationsThedesigntree
hasanadaptivestructure Thanksto thisfeature CAD userggainthe
ability to easilymodelcomplexparts.The majoradvantagesf this
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gainareflexible designandreusability.Featuredependenciesust
be properly defined. This meansthat changesand innovationsin
parent nodes are automatically transferredto child nodes. This
meansthatthe CAD modelreactsto changesandinnovationsin a
predictableformat (Bodein,Rose,& Caillaud,2014; Cambaet al.,
2016). With all these advantages,however, there are still
parent/childdependenciebetweentraits. This form of couplingis
the sourceof manyregeneratiorproblemsin parametriomodelng.
The sizeandcomplexityof a parametricCAD modelis commonin
industrialdesign.Thiscomplexitycangrowrapidly andsignificantly
dependingon the application.Increasingthe numberof drawing
relationships and dependencies means increasing the
interconnectednessf the designtree. This is a major obstacleto
maintainability and model reuse.For a stable CAD design, the
dependenciedetween features must be correctly defined. An
unstableCAD model posesa challengeto designersThe designer
may have to rebuildthedesign(Branoff,2014;Cambeaetal., 2016).

Thefinite elementmethod(FEM) is a numericaltechnique
that subdividesa systeminto smaller, simpler componentsto
approximatehe solutionof aboundaryalueproblem.This method
is employedfor conductingstructuralanalysis.The processbegins
with definingthe geometryof the structure whichis dictatedby the
specific type of simulationanalysisto be conducted(Vardaan&
Kumar,2022).

Nowadaysyarioussoftwarehasbeendevelopedo perform
finite elementanalysis.Each of thesesoftwareare powerful new
toolsfor engineersThe developmenof the Internethasopenedhe
doorto moving CAD/CAE softwareto the cloud. As aresult,high-
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quality designtools havebecomeglobally available.This hasmade
CAD/CAE softwareindispensabldor engineering.Despitethese
developmentsthe human factor still plays a leadingrole in all
productdesignprocessesComputergoday are still only auxiliary
tools that help peopleto design.In this designmode, peopleuse
varioustools to designand analyzea product. Thesetools fulfill
differentdesignrequirementsirom the creationof geometricshapes
to the evaluationof structuralperformancegYingjun Wang, Xiao,
Xia, Li, Li, & Gao,2023).In fact, CAD and CAE moduleswere
originally separatsoftwarethatneededo beharmonizedvith each
other(Yingjun Wangetal., 2023).Basedon currentdevelopments,
today CAD softwarecanproducebasicsolutionsfor FEM analysis
by usingCAE plug-ins.

The currentway to createhigh quality productsis to apply
computeraidedintelligentstructuraloptimizationmethodgo design
processesStructuraloptimizationprocesseblavecertainconstraints
suchasstressand displacemen{Yingjun Wanget al., 2023). The
aim of the optimization processis to computationallyfind the
optimal material distribution for a designundertheseconstraints
(Huang& Xie, 2010;Le, Norato,Bruns,Ha, & Tortorelli, 2010).In
today'stechnologydesignersiolongerneedaweath of knowledge
and experience Becausewith the use of topology optimization,
designerscan obtain a high-performancedesignscheme(Yingjun
Wangetal., 2023).

The widespreaduse of solar panelsis becominga key
componentin promoting sustainabledevelopmentby providing
cleanandrenewableznergyfor socialdevelopmentThe maintask
of a bracketis to bearthe weight of the solarpanelandat the same
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time ensurethatthe panelsarefixed. If the bracketstructureis not
strong,it canhavea numberof bad consequencesn the caseof a
weaksolarpanel,the solarpanelmay deformor break.As a result
of thesedeformationsgenergyproductionefficiency decreaseand
equipmentdamagecanalsooccur.Therefore analyzingthe strength
of solarpanelbracketstructuress of greatimportancen improving
thereliability andsafetyof solarsystemgXu, Xie, & Li, 2023).

This study involves a parametricdesignand static analysis
basedon the exampleof a solarpanelbracket.The commandsised
to performparametriadesignareexplainedin detail. Also, detailed
informationis given on staticanalysisproceduresThe SolidWorks
CAD andCAE modulesvereusedfor thedesignrandanalysisstages.

2. Related Studies

In a 2002 study, a new airplane was developed that
encompassedll areasof aeronauticaéngineeringThefocusof the
designis on geometricmodeling. Innovative technologieswere
incorporatednto new configurationsand thereforeeachnew idea
wasmodeledn anunderstandableay. Feedbackrom theanalyzed
modelswas easily integratedinto subsequeniterative cycles.The
primary goalin aircraftdesignis to investigatethe configurationas
awhole. As aresult,thereshouldbe a singlegeometricmodelthat
Is frequentlyupdatedandaccessibléo eachdisciplinewith its own
tools. For this purpose,a parametricgeometricmodel has been
createdfor the variousdisciplinesin order to keep the effort of
developingthe necessarjnterfacedow. Theaircraftis dividedinto
logicalcomponentshatreflectthemodulesused.Thesecomponents
aresuccessivelylividedinto sulbassembliesintil the aircraft parts
aredefinedwith usefulparametersThis stepwasrepeatediownto
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therivetsto reachtherequiredlevel of detail. This procesgequires
alargeamountof effort, know-how andcomputingpowerdueto the
parameterizedinterconnections(Richter, Mechler, & Schmitt,
2002).

In anotherstudy,a simple solarpanelbracketwasdesigned
andinvestigatedo improvetheperformancef solarpanelbrackets.
Ansys Workbenchsoftware was usedto perform finite element
analysisonthebracket.Theresponsesurfacemethodwasappliedto
optimize the designof the bracketstructure.The modelsof the
bracketbeforeandafter optimizationwereanalyzedandcompared.
Theoptimizedbrackethasasectionheightof 32mm,asectionwidth
of 21.6 mm and a sectionthicknessof 2 mm. Comparedto the
original stent, the weight of the optimized stentwas reducedby
0.4365 kg and the weight loss rate was calculatedas 11.02%.
Furthermorethe maximumdisplacemenbf the optimizedbracket
wasreducedy 0.0531mm andthe maximumstressvasreducedoy
1.587MPa.Theseesultsshowthatthe solarpanelbrackeimproves
its overall performancewhile providing light weight (Xu et al.,
2023).

In their paper,Cambaet al. presentechn analysisof formal
CAD modeling strategiesand best practices of history-based
parametricdesign.ThesestrategiesareDelphihorizontalmodeling,
open reference modeling and flexible modeling. Among the
considerationsn the study is the rationaleto avoid unnecessary
featuredependencyl heorderandselectiorcriteriaof thesefeatures
were also examined.The effects of parent/childrelationshipson
model changeare also considered.They conducteda series of
experimentsusingindustrial CAD modelswith threedifferentlevels
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of complexity. They presenteda comparativeevaluationof the
strategiesn theseexperimentsBy analyzingthe internal structure
of the models,they comparedheir robustnesandflexibility when
the geometryis changedTheresultsshowedsignificantadvantages
of formalmodelingmethodologiedn particular flexible techniques
outperformedunstructuredapproacheslt was also shownthat in
manymodelingsituationghehorizontalstrategyleadsto unexpected
problems(Cambaetal., 2016).

g ¢
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Figure 1. 3D modelof the solar panelbracket
Source:Xuetal., 2023

A wide varietyof definitionshavebeenproposedor features
used in the CAD and computeraided manufacturing (CAM)
domainsTheyareinitially modeledaccordingo machiningfeatures
thatcanbeusedto integrateCAD andCAM packagegMa & Tong,
2003).After manyyearsof developmentn featurebaseddesignor
manufacturing,most of the implementedfeaturesare still CAD-
orientedandrelatedto machiningprocessege.g., holes,slots,and
pockets)or designgeometry(e.g.,draftingangle).Their definitions
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arebasedn predefinedparametridemplateghatlack theflexibility
for extension or reconfiguration as required by some design
processesuchas mold cooling channeldesign.Otto (Harald E.,
2001) [16] identified three groups of information consistency
breakdowngo be addressethy featuretechnology:static,dynamic,
andhybrid breakdownsEfforts havebeenmadeto overcomethese
problems through features such as CAD and CAE feature
information sharing(Deng, Britton, Lam, Tor, & Ma, 2002). For
example when analyzing plastic components with CAE
applicationswalls,ribs,andmidplanesaredefinedasfeaturesMore
recently theconcepbof featurehasbeenexpandedo encompasany
meaningfulgroupingschemarelatedto geometricentities.In fact,
featuredefinitionlargelydepend®ntheapplicationobjectives Otto
(HaraldE., 2001)describedherole of featuresasrelating (product
or part)geometryto anengineeringlisciplinein orderto represent
specificmeaning Featuremodelingrepresents specialapplication
of informationmodeling(Ma & Tong,2003).

Initially, efforts to define formal parametric design
methodologiefocusedonassemblynodeling.Somestrategiesvere
developedon the organizationof componentsin the assembly
context and the constraints and relationships that should be
establishedetweencomponentsThesestrategiesvere basedon a
top-down designapproach.For example,Aleixos et al. (Aleixos,
Companyg& Contero2004)proposetop-downassemblynodeling
methodologybasedon the integrationof semanticelementswith
CAD models.The work of Hui et al. (Hui, Dong, Guanghong&
Linxuan, 2007) usessemanticelementsto developan "assembly
semanticnodeling”theoryfor usein assemblysequencelanning.

More recently,softwaresystemsandalgorithms,suchasthe graph
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basedsystem proposedby Patalanoet al. (Patalano,Vitolo, &
Lanzotti, 2013), aim to assistusersand partially automatesome
aspectsinvolved in the design of constrairtbased mechanical
assembliegCambeetal., 2016). Themainobjectiveof the effective
application of parametricmodeling methodologyis to generate
designtreeswith a small numberof parent/childdependencies,
whichareeasyto understan@ndaccuratelyexpresshedesignintent
(Wangé& Nnaji, 2005).

This study provides a detailed explanation of how a
parametricdesign application can be implementedbasedon the
exampleof a solarenergypanelbracket.The studyalsoexplainsin
detail how to calculatethe resistanceof bracketsthat protectsolar
panelsagainstwind loadthrougha staticanalysisscenario.

3. Parametric Design Process for the Solar Panel Bracket

Parametriaesignis, in asensearatherlimited term; while
it refersto theuseof parameterso describeaform, it is really about
the useof relationshipsThe term canbe usedin a broadsenseto
encompassonceptdoundin the literatureunderheadingssuchas
relationalmodeling, variationaldesignor constraintbaseddesign.
Thesetopicswill be toucheduponto someextentin the following
paragraphsFrom a fundamentalpoint of view, it shouldalso be
notedthat the boundarybetweenparametricdesignand computer
aided designor modelingis not clear. In thesecases,forms are
createdby combiningbasicentitiesthatareaddedo the modelafter
a templatecontainingtheir basicparameterfiasbeenfilled in. For
example,a line becomegart of a model after two parametersits
lengthanddirection, havebeenspecified.A polygonis a seriesof
lines that meetat their vertices,andtheir position parametersieed
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to be specifiedwhenthey are created With a prismaticmesh,the
volumeis addedo themodelwith four parametersposition,length,
width andheight(Monedero2000).

For the parametric design of the bracket, the drawing
parametersf the fastenemwerefirst determinediusingconventional
methods.Then a parametricsection was obtainedby using line
commandsFollowing the parametricsectiondrawing, the design
treewould beginto be created.The aim hereis to movefrom line-
basedlesignprocesse® asolidmodelof thefastenerThisiswhere
thesolidmodelingcommandsn SolidWorksfeaturesomeinto play
(createsolidsby extrusion createsolidsby rotating,createsolidsby
sweepingaswell asdetailcommandsuchasfillet andchamfer)In
thelaststagethefinal solid modelis obtainedwith 3D associations.
Figure?2 presents systematioverviewof modelingoperationsand
sub-operationgAranburu,CambaJustel,& Contero,2023).

The bracketsare panel fixing elementsthat protect solar
panels againstthe wind force during use. They are capableof
functionally resistingthe wind force, therebypreventingthe panels
from being displacedby the wind. The bracketsconsistof four
elementsThefirst oneis theupperbracketelementThis elemenis
designatedas bracketelementl in Table 1. The other oneis the
lower bracketelement.It is namedbracketelement2 in Table 3.
Thesetwo elementsare specially designedto protectagainstthe
wind force.Oneof theothertwo elementss theAllen headbolt, one
of the standardizedastenersThe lastelementof the bracketis the
springelementwhich supportghe bracketto remainin anelevated
position,facilitating assemblyThis lastdesignunit is alsomodeled
usingthe Helix commandtakinginto accounthe springstandards.

-15-



Table 1 and Table 2 show all the commandsusedin the
bracketparametriadesignprocessandthevisualstageseachedfter
thesecommandsThe purposeof this partis to ensurethatthe solar
panelscan remainstableagainstthe moving forces causedby the
wind.

3D

Lines T
Association

Design Treg

—  SketchRelations

)
Support
(Initial plane)

~——

)
Individual command
elements needed fo
part drawing (point,
line, circle, etc.)
—

)

— (Linear array,

~——

)

Linebased design
processes

——
)

Common operations
(ribs, holes, etc.)

~—

)
Group operations

mirroring, etc.)
——

)

Regional operations
(fillet, chamfer, etc.)

~—

Final 3D Solid Model

Figure 2: Modelingoperationsand sub-operations

Source:Aranburuetal., 2023
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Tablel: Linear designstagesof the 15t part of the bracket

Numbering of the| Command Visual Developments
Design Stages of Used
Bracket Element 1

1 Selecting the

initial plane
(Feature
Manager

Front plane)

2 SketchLine

3 SketchSmart
dimension 3.50

3,50

3.50

4 Sketch
3point are
Circle-Smart
dimension

5 Sketch
Mirror

Source:Created by the author.
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Table2: SolidModelDesignStagef the 15t Part for the Bracket

Numbering of the | Command Visual Developments
Design Stages of Used
Bracket Element 1
1 Features
Extruded
Boss/Base
2 Plane {
selection ')
3 View : —
Orientation
Normal To
4 Sketch
Center line
Circle-Smart
dimension

18-




5 Features
Extruded Cut )

Source: Created by the author.

Parametrienodelingallowsfor thereuseof existingproducts
and rapid modification of the design basedon the results of
engineeringanalysis.In a featurebasedmodelingsystemthelevel
of detailis importantfor featureclassesDecisionsneedto be made
aboutthelevelsof detailacrosswvhichtheywill bemanipulatedThe
differentlevelsof detailincludeform featuresfunctionalfeatures,
andmanufacturingeaturegMyung & Han,2001).

61,40

Figure 3: Sectionparametersof bracketelementl

Source:Createdby theauthor.
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Table3 showsthedesignprocessesf thepartthatallowsthe
panelbracketto befixed to the panelcarriersection.

Table3: Drawing andsolid modelingof the secondpart for the
bracket

Numbering of the| Command Visual Developments
Design Stages of, Used
Bracket Element 2
1 Sketch
Line-
Offset
Entities

2 Features
Extruded
Boss/Base

Features
Hole
wizard
Advanced
hole

Source: Created by the author.

As seenin Table 1, Table 2, and Table 3, two different
assemblyelementsveredesignedor thesolarpanelbracketdesign.
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After this stage,thesetwo separatedesign units are saved as
SLDPRT. Following the saving process,the assemblyscreenis
opened.The first part to be fixed is called by using the add
componentommandn theassemblyscreen.

In this study,bracketelementl is calledasthe partdesired
to befixed ontheassemblyscreenimmediatelyafterwardspracket
element is broughtto theassemblyscreenAt this point, coaxiality
is definedbetweerthe upperbracketelementandthelower bracket
elementby referencingthe holeson them. After the definition of
coaxiality,anAllen headbolt thatcanwork with thetwo designunits
is retrievedfrom the designlibrary, ensuringthe assemblyof these
two parts.Table4 showsthe assemblyprocessesf the designunits
in stages.

Table4: Assemblyrocessstagesf the designunits
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1. A new design page is opened on the SolidWorks screen.
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2. The assembly interface begins to be used on the screen
(Assembly).
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3. The bracket elements 1 and 2 are retrieved onto the ass

screen (Begin Assembly).
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4. The unassociated state of the bracket design units appe|
the assembly page .
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5. Assembly association takes place. At this sfage, coaxial
the holes and parallelism between the two surfaces on the
side are defined as assembly relationships (Matecentric).
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6. The Allen head bolt is retrieved from the toolbox désign lib
to connect the design units (Design LibraigyolboxANSI
Metric-Bolts and Screws).
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7. The assembled spring design unit appears.
Source: Created by the author.

4. Static Analysis Process for the Solar Panel Bracket

Solar panelbrackets,when systematicallyevaluated solve
the most critical problem especially for rooftop solar panel
applications.In practice,panelsexposedo the wind force canbe
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said to demonstratesafe resistanceto wind impact when four
bracketsareusedperpanel,dependingpntheapplication.

In this bookchaptera scenarichasbeenplannedor rooftop
panelconnectionunderthe influence of wind force. According to
this scenariofour bracketsare usedfor eachpanel. The panelsare
securedvith thesebracketsatfour points.Underthis condition,each
bracketbearsan averagdoad of 125 kg whenthereis an average
distributedwind load of 500 kg. Within this scenariothe strength
value of the bracketdesignunit whenproducedirom AA 6063T6
aluminumextrusionmaterialwasinvestigatedThe analysispart of
the SolidWorkssoftwarewasusedfor this investigation.

Table5 explains stepby step,the FEM analysisprocesgor
determiningthe solarpanelbracketstrengthvalues.

Table5: Bracketanalysisstages

1. The simulatiomew study command is selected, and the sc
above is opened. Here, the static analysis is selected, ar
analysis is named (Simulatidvew StudyStaticl).
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3. The required material can be assigned via the Apply Mai
command (Apply/Edit Material).
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4. Materials are assigned to the bracket design units (Mat|
6063 T6).
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5. The connectlon associations between the local interactio
design units are defined (Connectidrscal Interactions).
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6. F&'é%ﬁwig defined at the points where bracket 2 makes cg
with the panel profiles (Fixtures)
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7. With the selection of the external loads section, the amoy
load to fall on the design unit affects the simulation sett
(External Loads).
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8. A distributed wind load of 150 kg is applied to the top sur
of the upper bracket (Foréeorque).
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9. Mesh assignment is performed with the create mesh o
(MeshCreate Mesh).
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11. Informatlon about the strength of the bracket is obtained
on the analysis results. According to the Von Misses values,
be said that the design unit will operate safely under the cr
analysis scenario (Results).
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12. The displacement values are also acceptable. The parfs q
red are the areas with the highest displacement (Re
VonMises).

Source: Created by the author.

5. Conclusion

Int o d deghdxadogy utilizing solarenergyhasbecomean
indispensable part of a sustainable life and a responsible
manufacturingorocessn everyaspectFor this reasongverydetail,
from panelproductionto the productionof assemblyelementsand
eventheon-siteapplicationf solarpanelsjs opento development
andthusneedgo bethoroughlyresearchedihile elaboratingsuch
researchand design processesjt is necessaryto make use of
technologicabevelopmentaindbasicprinciples.Parametriaesign
with CAD programsis one of the greatestopportunities that
technologyoffers in the processof creatingand optimizing new
products. This chapter has focused on how parametric design
processescan be operatedon brackets,which are solar panel
fastenersCAD modelswerecreatedfor bracketdesignunits using
reverseengineeringtechniquesand then they were assembledo

bringtheminto theirreallife workingform. Theprogressiomf solid
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modelingprocessebasbeenexplainedn detail. Basedon thewind
force scenariocreatedafter the assemblyprocess,the strength
analysisof the designunit was performedin the caseof using AA
6063 T6 material. The SolidWorks programwas preferredfor the
designand analysisprocessesBasedon the analysisresults,the
studyconcludeghatthesolarpanelbracketswill beableto function
safelyundera possiblewind force of 150kg for the currentdesign.
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CHAPTER Il

An Overview of the Substantial Outputs of Forging
Processes and th&eneration of Loads Affected by
Forging Parameters in CloseeDie

Ksmail &
Seyit Murat
Abdul meci t* G!

1. Introduction

The Metal Forming term is defined by a group of
manufacturingmethodsthat transform a formless material or a
material with simple geometry into a beneficial part without
changingmassor composition.Metal parts manufacturings split
into five generalareasin a simplified way; (1) primary forming
(Casting Melt Extrusion,Die Casting,andMetal PowderPressing),
(2) Metal forming processegqRolling, Extrusion, Cold and Hot
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Forging, Bending), (3) Chip removal forming (Cutting, Turning,
Milling andBroaching),(4) Heattreatmeni{AnodizingandSurface
Hardening),(5) Joining processegWelding, Soldering, Riveting,
Shrinking,MechanicalAssembly).

Forging,(Dieter,1986Wwhichis consideredneof theoldest
metalworking arts, is one of the most important manufacturing
processesn which a metal partin its simpleinitial form, suchas
rods,sheetsbillets, and/oringots, is formedinto the desiredshape
by plastic deformation.It is also suitable for the production of
individualsamplepartsaswell asfor masgproduction Forgingplays
a significantrole in the metal forming industry as it reducesthe
required machining processesand allows complex parts to be
producedwith the desiredgrain flow in forged parts.Becausethe
ideal grainflow in the final productshasbeenprovided,they show
better mechanical and metallurgical characteristicsthan parts
manufacturedy castingand machiningprocesse¢Groover,2010)
(Chen,et al., 2017) (Jo, Jeong,Lee, Moon, & Hwang, 2021) In
additionto that, beneficialgrainflow procuresalongerfatiguelife
than parts manufacturedoy castingand machining(Chen, et al.,
2017) Thegrainflow thatoccursin partsmanufacturedby different
manufacturingorocessess shownsymbolicallyin Figurel.

LN ‘
Casting Machining Forging
No grain orientation Grain orientation Grain orientation

Figure 1. Thegrain orientationin differentmanufacturing
methods.
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2. Forging
Forging classification

Fundamentallyforging consistof agroupof manufacturing
processeswith deformation stages. The other stagesare the
separatiorandassemblyprocesseg-orgingprocesseareclassified
by machinetype, workpiecetype, forming temperatureanddie set

type.
Machine type

Theforging processs classifiedby machineypeinto 3 main
groups(pressforging, hammerforging, andforming on the forging
roller). Theequipmenusedn forging (presseandhammersaffects
the forging processas they impressstrain rate and temperature
conditions.Thus,they determinghe manufacturingate.

The demand=f a specific forging techniqueneedto align
with the featuresof a specific forging device, including its load
capacity,energy,time requirementsand precision.T. Altan et al.
explainedin detail the working principles and characteristicsof
traditionalandspecialmachineypesusedin forging (Altan, Ngaile,
& Shen,Cold and Hot Forgings: Fundamentalsand Applications,
2005)

Material type

The metals usedin forging can be divided into ferrous
(carbonsteels,alloy steels,and stainlesssteels)and nonferrous
metals (aluminum, magnesiumand titanium alloys) accordingto
their type. In the forging industry, ferroussteelsare generallyused
extensively However,with the increasan demandor forgednon
ferrous metal products,especiallyin aviation and automotive the
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useof nonferrousmetal productsin forging is increasingrapidly.
Themainreasondor thisincreasan demandarethelightnessjong
life, durability, and environmentalfriendlinessof the forged non
ferrousfinal product(Cavaliere 2004)

Forming temperature

Thetemperaturdevel andhow it spreadsiredeterminedoy
the initial temperature®f the material and the dies, the friction-
generatedheat,andtheheatexchangamongthedeformedmaterial,
dies,andthesurroundingsilt's notedthat90-95%of theenergyused
in forming processess convertedinto heat(Atlan, Oh, & Gegel,
1983) Forging processesare divided into 3 groups baseson
temperatureCold forging, Hot Forging,andWarm Forging(Lange
K. ). General temperaturevalues for three different forging
operationsareillustratedin Figure?2.

Cold Forging Hot Forging

N

Most Steel

Usually Cylindrical
or

Q

Axially
Symmetrical
Shape
A- I -
¢ 20 650 950 10
Temperature [°C]

Figure 2: Formingtemperaturganges
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Cold forging

Initially, the workpiecetemperatures roomtemperaturen
cold forging. The forging processin the designof the cold forging
manufacturingprocessmay be considereda complexsystemthat
contains a workpiece that is affected by tribological and
environmentatonditionsandimplicit interactiondbetweertool and
press.K.Langeindicatesthat the centerof the systemis the good
surfaceconditionsof aworkpiecewith asimpleinitial shapeandthe
forging operationwhich enableghe final productwith a complex
shapeandcorrectdimensiongLangeK. , 1992) The advantagesf
cold forging comparedto rival manufacturingprocessesre high
materialutilization,improvedmaterialpropertiesandanunaffected
grainflow. Theotheradvantagearealsoaccuracyandhigh surface
quality of manufacturedcompounds(Tekkaya & Hering, 2019)
(Ishinaga,1997) (Yanagimoto,Sugiyama,Yanagida,lwamura, &
Ishizuka,2009) Oneof themostimportantfactorsin providingthese
advantagess the dislocationsformed by high flow stressin the
forgedpart.However this highflow stressequiresa high operation
load, and only a limited numberof patternsmay be manufactured
(Jo,jeong,Lee,Moon, & Hwang,2021)

Hot forging

Hot forging is carried out in a range of higher than
recrystallizationtemperaturesf the materialto decreasélow stress
andincreasevorkpieceformability. After forming, whichis carried
out at higherthanreforming temperaturesyorkpiecesdo not take
placea permanenstrainhardening(LangeK. ). Heattreatments
necessaryfor the workpiece to obtain the appropriatestrength
(Wernicke, et al., 2021) Evenin this situation, high mechanical

--40--



loads come into existenceduring forming. High-forming load

estimationis not possiblebecausef ThermoElasticPlasticeffects
and complexinteractionsbetweenthe tool and workpiecesystem
(Behrens & Odening, 2009) (Maier, et al., 2019) Failure
mechanismdor hot forging processesnay be statedas corrosion,
surface crack extension, plastic strain deposition, mechanical
thermalfatigue,andthermalshocks.Despitethe formability in hot

forging being betterthan other forging processesgie corrosionis

fasterdueto highertemperaturesind compoundpressureFastdie

corrosionnegativelyaffectsthe die life, causingrising costsand
decreasingnanufacturingspeed For this reason estimationof the

die corrosionis critical for die life estimation(Davoudi, Nejad,
Koloor, & Petru,2021) Elasticspringbackcausedy hightherme

mechanicaktresse®ccursafterforging, leadingto deviationsfrom

theactualgeometryto undesirablgeometryandshrinkagebehavior
(Behrensgtal., 2020)

Warm forging

During warm forging, the workpiecetemperaturds above
room temperatureand underthe recrystallizationtemperatureThe
processmay be acceptedas a precise forming application that
enables high-quality component manufacturing (Forcellese &
Gabirielli, 2000) Intermediatetemperaturdorging of high carbon
and alloy steelsis favored over cold forging due to its benefits,
including reduced flow stress, enhancedductility, minimized
workpiece hardening, and improved toughnessof the forged
componentgFujikava,Yoshioka,& Shimamural992)(Hirscvogel
& Dommelen1992)(S.Sheljaskovl994) Comparedo hotforging,
warmforging providesbettermaterialutilization, improvedsurface

quality, and high dimensional accuracy (Shivpuri, Babu, Kini,
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Pauskar& Deshpandel994) In this contextthetechniquemerges
the accuracyof cold forging with the low yield stressand high
formability characteristicof hot forging (Xinbo, Hongsheng,&
Zhiliang, 2003) However,warmforging is moreinconvenienthan
both traditional methodsin terms of working conditions and
environmental compatibility (Sheljaskov, 1994) In addition,
die/tool corrosionis significantin warmforging. If the shapeof the
productdesiredo beobtainedattheendof theoperations complex,
the physical processthat indicates the operation (metal flow,
materialcharacterizationand productqualification)is complicated
and may not be analyzedsystematically(Shivpuri, Babu, Kini,
Pauskar,& Deshpandel1994) Like in any of the three forging
methods,understandinghe metal'sflow stressat warm forging
temperaturess crucialfor planningthe processdesigningthe dies,
selectingdie materials anddeterminingpresscapacity.

Die set type

Forging operationsare generallynon-stationaryoperations
that occur consequenindirect pressureunder threedimensional
stress and deformation conditions. There are several forging
methodgflash/flashlessloseddieforging,opendieforging,electric
forging,forward/backwarextrusion radialforging, etc.)usedn the
industrydependingnthetypeof die set,forging canbecategorized
into two primary groups:opendie forging andcloseddie forging.

Open die forging
In the most general definition, in the open die forging
method,simpletools are usedthat have no concernwith the final

workpieceshape.Opendie forging is a forming operationof hot
metalwith a hammeraid on a flat or simply contouredsurface.The
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crosssectionof the hot workpieceis reducedby compressingt
betweertheupperdie or hammerconnectedo aramandalowerdie
connectedto the pressbed, and the length of the workpieceis
increasedby repeatedand alternatingforging. To minimize the
numberof machiningrequiredo obtaincylindrical steelcomponents
madein small quantitiesfrom large massessuchasturbinerotors,
shafts,or rolling rolls, workpiecedeformationis carriedout in an
opendie forging pressto achieve approximatefinal geometry.
(Choi, Chun,Tyne, & Moon, 2006) Opendie forging is frequently
conductedotonly to shapeheworkpieceinto its desiredinal form
but also to enhanceits mechanicalpropertiesby achieving a
uniformly distributed fine grain size throughoutthe workpiece.
(Wolfgarten,Rudolph,& Hirt, 2020) The tool sizesare relatively
small in comparisonto the overall dimensionsof the forged
workpieces.Becauseonly a portion of the workpiece undergoes
deformationat any given momentduring forging, the necessary
forging loads are lower than those neededto deform the entire
workpiece.The primary purposeof this type of incrementaforging
processis to progressivelycompressor layer the materialuntil it
attainsthe ultimate desiredshape.However, it is complicatedto
calculatethe materialflows in both the axial andlateraldirections
aftereachforming stepof theworkpiece.For this reasonto achieve
the appropriatedimensionalaccuracyin the workpiece,geometric
changesin the workpiece must be constantly observed and
monitoredby the operatorwho will performthe forming process,
taking into accountthe flow behaviorof the material (Aksakal,
Osman& Bramley,2008)(Aksakal,Osman,& Bramley,1997) It
is awell-knownfactthatmetalflow is affectedby friction in forging
processesMetal flow is significantly affectedby friction dueto
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usinglubricantsis difficult becausef hightemperatures opendie

forging. Therefore,the effect of friction in opendie forging has
attractedheattentionof manyresearcherdk. LakshmipathyandR.

In their study, Sagarattemptedo preventthe deteriorationof the

lubrication betweenthe die and the workpiece by changingthe

surfacetopographyof the die forging with a betterperformance
open die (Lakshmipathy& Sagar,1992) E. Ghassemaliet al.

investigated the impact of lubricants with varying friction

coefficients on material performanceduring the open die micro

forging procedurdGhassemaliTan,Wah,Lim, & Jarfors,2014)

The quality of opendie forging relies on various control
factorssuchasdie width, die configuration die overlap,die staging,
ingot shapetemperaturgradient,draft design,transitionprogram,
andmore.

Closed die forging

In closeddie forging, tools that are closely relatedto the
desiredend productshapeare used.Closeddie forging is divided
into two (with flash/flashless)n itself. Closeddie forging systems
with flashandflashlessareshownin Figure3 in simplified form.

Forging with Flash Flashless Forging

\\\\\“

Punch

Figure 3: Simplifiedrepresentatiorof flashandflashlesscloseddie
forging
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Thequality of the partforgedwith the closeddie depend®n
many parameters(processdesign, forging load, pre-die design,
materialflow stressfriction, equipmentetc.)(Shamasunda2003)

Closed die forging with flash

Closeddie typeforging with flashis the forming procesof
a simpleshapedusuallyroundor squarebar) hot metalpartin the
form of abillet by plasticdeformationin adie, usuallyconsistingof
two parts. During forming, waste material flows into the gutters
outsidethe forging boundaryof the die separatioriine. The flash
geometryshouldfill thegutterswhenthetwo diescomeinto contact
in the separatiorplane(Biswas& Rao,1985) Theflashgutteracts
asadrainvalvefor theexcespressurg¢hatarisesn closeddies.This
gutteralsoactsasa braketo slowdowntheoutflow of metalto allow
it to befilled in the desiredconfiguration(ASM HandBook,1988)
Closedforgingdiescanbemadewith oneor moreguttersdepending
on the shapeanddimensionf the workpiecedo beforged.These
guttersmay be divided into severaltypesaccordingto their roles
(forging finishing, pre-forging, cutting, etc.), and the workpiece
shape®btainedwith eachgutterrepresentheforging stagegLuca,
2017)

As in otherforging processesit is importantto know and
controlthe flow behaviorof the materialin forging processesvith
flashto effectivelyfill thedie gutter,surfacequality, optimumload,
anddie wearandto avoiddefectscausedy materialflow. In closed
die forging with flash, the material flow mainly dependson 5
parameter§geometryof the flash gutter, initial and intermediate
billet geometryflash percentageheattransferbetweerthetool and
thebillet) (Atlan, Oh, & Gegel,1983)
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Since materialwasteis one of the most crucial properties
affectingthe costof forging, the correctcalculationof flashgutteris
critical in reducingthe costof forging (Sleeckx& Kruth, 1992) In
forging with flash, flash guttersmay be expressedn three basic
geometries(parallel, wedged,and V-notch). G. Samolyk and Z.
Peter,in their work, analyzedhe effect of geometricparametersf
the V-notched flash gutter on the forging process.They also
conductedcalculationsaiming to ascertainthe mostadvantageous
measurementsf thegutterbasedntheforgingloadandthedegree
of die gutterfilling with metal.(Samolyk& Pater2005) F.FSanee
and A.H. Hosseiniinvestigatedthe impact of flash allowanceand
billet sizeson bothforging load andmaterialflow for two standard
roundcomponentsOnecomponentada vertical axis of symmetry
(alignedwith the ram direction of motion), while the otherhad a
horizontalaxis of symmetry (F-Saniee% Hosseini,2006)

In closeddie hot forging, the quality of the finished partis
widely determinedy the designof thepre-die andthe quality of the
pre-shapeThepurposeof thepre-die designis to achieveanoptimal
die shape,which allows the die gutterto be filled with effective
forging force. (Dehghani & Jaferi, 2010) Furthermore, the
correlationbetweenthe pre-forming volume and the final forging
volumesignificantlyinfluenceshequality of theendproduct.When
the pre-die geometryis intricate, the volumedistributionwithin the
pre-die becomegrucialto guarante@adequatenetalflow duringthe
final forging processThus,achievingprecisionforging necessitates
theuseof anaccuratgre-die. (ASM HandBook,1988)
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Flashless closed die forging

This forming operationhasthe advantagef lower material
consumptiorandminimal machiningtolerancedueto theabsencef
flashin thefinal product.Thepurposeof thisforming operations to
produceparts that are net shapeor at leastnear net shape.This
manufacturingnethodcan be describedas closetoleranceforging
(ASM HandBook,1988) In the flashlesscloseddie forging type, it
is executedby permanentlydeforminga metalpartin the form of a
billet atroomtemperatur®r belowtherecrystallizatiortemperature
of the materialwith the help of a punchin a volumecontrolled
mannerandfilling it into the die gutter.In this forging processthe
punchanddie canconsistof oneor morepartsandno materialloss
occurs.Flashlesdorgedpartshavean improvedstrengthdueto an
uninterruptedgrainflow (Stonis,R ¢, t & é&ehrens2015)

Closeddie cold forging is an extremelychallengingmetal
forming applicationcomparedo otherforging methodsdueto the
high forming loadscausedy the high flow stressof billet material.
High die stresseslueto high forming loads(surfacepressuraup to
3000 MPa (Geiger, Arbak, & Engel,2008) (Ku & Kang, 2014)
causewearon the applicationtools andreducetheir servicelife. In
addition, the successof cold forging processesdependson the
propertiesof the tool material(high wearresistancehigh strength,
and high toughnesskand its design.In addition, high operational
loadscauseelasticdeformationsof the operatingsystemsaffecting
the quality of thefinal product.

Forging defects

When improper forming conditions are used in forging
operations,forging defectsoften occur in the workpiece due to
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complex deformation and complicatedmaterial flow. The most
common forging defects are inadequatefilling, cracks, surface
defects, buckling, flowline protrusions,and swirls (Arentoft &

Wanheim, 1997) These are widely known defectsin forging
operationsandit is significantto eliminatethemto improveproduct,
processlesign.andforming quality.

Buckling defect

In die forging processesyuckling (folding) defectis one of
themostcommonplasticflow defectsFigure4 showsthe buckling
defectthat occursin an axisymmetricpart manufacturedisingthe
coldforging method.

Figure 4: Thebucklingdefectin an axisymmetrigart
manufacturedvith the cold forging method (W.L.Chan,2009)

Flow-inducedbucklingdefectpredictionis crucialin product
anddesignandhasattractedhe attentionof manyresearchers?.F.
In their work, Gaoet al. havedeveloped versatileapproacho the
predictionof buckling defectsthatis substantiafor workpieceand
forming designand improvesthe forming quality during the die-
forging process(Gao, et al., 2019) W.L.Chan et al. proposeda
dynamic changein tool geometryto control the buckling defect
(Chan,Fu, Lu, & Chan,2009) R. Balendraet al., in their studies,
identifiedflow-relateddefectan themainconfigurationsf injection

forging with experimentgo improvethe efficiency of theinjection
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forging designof tubularmaterials Theyfoundthatforging defects
suchas plastic deformationinstability of the workpiece,buckling,
and improper axial/radial flow rate are due to different flow

mechanismf the materials.They also developeda pre-shaping
procedureto preventbucklingsfrom developing(Balendra& Qin,

2000)

Metal flow lines

The formationof metalflow linesamongforging defectsis
due to the quality of the surfacesthe toolsetand the workpiece
contactwith, the coefficient of friction, and the die geometry.In
mechanicapartsmanufacturedy hot forging, wherehigh strength
andstructurakeliability areexpectedM. K. Razalietal. emphasized
the importanceof friction effectsin closeddie hot forging and
carriedout experimentalndfinite elementmethodstudieson the
shapingof S45Csteelwith threestagehot forging. Theyconcluded
that metalflow lines aregreatlyaffectedby friction conditionsand
that friction optimizationimprovesmetalflow lines (Razali, Kim,
Irani, Kim, & Joun,2021)

Side surface crack

In forging processegshe flow directionandarrangemenof
thematerialplay animportantrolein partquality.Y. H. Moonetal.,
in their studies,becausethe flow patternof the material during
forging may causea side surfacecrack/error,developedvelocity
fields and powertermswith upperboundanalysisfor doubleram
axisymmetricforging. In the first of their two-part articles, they
presenthe termsvelocity domainsandindividual powers,derived
basedon flow patterns.In their secondarticle, they presentthe
criteria they havedeterminedor side surfacedefectsbasedon the

--49--



upperbond solution (Moon, Van Tyne, & Gordon,2000) (Moon,
Van Tyne, & Gordon,2000) A.B.Abdullah et al. examinedthe
effect of the conicity angle and distanceto the edge on defect
formation basedon the flow model and stressdistribution of the
material whichwill affectthequalityandaccuracyof thepin-shaped
by cold embossingwith 2D simulationg/Abdullah,SapuanSamad,
T.Khaleed& Aziz, 2013)

Inadequate filling

Completéfilling of the forging die is significantfor forging
operationsFigure5 showstheinadequatdilling errorthatoccurred
in theleverarm.

Figure 5: Leverarminadequatdilling error (M. Hawryluketal.
2015)

The air gapsformedbetweerthe toolsetandthe workpiece
are one of the substantiaparameterghat causethe die cannotbe
filled. Otherimportantparametersn this defectformationmay be
shownasinaccuratepre-die designandincorrectmaterialflow. M.
Hawryluk et al. worked on the modeling of inadequatéfillings
(causedby air pocketsbetweenthe workpieceandthe tool) by the
finite elementmethod,which is seenasoneof the major problems
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in the closeddie forging processin their study, they observedhe
incorrectflow of materialwith the lever arm forging simulation.
They alsosawthatthe pre-die positionhada significantimpacton
the properfilling of the die, andthe correctdie position helpedto
removedefectsin the workpiecesignificantly with the lever arm
forging simulation.In addition,in theleverarmforging simulation,
theyidentifiedthe incorrectflow of the materialasthe causeof the
forging defect(Hawryluk & Jakubik,2015) A. Kocandaet al. how
the positioningof the die gapaffectsmetalflow andthedistribution
of lateral forceswithin the die during the hot forging of aircraft
engineturbine blades,utilizing simulation software basedon the
finite volumemethod.Theyalsopointedto the effectof thetorsional
momenton the die offset brought about by theselateral forces
(Kocanda,Czyzewski,& Mehdi, 2009) Y.Can et al. performed
experimentalinvestigationson conventionalclosed die forging,
examininghow the aspectratios and indentationof the workpiece
influence both forging load and die filling. They concludedthat
increasedndentationandaspectratio helpedwith betterdie filling

overall. They also observedthat they affect billet and punch
diametersand punchratios forging loads and die fill rates(Can,
Altinbalik, & Akata,2004) H. Ssemakulat al. havedevelopedan
alternativemethodof manufacturindarge copperbarrellids with a
much lower forging force for a forging companyspecializingin

forging heavy parts. The main focus of their work is on the
distributionof forming parametersuchasload requirementfilling

of the die gutter, and effective strain within the workpiece at
differentforming stagesandtemperaturegSsemakulaStahlberg&

¥ b e R0OG6)
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Microstructure

It is knownthatthe materialto be shapedusingthe forging
method undergoes significant changes from the operation
parametergtemperaturestrain,andstrainrate).M. O. Alniak etal.
noted alterations in the microstructure resulting from plastic
deformationn hotisostaticallypressedqHIPed)P/M Rene95 under
isothermal conditions. Their research revealed that the
microstructuretransitionsinto a consistentcoaxial fine-grained
micro-duplex structure,at which point the flow forces become
uniform. At this point, the ongoingdeformationdoesnot produce
any further changesn grainsizeor flow strength.In this constant
deformationstate,the micro-duplex grain size and flow strength
remainunaffectedoy theinitial microstructurébutareinfluencedby
the strain rate at a specific temperature.When the strain rate
decreasesnd/orthe temperaturaises, the steadystategrain size
increaseswhile the stable flow power decreasesTheir study
demonstratethatthe microstructureundergoesignificantchanges
during forging, andthe grain size of bothinitially fine-grainedand
coarsegrained compactsis influencedby the applied strain rate,
forging temperatureand strain. (Alniak & Bedir, 2006) Figure 6
showshow the materialmicrostructureis affectedby temperature
andstrainrate.

-52--



Deformed to a strain of 1.2 at

-

1050°C

Undeformed(soaked)

Figure 6: Themicrostructuralevolutionof the materialis affected
by temperatureandstrain rate during theforging operation(M. O.
Alniak etal. 2006)

In this context,manystudieshavebeencarriedout aimedat
how the structural evolution of the material takes place and
controlling it in forging operationsH-G. Yan et al. examinedthe
microstructureandmechanicatharacteristicef the ZK21 alloy by
conductinga multi-stageforging processat variousstrain ratesin
theirresearch(Yan,etal.,2012) W. Weronskietal. analyzedyrain
growth by finite elementmethod,which leadsto a decreasen the
mechanicapropertiesof partsshapedy forging aluminumalloys.
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The overlapof theoreticalstudieswith industrypracticehasshown
that it is possible to predict structural defectsin the forging
operations of aluminum alloys by the finite element method
(Weronski,Gontarz & Pater, 1999) M. J. Tanetal. investigatedhe
interactiveeffectof grainsizeandsamplesizeson materialflow and
microstructural evolution in a staged opendie micro-forming
procesgTan,Ghassemaliyvah,Jarfors,& Lim, 2013)

T. Henkeet al. proposea strategythat allows incorporating
microstructureevolution uncertaintiesn material behaviorinto a
microstructuramodelin their paper.Theyappliedthis modelto the
hotforging processlesign.Theyshowedhe probabilitydistribution
of thegrainsizevalueis asymmetricabndpredictsthe formationof
grain sizeswith a granddeviationfrom the mostlikely grain size
(Henke,Bambachg& Hirt, 2013) G. Banaszelet al. studiedstress
densityheterogeneitymaterialflow discontinuity,andelimination
of metallurgical defects in free hot forging operations. They
observedthat the shapesand geometriesof the tools contribute
positivelyto thereductionof metallurgicaldefectsontheworkpiece
by obtaininga uniform deformationcharacteiin the early stagesof
forging. They also found they are favorable for improving the
homogeneityof stressconcentration®ver a forging crosssection.
Besides, they observed significant controllability of the flow
kinematics of the material with appropriate tool shape and
appropriatdorgingtechnologicaparameter§Banaszel& Stefanik,
2006)

W.Li etal. observedheviscoplastidoehaviorof the AA7050
grade material as well as the temperaturalependentflow stress
behaviorof the materialundervarious deformationconditionsby
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applying a seriesof compressiorntestswith a physical simulator
(Gleeble3800). Additionally, they employedelectronscattering
diffractiontechnologyto investigatehegrainorientationmapof the
material and to examine potential dynamic recrystallizationand
grain size distribution during deformation.Their researchaims to
determinethe optimal parametergor hot forging by analyzingthe
evolutionof grainsizeduringthe processandto offer guidancefor
the industrialmanufacturingprocessof AA7050. (Li, etal., 2018)
A.K. Padap et al. aimed to understandthe microstructural
Improvemenmechanismshatoccurin the multiaxial warmforging
stageof AISI 1016steelin their study.In their paper,they utilized
optical microscopyand electronbackscatterediiffraction findings
to examinethe predominanitmechanismst different stressstages.
They conductedan extensive investigation into the structural
changesoccurringin both ferrite and perlite components.(Padap,
ChaudhariPancholi& Nath,2010)

Die fatigue

As in all manufacturingprocessesit is substantiako have
sustainability, energy, and waste saving, therefore reducing
environmental pollution in the forging method. Forging dies
significantlyaffectthequality andcostof theforgingsproducedand
thus production sustainability as they exhibit an unstable and
relativelyshortlifespan.In forging processeshedie costmaycover
15%to 35%o0f thetotalcost.M. B a y r a mtaljtHinkthata15%
reductionin thetotal costof theforging processnay be achievedf
the die life is increasedby 100% ( B a y r a Rotaf, & Geren,
2008) For this reason studiesto increasethe durability of forging
diesarethefocusof attentionof manyresearchersVhile the main

factorsof die fatiguein hot forging are consideredo be abrasive
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wearandplasticdeformation oneof the main causeof die fatigue
in cold forging can be consideredas fatigue cracks (Varquez,
Hannan,& Altan, 2000) Accordingto M. Hawryluk's literature
searchforging tools indicatethat the reasondor the failure of the
tools usedin hot forging areloss of dimensionandfatigue cracks,
which are a result of abrasive wear and plastic deformation
(Hawryluk, 2016) They havediscussedhe wear mechanismshat
affect the durability of hot forging tools througha comprehensive
literaturereview and have extensivelyexaminedthe most popular
methodsusedo increaseool durability (Wildomski& Gronostajski,
2020)

A.A. Emamverdiaret al. presentmethodsfor checkingdie
tools and potentially extendingdie life, in additionto an extensive
literature review of hot forging tool failures, including abrasion
(abrasive wear, adhesivewear, oxidation, and thermal fatigue
cracking),mechanicafatiguecracking,andplasticdeformationand
relatedmachiningmethods,ncluding surfacetreatment(nitriding)
in their studies(EmamverdianSun,Cao,Pruncu,& Wang,2021)
Accordingto researchdestructivenechanismgvolvedin die wear
in hot forging processeqabrasivewear, adhesivewear, fatigue
cracking,andplasticdeformation)arealsoeffectivemechanismsn
thewearof cold forging dies.However it canbe saidthatthe main
reasorfor thelow tool strengthusedin coldforgingis thehighyield
point of the materialandthe large forming loads(Cwikla & Tofil,
2019) In their study, M. Dalboscoet al. aimedto improve the
fatigue life of an automotivepart die manufacturedby the cold
forging method (Dalbosco,Lopes, Schmitt, & Pinotti, 2021) 1.
Valfolomeev et al. investigatedthe initiation and dispersionof

fabricationdefectan high-performanceotor steelunderfatigueload
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in their study (Varfolomeev,Moroz, Diegele,Kadau"K,& Amann,
2017) H. Y. Kim et al. aimedto obtainquantitativeinformationin
terms of material flow, die pressureand temperaturein the hot
closeddie forging processn their study.They consideredisingthe
information obtainedin the design of preforming processedo
reducethe forging load andextendthe die life (Kim, Kim, & Kim,
1994)

Operation planning and scheduling

As with other metal forming processesforging requires
estimatingthe maximumload, forming energy,and die stressesn
theplanningandprogrammingpf the operation Maximumloadand
forming energyarethe two basicparametersleterminingthe press
size and maximum productionrate (Altan, O'Connell, Painter,&
Maul, 1996) One of the mostimportant parametergequiredfor
estimatingthesevariablesis the flow stressof the material. The
effectsontheflow stresof themetalcanbedividedinto factorsthat
are unrelatedto deformation(chemicalcomposition,metallurgical
structure, etc.) and factors directly related to deformation
(deformation temperature, strain, strain rate). The degree of
dependencef the flow stresson the temperaturemay vary for
differentmaterials(Altan & Boulger,1973) Flow stresss affected
by temperatureand strainrate.In hot forming processe®sf metals
(Hot Forging), if the forging temperature is above the
recrystallizatiortemperaturef theworkpiece theeffectof strainon
flow stressis insignificant. However,the effect of strainvelocity
ratio on flow stressbecomessubstantial.T. Altan et al., in their
study,mentionedhatin conventionahotforging, specificallynon
isothermalforging, temperaturefluctuationswithin the deformed

part impact metal flow and forging load. Additionally, they
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highlightedthatthetemperaturearesignificantlyinfluencedby the
operational characteristicsof the forging machines employed.
(Altan, Varden,Im, & Shen,1988)

In cold forging, the impact of the strainrate ratio on flow
stresgs minimal. (Altan, Ngaile,& Shen2005) In generalforging
andforming operation(s)are plannedwith the assumptiorthat the
thermaleffectis negligiblefor steelsdevelopedn accordancevith
coldforgingoperationsHowever duringoperationjnherentlyhigh-
strengthmaterialscan generatdoo much viscousheating,causing
the operatingtemperatureto rise to around6 0 0 fEGm, et al.,
2014) In this case thereis a decreasen flow stressandforming
load, especiallyin aluminum alloys and high-strengthsteelsthat
generatea lot of heatduring forming (Joun,Chung,& Hong,2019)
(Kim, Y00, & Joun,2019)(Byun, Lee,Park,Seo,& Joun,2020) In
addition, in forging processesgdue to the effect of friction, the
constraints of the die geometry, and the inhomogeneity of
deformationyelatedstressandforcesarehigh.In coldforging,tools
enduresubstantialloads, potentially leading to excessivefriction
betweenthe workpiecesand the tools. This friction caninfluence
various aspects such as the deformation load, metal flow,
deformationuniformity, internalstructureandsurfacequality of the
product,anddie wear.Hencejt's crucialto comprehendassessand
managdriction effectively.(Hu, Yin, & Zhao,2017)

Finite element method

In the late 1960s the developmenbf simulationtechnology
with thefinite elementmethodbeganin thefield of forging. In the
1970sand early 1980s,two-dimensionalsteadystate simulations
were carried out, such as round bar drawing/extrusionand plane
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strain plate rolling that did not require re-meshing (Lee &
Kobayashi1973)(Oh,Chen,& Kobayashi1979) Especiallyin the
aerospacepart development phase, hot forging metal flow
simulationsvereappliedfor 2D nontstationarystatewith manuake-
meshing(Kim, Yagi, & Yamanaka2000)

Today, the finite elementmethodis usedextensivelyin the
planning of metal forming operations.Biba et al. describedthe
advantagesf usingFEM to analyzeforging processes their study
(Biba, Stebounov& Lishiny, 2001) To get effective resultsfrom
simulationsoftware,it is knowntheimportanceof accuratehysical
modelingof the operation(sandthe correctentry of themechanical
andthermalcharacteristicef the materialinto the system Material
flow curvesserveas the primary datainput for simulating metal
forming processesAccordingto T. Altan et al., to ensureaccurate
finite element analysis, the flow curves of the material must
encompasthe procesgangebeingstudiedin termsof strain,strain
rate,and temperature(Altan & Vazquez,1996) I. G¢ r begak
studied creating simulation infrastructureto reduce die-lapping
processe$or massproductionin the automotiveindustry.By fully
characterizing the material mechanical properties, friction
coefficients anddie elasticpropertieshroughaseriesof mechanical
tests,they have shownthat the negativedeviationsthat may arise
from mechanicalconditions betweenthe simulation environment
andthe physicalenvironmentreminimized,with the compatibility
of simulationand physicaldata( G¢ r B} £ g&nkedr,adoj an,
2013)
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3. Forging (operation) load

Theeffectsof forging loadsappliedin theforging operations
onproductquality andoperatiorsystemsluringand/orafterforming
havebeenthe subjectof studyfor manyresearchergaswell asthe
parameterthattheforgingloadis affectedduringtheprocesslin this
article, the studiesof researcherfocusingon theoperationaloadin
closed die forging forming processegegardlessof the forming
temperatur@areexamined.

Parameters affected by operational load

The most substantiaparameterequiredfor estimatingthe
maximumloadandforming energywhichdetermineshemaximum
manufacturingrate in all metal forming operations,s the correct
determinatiorof theflow stressof the material. We havementioned
the parameterghatflow stresss affectedoy forging operationtypes
under the operation planning and programmingheading of the
article. Thischaptefocusesonthework of researcherashowantto
observethe impact of the flow stressof the material and the
parameterslirectly relatedto deformationon theforging load.

About flow stress and deformation (temperature, strain, strain
rate)

Whentheforging literatureis examinedit is understoodhat
thedeviationgn theloaddistributionthatoccurin forgingoperations
are affectedat mostby the flow stressdistributionof the material.
Many researchersevealedthat the flow stressof the materialis
directly affectedby the parameterslirectly relatedto deformation
(temperaturestrain,andstrainrate).P.Bereczkietal. examinechow
the strainrate affectsflow stressdevelopmenin Al 6082M grade
alloy materialduring multiaxial forging, usinga physicalsimulator
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(Gleeble3800)in their researchThey found that the development
of cyclic flow curvesis nonrmonotonic,showinga notabledecrease
in flow tensionasthe forging direction changesTheir analysisof
the strainrate effectled themto concludethatthe kineticsof strain
hardeningvaried dependingon the appliedstrainrate. Also, asthe
strainrateincreasesthe saturatiorof theflow stressndicateshatit
occursin the higheraccumulatedstrain. However,they concluded
thatasthe strainrateincreags, it leadsto anincreasen the degree
of strainsofteningbetweertheforging passe¢Bereczki Krallics, &
Renko,2019)

H.J. Lee et al. presenta new materialflow strainmodelby
improvingtheclosedform functionmodelfor thecarbonsteelS25C,
which exhibitstypical dynamicstrainaging,in their research{Lee,
Razali, Lee, & Joun, 2021) As a result of studies,it has been
revealedhattheflow stressof the materialis affectedby hardening
mechanismsas well asfactorsdirectly relatedto deformation.S.
Nouri etal. developedamodelin theflow stressstudiesof thealloy
of three hardening mechanisms(solid solution, inhibiting the
movemenbf dislocationsanddensityincreaseof statisticallystored
dislocations)}hat affect the hardeningbehaviorof the alloy during
plasticdeformationof Al 2024gradealloy. Theyappliedthis model
to thefinite elementmodelto evaluatehe developmenof the flow
stresof thealloy aftermultiaxial forging (Nouri, Kazeminezhad
Shadkam2020) Z. Xiao et al. investigatedhe effectof multi-stage
forging forming parameters(degreeof deformation,strain rate,
numberof stagesadiabaticthermaltemperaturepn the quality of
productsusingaphysicalsimulator(Gleeble3500).With theresults,
they showed that the strain rate effect on microstructureand

mechanicapropertieds low. Theyalsoemphasizethatthenumber
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of stagesandthedegreeof deformationrhavea remarkablesffecton
themicrostructurgXiao, etal., 2015)

M. Irani and A. K. Taheri, in their study, determinedthe
optimumtemperatureof a low-carbonsteelin a precisionforging
operation(lrani & Taheri, 2008) R. Sirinivasanet al. investigated
the effects of strain rate, workpiece temperature and operation
duration on deformationload in an experimentaland simulation
environmenin which thedie, workpiece andambienttemperatures
are different from each other (nonisothermal). Their research
demonstratesthat at extremely slow strain rates, the initial
temperaturenaynot notablyimpactdeformationoads.Conversely,
at very high strain rates, where there's insufficient time for
substantialheat transfer to the surroundings,the behavior may
resemblethat observedin isothermaldeformation.At slow strain
rates,with prolongeddeformationtimes,the workpiecetemperature
canstabilize.In suchcasesthedeformationoadriseswith thestrain
rate. However,at high strainrates,workpiecetemperaturesio not
stabilize. Consequentlydeformationloads can decreaset higher
strainrates. (SrinivasanBalathandayuthaparg, Yan, 2005)

C.D. Langetal. haverecentlyconsideredecentadvancei
electrically assisted manufacturing and have investigated the
usability of this innovativeapproachn forging througha seriesof
tests, basedon the knowledge that it reducesflow strain and
accordinglydeformationforce. With thetestresultsin their studies,
they exhibitedthe advantagesf electricallyassistednanufacturing
in forging (decreaseén flow voltageandincreasen hardnessetc.)
anddisadvantage@ncreasen springback)(Lang,etal., 2020) P.
Vo et al. investigatedthe flow behavior and microstructural
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developmentof IMI834 close to titanium under typical ingot

crackingprocessconditionsin their study. They also developeda

comprehensivdlow stressmodelvalid in dualphasetemperature
regimesfor generalclose alloys. They validated the model for

various alloys using experimentaland literature data (Vo, Jahazi,
Yue, & Bocher,2007)

Tribology

In metal forming processessince the friction behavior
betweenthe die and the workpieceis one of the most significant
parameteraffectingmetalflow, surfacequality, andtool life, it has
beenthe focus of attentionof many researchergNielsen& Bay,
2017) In closeddie hot forging operations,the effects of high
friction coefficientsdue to the high temperatureand lubrication
difficulties, in additionto die constrainton forming andoperations
are known. On the otherhand,in cold forging, friction conditions
become highly demanding becauseof the significant surface
expansiorandnormalpressureattheinterfacebetweerthetool and
workpiece despitetheuseof advancedubricationsystemgAndreas
& Merklein,2014) T.Altan, M. O'Connelletal. wantedto establish
a guide for estimating accumulationloads and energieswhen
creatingaccumulatiorwith a closeddie withoutflashin their study.
Theyalsoinvestigatedhe sensitivityof the forging loadto friction,
partsize,andaveragematerialstressisingthefinite elemenimethod
(Altan, O'Connell,Painter,& Maul, 1996) Snapeetal. investigated
the changein the coefficient of friction in the areawherethe die
interfacecontactghe workpieceusingthefinite elementmethod.In
their study,theyobservedhatthe estimatednaximumforging load
is highly sensitiveto changesn the coefficientof friction (Snape,

Clift, & Bramley, 1998) In anotherstudy, they observedthat the
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changein friction coefficienthad a significanteffect on strainand
maximum forging load. The flow stressand friction betweenthe
emptydieinterfacesarefoundto havea significanteffectonforging

(Snape, Clift, & Bramley, 2002) T. Gangopadlyhyayet al.

developednexpertfuzzylogic calculationbasedystento estimate
forging load and axial stressin their work on the knowledgethat
emptydie interfacefriction hasa significanteffect on forging load

and axial stressesand createsturbidity for the estimationof these
parametergGangopadhyayRratihar& Basak,2011)

C. Gilbert et al. concentratedon devising an analytical
expressionto computeforging forces during the compressiorof
bimetallic componentsfocusingon an assemblycomprisinga ring
madeof AISI 1045 steelanda cylinder madeof AISI 1015 steel.
Theyaimedto enhancéhecalculationof formingloadsin two-metal
ring-cylinder assembliesy refining analytical modelspreviously
developedby M. Plancaket al. (Plancak,Kacmarcik, Vilotic, &
Krsulja,2012).Building uponearliersimplified modelsrootedin the
Coulombfriction model, they devisedtwo new analyticalmodels
incorporatingthe shearfriction modelto provide a more accurate
simulationandapproactho therealworld problem(Gilbert, Bernal,
& Camacho2015).Q. Zhangetal. investigatedhe effectof friction
andmaterialflow changeby comparingtraditionalcold forging and
oscillatingcold forging methodswith experimentandsimulations.
With theresultsof simulationsandexperimentstheyconcludedhat
oscillating cold forging reduceghe operationalload by about25%
comparedto traditional cold forging operationsand contributes
positivelyto friction. Theyalsoattributedthereasorwhy theforged
partsurfacequality is betterthantraditionalcold forging to the fact
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that low friction causedess metal accumulation(Zhang,Ben, &
Yang,2016)

N. Bay et al. determinedfrictional strain with typical
lubricantsfor aluminum,steel,andstainlesssteelwith a simulative
tribologytestsystenfor varyingnormalpressuresurfaceexpansion,
slip length, and tool/workpieceinterface temperature The study
results showedthat friction was strongly influenced by normal
pressureand tool/workpiece interface temperature,while other
procesgparameterstudiedobserveda smalleffecton friction (Bay,
Eriksen,Tan,& Wibom, 2011) C. In their study,Hu etal. aimedto
developan alternativetestto minimize the unevendeformationsof
theinner hole and hencemeasuremenrdifficulties thatoccurin the
ring compressiontest, which is often usedto characterizethe
frictional behaviorthat necessarilyoccursat the interface of the
workpieceandthe die or tool in metalforming. With the developed
test method,by simply controlling the angle of inclination of the
outer protrusion, they observedthat the friction behaviorat the
workpieceandtool interfacecould be quantitativelyevaluated Hu,
Ou, & Zhao,2015) In anotherstudy, they examinedthe effect of
tool surfacesobtainedby machiningan aluminumalloy differently
in the cold forging processon friction conditions through two
different test methods(Hu, Ding, Ou, & Zhao,2018) In another
study, they proposeda novel testbasedon combinedforward and
backwardextrusionto determinethe friction factorin cold forging
(Hu,Yin, & Zhao,2017)

K.H. Jung et al. determinedthe friction coefficients of
Al2024 and6061-0 materialsby sizereducedypetest(Jung,Lee,
Kim, Kang,& Im, 2012) M.S. Jounet al. examinedhe similarities
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and differencesbetweenCoulomb'slaw of friction andthe law of
friction of constantshearby comparingfinite elementsolutions
involving friction-sensitivemetalforming processegaccumulation
processewith differentaspectatios,striprolling, ring gearforging,
multi-step extrusion, as well as pipe contractionand expansion)
(Joun,Moon, Choi, Lee,& Jun,2009)

Parameters affected by operational load
Die fatigue

N. Karunathilakaet al. investigatedhow cyclic contact
pressureexertedon the tool surfaceduring the forging process
impactsthefatigueof thetool material. The samplesveresubjected
to low, medium,andhighforging pressuresandit wasobservedhat
the tensilestrengthandfatiguelife of the sampledorgedwith low
and medium contact pressuresincreasedcomparedto the non
forging sample.In contrast,the forging sample decreasedwith
highercontactpressure.

Based on the assumptionof sample homogeneity,they
determinedhatthestrengthandfatiguelife of thetool steelffluctuate
accordingto the contactpressureappliedto the tools during the
forging process. (Karunathilaka, Tada, Uemori, Hanamitsu, &
Kawato,2018)

Pre-die design

In forging processes(especially complex parts), the
geometricdesignof the pre-die hasa greatinfluenceon theforging
load and materialwaste.M. Sedighiet al. havetried to presenta
suitablealgorithmfor the practicalpre-die designof complexparts
(Sedighi& Tokmechi,2008) V. A. Pandyaet al. aimedto observe

the effect of the pre-die size on the stressandforging force on the
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die duringthe closeddie forging of anchorclampandtransportpin

usedin atransmissiorline with the help of finite elementanalysis
and to minimize die stressand forging force (Pandya& George,
2021)(Pandya& George Effect of preformdesignon forging load

and effective stressduring closeddie hot forging processof pin,

2020) A. Halouanietal. developednoptimizationmethodthatuses
a free-surface method based on the final product shape for

performingtool designin multi-stagecold forging processesThis

optimizationmethodaimsto minimize the equivalentplasticstress
andpunchforce duringthe forging procesgHalouani,Li, Boussad,
& Guo,2012) H. S. Parket al. workedon the initial designand
optimizationof the pre-die shapefor the bevelgear(Park,Ayu, &

Kumar,2018) N. Biba et al. developedhe pre-existingisothermal
surfacesnethodfor pre-forging diesanddevelopedpecialsoftware
to provide automaticbidirectionalgeometrydatatransferbetween
finite element method simulation software and computeraided
modelingprogram.Theyhaveappliedthis methodn severaforging

casesln theapplicationresults theyobservedreductionin surface
defectsand material waste (Biba, Vlasov, Krivenko, Duzhev, &

Stebunov2020)

Elastic deformation (pressdie-workpiece)

Studiesconductedy manyresearchersaveshownthatthe
quality of thefinal productobtainedby forging is affectedby many
factors,suchasthematerialpropertief theworkpieceandthetool,
the elasticdeformationbehaviorof the tools/dies,andthe lubricant
statebetweertheworkpieceandthetool. In additionto thesestudies,
theeffectsof forgingloadonthesystemandparthavebeenthefocus
of attentiorfor manyresearchersv. Krusicetal. analyzedheeffect

of the distribution of key input parameter§Mass, Flow Stress,
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Friction, and PressHardness)of four different forging processes
(Backward Cup Extrusion, Upsetting, Closed Die Forging, and
ForwardRodExtrusion)onthedimensionahccuracyof the product
andtool life for typical cold forging operationsin the study,it was
statedthat in backwardcup extrusionand upsettingsystemsthe
deviationin loaddistributionwasmostly affectedby the flow stress
distributionof the material,andfriction hada significanteffect on
the effectivestresan thedie. In addition, it hasbeenstatedthattwo
of themostsubstantiaparameteraffectingdimensionabccuracyn
this systemarethedistributionof materialvaluesandpressstiffness
conditions.In closeddie forging, it hasbeennotedthat while the
workpiece massdistribution has a great impact on dimensional
accuracy,n the sameprocessthe systemload is mostaffectedby
the pressstiffness,flow stress,and flow stressparameterin the
forward bar extrusion process the distribution of the flow stress
parametr andthe pressstiffnessaffectedthe dimensionalccuracy
of theproduct,while the systemoadwasaffectedby theflow stress
parameteandfriction. In addition,it is emphasizethattheeffective
stressdistribution in the die is affectedby flow stressand press
stiffness.In addition, in the study, the effect of pressstiffnesson
forging dies was investigatedby working with presseswith two
different stiffnesses. It is emphasizedhat the stiff pressincreases
theelasticdeformationin theforging dies,andaccordingly the stiff
pressreducesthe tool life (Krusic, Masera,Pristovsek,& Rodic,
2009)

In anotherstudy,V Krusic etal. studiedbothexperimentally
andanalyticallythe effectof workpiecetool-pressandtool loadson
productquality and optimizationof theseparametersn the multi-

stage forging process(Krusic, Arentoft, Masera, Pristovsek, &
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Rodic,2011) H. Ouetal. investigatedhe effectof pressanddie

deflectionson thefinal productform in theforging of bladeprofiles

using the finite element method. The results revealed distinct
patternsand magnitudesof die surfacedeviationsdue to die and
presselasticity. Theyalsoconcludedhatit is significantto consider
presselasticityif achievableaccuracyis to beimprovedin forging

bladecomponentfOu & Armstrong,2006) A. Chenet al. studied
single-stageinjection forging with a particulartool designas an

alternative to traditional multi-stage forging processes for

automobilefasteneproduction.Theyhavedevelopedxisymmetric
modelsto analyzeforging force andenergyrequirementslnjection

forging requires more load to complete the forming process
comparedto multi-stageforging. This excessload neededduring

forming will affect adversely effects on the tool's life and
dimensionahccuracyHowever thefeaturedelemenin thestudyis

theforming energyneededn injectionforging is lessthanin multi-

stageforging. In termsof forming errors,dimensionakrrorsmaybe

controlledby reducingthe forming load at eachstageof multi-stage
forging (Chen,Qin, Chen,& Choy,2017)

H.G. Zhanget al. createdsoftwareto simulatetheimpactof
processoadson presdeflectionan multi-stageforging procedures.
In all stagessinglestage, two-stage, and threestage forgings
performedon a vertical crank pressmay requireseveraladjustment
iterationsbeforethecorrectsettingsarereachedT hisoccursbecause
adjusting one station affects the forming load there, altering
press/tooldistortion and consequently,closing heights at other
stationsThroughouproductionwearontheintermediatestagetool
can enlargethe die cavity volume, leadingto shorterworkpieces.

Adjusting the correspondingoad can alter the dimensionsof the
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workpiecein the finishing die, therebydiminishing part accuracy.
Theyworkedto createamathematicamodelof press/tootleviations
that occurin multi-stageforging operationsBy usinga computer
programdevelopedrom this model,theytried to predictthe effect
of variablessuchasworkpiecedimensionsgclampingheight,press,
and tool stiffness on product accuracy,and to minimize the
press/tookettingtimesrequiredat all stagesof forging operations.
The programvalidatedits outputthroughone stage two-stage,and
threestagephysical forging experimentsperformedon a vertical
crank press(Zhang & Dean, 1993) F. Jovaneet al. deviseda
computerizednethodto aid usersin assessinghe appropriateness
of forming sequencegor multi-stagecold forging of rotationally
symmetricalworkpieces.The programis equippedwith features
suchasautomatedanalysisof sequencefor forging both solid and
hollow parts, identification of the specific processesvithin each
step,assessmenf load peakdistribution acrossvariousforming
stagesandestimationof the straindistributionaccumulatedn the
final part with cavties. The mostimportantmeaningof usingthe
programasa moduleof anintegratedCAD systemfor cold forging
is to perform a completemanufacturabilitycheck on the process
plannerand provide an appropriatetool to determinethe optimal
forging sequence. The benefits that can arise from the
implementationof the program are the design of performing
sequencesonsistentwith the mechanicalpropertiesof the final
productandthe correctuseof pressesandtools (Jovane BAriani,
Benuzzi,& Knight, 1987)

R. Hino et al. studied a simulationbased optimization
techniqueahataimsto reducethenumberof forming operationsvith

multi-stageforging. This optimizationtechniquéhasbeenappliedin
--70--



the progressivereductionof the threestageforging processof an
axisymmetricaluminumbillet. First, the focusis on forming load
optimization,asthe forming loadincreasesignificantlyin thefinal
stagesf the forging processesyhich negativelyaffectsthe quality
of the surfacethat respondsto this increasedforming load. The
secondand third focuseswere on breakagepreventionand gap
optimization, respectively (Hino, Sasaki, Yoshida, & Toropov,
2008) L. Capanet al. consideredthat the two metal forming
methodsweresimilar to eachotherbecausealefectsoccurredin the
material under the punch in backwardcup extrusion by round
shapedcloseddie forging with flash, and the remainingmaterial
moved along the die walls. In their study, they calculatedthe
requiredpressforce by dividing theworkpiecednto accretionareas
for thesetwo metalsforming methodsandalsoconsideringthe die
wall angles.They concludedthat the backwardextrusionmethod
may be usedto calculatethe pressload of roundshapedforgings
(Capan& Baran,2000) J.B. Renkoetal. comparedheresultsof a
finite elementmethodbasedprogramwith testswith a physical
simulator(Gleeble3800) for a multi-axis forging operation. They
observedhatthe requiredoperationload obtainedfrom the virtual
datawas5kN higherthanthe physicaltestson averageandin both
methodsthe requiredoperationload in the first forging stagewas
the highestandthe requiredoperationloadin the secondstagewas
the lowest. In addition, they observedthat in the third stageand
subsequenforging stagesthe requiredoperationoad convergedo
the force-displacementcurves from above in oddnumbered
operationswhile the requiredoperationload convergedfrom the
bottomin evenrnumberedperationsAs a result,they suggesthat
the incompatibility of physicaltestsand virtual datais dueto the
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appliedlinear hardeningmaterialmodel, which cannothandlethe
nonlinearstructureof multi-axisforging (Renko& Krallics).

H.Ou et al. conductedsimulations using finite element
simulationto analyzethematerialflow duringtheforging procesof
wing sections(Aerofoil), forging force history, contact pressure
distribution betweenthe die andthe componentand examinedthe
elasticdeflectionsof forging dies. Theyalsoproposedcthangingdie
profiles in responseto die deviationsbasedon compensatiorof
elasticbehaviorof die andnominaldimensionf the forging dies.
By usingfinite elementanalysis,they tried to minimize the form
errorsof theairfoil sectionsdueto thedie elasticity. Theyconcluded
thattheprecisionforging of aerofoilsectionenableshequantitative
estimationof die elasticity and the techniqueof compensatindor
componendfform errors to achievethe manufacturingnetshaped
parts(Ou & Balendra,1998) S.Y. Hsiave P.Y. Shih investigated
preciselyhow die wear, die stress,die interaction,and workpiece
stressesirerelatedin fastenemanufacturingliesby finite element
analysismethod. In addition, in their study, they used different
samplesto evaluate the flow stressstrain curve and friction
coefficient(Hsia& Shih,2015)

4. Results

According to detailedliteratureresearchjt canbe applied
usingmorethanonemethodn themanufacturingprocessesf metal
componentsWhen forging processesare carried out under less
thanidealconditionsforging defectsareinevitable.Examiningand
eliminatingthesedefectsasmuchaspossibleis critical in termsof
theforging processandthefinal productto bereachedasaresultof
this process.
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During the applicationof the forging process tribological
andgeometriceffectsanddeformationshouldbe consideredswell
astheoperationoadanddie stresses.

Thefinite elementmethod,which offers the opportunityto
combine today's technologies with traditional manufacturing
methodsjs usedextensivelyin the examinationdevelopmentand
optimizationof theforging process.

Whenthestudiesconductedo dateareexaminedit is clearly
understoodhat many parametersiffect the mechanicaproperties,
dimensionalaccuracy,surfacequality, formability, and operation
planningof theworkpiecein theforging processwhichis thefocus
of this article. It is understoodrom researchhatforging operation
loads are an important operationalinput that affects the ideal
mechanicapropertiesdimensionalccuracyjdeal surfacequality,
and ideal die tool life expectedfrom the forged final product.In
addition, it is understoodhat forming loadsplay a key role in the
ideal forming energyand appropriatepress/toolselection.Thus, it
may be deducedthat the requirementfor the forming loadsto be
estimatedand in the ideal range has a significantimpact on the
effective applicability of forging operations.In this context, the
parameteraffectedby this substantiabperationainput havebeen
of interestand studiedin detail by many researcherskFrom the
studies, it is understod that the flow stressof the material, die
limitations, the effectof friction betweerthe die andthe workpiece,
thermal effects, strainrate, and press/toolhardnessare important
active parameters. When the studies conductedto date are
examined, it is seen that while the forming load estimation,
idealization, affected parametersand factorsin the first forming
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stage of singlestage forging processesor multi-stage forging
processebavebeenstudiedin detailandintensively,notmuchwork
hasbeendoneon theforming load estimationjdealization affected

parametersand factors in other stagesof multi-stage forging
operations.
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CHAPTER I1 |

Replacement of CrossCar Beam Steel Parts with a
Carbonfibered Composite Material in a Vehicle
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Introduction

The crosscar beam (CCB) of the vehicle is a structural
componentlt is locatedundera vehicle'sinstrumentpanel.lt spans
theinterior of the carbelow the instrumentpanel. CCB provides
structuralrigidity absorbsimpactforcesin collisions for occupant
safetyandservesasa stablemountingpoint for a variety of interior
componentsuchas the instrument panel and steering column.
Figurel. showsthe CCB. Thesteeringcolumncarriergroup,shown
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in Figure 2. provide structurefor steeringcolumn mounting. It
generallyprovidesretentionto body-in-white. It is includedto CCB.
The steering column carrier grouphelps ensure the steering
columnis securely fastened, allowing for consistent steering
controlwhile alsoimproving safetyby reducingintrusioninto the
passengearea.

A-Pillars

Figurel. Crosscar beam(Rahmani,2013)

CCBis generallyheavydueto its materialandworriesabout
fulfilling safety requirements.A heavy car means more fuel
efficiency and less sustainablevehicles.Vehicle designersand
producerghat are oneof the mostfuel consumersalwayspushfor
lighter designgEbrahimi,2015).



Figure2. Steeringcolumncarrier groupin crosscar beam
Methods

Oneof thebestoptionsthathaveanindirecteffectonanend
useris materialchangingfor lightweighting. However,finding an
equivalent material that fulfils requirementsis a challenge
(Cunha,2013).The conventionalmaterial for CCB is steel. Hot
rolled such as DD13 and cold rolled steelssuch as DC03 are
generallyusedin CCB. The stampingprocesss usedfor the sheet
metal manufacturingprocess.The roll-forming processs usedfor
theproductionof thetubes Eachseparat@arthasweldedeachothe
with the arc welding method.The aim of this proceedingis to
investigatethe effects of weight reductionin crosscar beamsby
changingthe materialof the steeringcolumncarriergroup.In this
manner,the material benchmarkwas done. Around 15 materials
from 6 supplierswereanalysedPA 6.6 - Akromid A3 ICF 40 black
(5116)wasselectedasamaterialdueto achievingpropertieslefined
in the specificatiorreport.

In this study,thetransitionfrom five separatesteelpartsto a
single-piececompositeenhancegholyamidepartwasachievedOne
of the most important considerationsduring part designwas to
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preserve the connection points  with surrounding
components.Connectioriocationswith surroundingnodelscanbe
seenin Figure 3. The front of the partfeaturesa connectionto the
front body, while the bottom has a connectionto the steering
mechanism.Attention was paid to preservingthese connections
duringthe partdesignprocess.

Figure3. Connectionsvith SurroundingModels

Additionally, dueto the materialchangewelding processes
were not possible, soscrew connectionswere providedfor the
assemblyof the part to the crosscar beam Methods such as
topologyoptimizationmodalNVH analysisandcrashanalysisvere
usedto achieve the best design. Thanks to these
studiessomeparameterswere defined.Critical regions, optimum
screw connectionlocations, and part thicknesswere determined.
Figures related to the topology optimization and modal NVH
analysisconductedare availeble in Figures4. and 5. Vibrations
insidethe vehiclereducepassengeanddriver comfort.
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Figure4. Topolo@ptimization

The steeringcolumn carrier group may also be one of the
reasondor this vibration.A vibrationin the steeringcolumncarrier
groupis directly detectedy thedriver. Thereforejt is significantto
performNVH analysisatthedesignstage (Pintoetal.,2015).Crash
analysisis somethingthat reflectsthe physicalcrashtestat a much
lower costandwithout causingany casualtieandshowsthe safety
statusof the peopleinsidethe vehicleat thetime of theaccidentand
to what extent the componentswere affected by the accident.
(Huang,2002)
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Figure5. NVH Analysis

After completingthe designprocesstheinjectionmold was
manufacturedby asupplier.Then thepartwasproducedy injection
molding method.

To validatethe project,sometechnicaltestswereconducted.

Heatagingtest,thermalcycle test,humidity agingtest. Thesetests
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areusedto determingheservicetemperaturefor aproductby using
a thermalcycle or heatto acceleratehe agingprocessExceptfor

thesea coldimpactresistancéestwasdoneto observewithstanding
an impact at the areasdefined below after being exposedto cold

temperatures.

A dimensionalquality test was madeto seewhetherthe
componentwas compliantwith the releaseddrawing or not. The
fogging test and olfactory test were anotherphysical test for the
project.

Results

At the end of the study,carbonfiber-reinforcedcomposite
materialwassuccessfullyntegratednto the CCB.

After this study,approximately30% weight reductionwas
achievedor the steeringcolumncarriergroupin CCB.

Thermal cycletest,on thesteering column carrier group
partwascarriedout within the scopeof the project,accordingo the
PSA standardsTherewere no geometricalchangesobservedwith
measurement.

Cold impact, olfactory, and fogging tests on thesteering
column carrier group partwere carriedout within the scopeof the
project, according to PSA standards.In these testsjt was
seenthattherequirementsverefulfilled.

Heat agingtest,on thesteering column carrier group
partwascarriedout within the scopeof the project,concerning?SA
standards According to the result of the test,it can be saidthat
geometricathangesrein tolerance.
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Torgquable fastener requirements were checked. The
serviceabilityof the part was also checked. No deflection or
deformatiorwasobserved.

Thedimensionaljuality of thepartwasmeasuredo checkif
therewere any changesn the dimensionsof the part comparedo
the 2D model and therealpart. No incompatibilitywas
observedaftermeasurements.

To sumup, accordingto conductedests,it canbe saidthat
thereis no physicalobstacleto the transitionof the materialin the
steeringcolumncarriergroupfrom steelto carbonfiber reinforced
polyamide.
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CHAPTER IV

Living Hinge Design onAutomative Glovebox
Mechanism
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A dashboards aunitlocatedn thefront of thevehiclecabin.
As well ascarryingvital componentsor theuseof thevehicle,such
as the steeringwheel and gearshift,the dashboardalso contains
many assistantshat provideinformationandcomfortto the driver,
such as an entertainmentunit, ventilation controllers,and many
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others.Oneof theseassistantss the glovebox,which is positioned
in front of the front passengeseatandusedto storesomeitems.

Gloveboxeshave clutch mechanismsn the lids so that the
glovboxdoesnot openat undesirablenomentsdueto the weight of
the objectsinsideor dueto roadshocks.The lock opensandcloses
with theforce providedby the user.Clutchmechanismsnight have
a single or doublelock, dependingon their construction,and can
consistof 41 9 pieces.

Most moderngeneration passengervehicles include a
doublelocked clutch mechanism due to perceived quality
requirementsSomeclutchmechanisnexamplesareshownin figure
2.

Figure 1.ClutciMechanidaxamplesonVarioud/ehicles

Theproductionproces®f clutchmechanismsonsistof the
production of injection molds for each piece, plastic injections,
springproductionif themechanisnhasone,assemblyof piecesand
lastly, assemblyof the gloveboxlid. This processcostsquite some
money and time. In order to avoid these,a new type of clutch
mechanisnwasdesignedy TOFAS engineersaimingto minimize

mold costandassemblytime.
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A specialgeometrytheliving hinge,wasusedfor thedesign
of thenewclutchmechanismLiving hingegeometryis alsousedin
different applications,such as bottle capsand containerlids. The
differencebetweena living hingeanda normalhingeis thatwhile
normal hingeshave a pin and two piecesof body, living hinges
consistof only onepartandrotatearoundanarc.

o \_/ “

Figure 2. Living Hinge (MIT, Designissueson Living Hinges)
Thearc,mentionedn the previousparagraphis thethinnest
sectionof the hinge,which allows the hingeto fold andcarriesthe
stressMost of the living hingesare madeof polymerslike PPand
PE, havea 0.2'0.5 mm thickness,and have a very small radius
(Brannon,P.J.,2003)

2.Design

As first stepof design,a componenhasdesignedwith the
samedimentionsasthe older mechanismTo determinethe needed

curve radius and thicknessdimentions,stressanalysiscarried out
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using FEA programdor differentrotationsof hinge.In all designs,
PAG (polyamide)materialuseddueto its goodfatigueability, ease
to manufacturendaccesability.

Figure 3. First Versionof MechanismithoutLiving Hinges

o

Figure 4. Secondversionof DzsignWith Hinges

In Figure 3, anewmechanisntonstructions givenwithout

using living hinges. This designis used to investigateif the
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mechanismtransmitsthe motion or not, without concernabout
fatigue life. Test results showed that motion transmissionwas
successfulput stressamountswere different on the top half and
bottomhalf (around+5). After theseresults thedesign changedand
curvesfor hingeswereadded.Wing-like structuresvererotatedin
orderto minimizethe stresgifferencebetweerthe two sides.Also,
somematerialwasremoved(the areashownwith the orangearrow
in Figure4) to havea morecompactcomponent.

This d e s i gtrass analysis results showed that stress
distributionis more evennow, but cornersof hinges(shownwith
lime arrowsin Figure 4) were carrying too much stress.Stress
analysiss givenin Figureb.

Q Carico " ncremort 118 Step Time = 09053  Frame 118
L ! ! g
AAAD <<

Figure 5. StressAnalysisof Secondesign

In thestressanalysisof thethird versiondesignjt wasclearly
seenthat stressdistribution was more evenly distributedand there
wasnohighstresgiling in anyarea.Theresultsof thestressanalysis
aregivenin Figure?.

Since high stress in these areas will affect fatigue strength negatively,
these areas were designed again by adding radiuses.
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Figure 6. Third Versionof DesignWith Hingesand Radiuses

Figure 7. StressAnalyseResultdor Third Versionof Design
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After the stressanalysisresultsturnedout to be suitablefor
theusageafatiguetestwascarriedout usingFiatnorms.Normsare
givenin Tablel:

Table 1. LowerGloveBoxDuty CycleTestConditions

Number of Cycles (One Life) 8000
Cycles at Room Temperature 5920
Cycles at High Temperature 200
Cycles at High Relative Humidity 1680
Cycles at Low Temperature 200

Testresultscameassuitableto use sincetherewasnofailure
or obviusdamagdike whiteningin material.

3.Results

As aresultof this study,a newtype of clutchmechanisnior
gloveboxcompartmenhasbeendevelopedusing FEA andfatigue
tests.This new mechanisms given in Figure 8 in varius rotation
degrees.

Figure 8. NewClutchMechanismat (a) 0 (b) 15Uc)3 0 U

As this mechanismis a single part, it savesa lot of cost,
material, and time for the manufacturercomparedto the old
mechanismyhich was4 parts.A real photoof the old mechanism
is givenin Figure9.
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Figure 9: CurrentMechanism

--107--



References

https://stuff.mit.edu/afs/athena/course/2/2.75/resources/rand
om/Living%20Hinge%20Design.pdAccesedat 26.03.2024)

Brannon, P. J. (2003). A study of failure prediction in
polypropylendiving hinges.University of Massachusettsowell.

--108--


https://stuff.mit.edu/afs/athena/course/2/2.75/resources/random/Living%20Hinge%20Design.pdf
https://stuff.mit.edu/afs/athena/course/2/2.75/resources/random/Living%20Hinge%20Design.pdf

CHAPTER V

Additive Manufacturing in Plastic Injection Moulding
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1. Introduction

Additive manufacturing (AM) processesproduce three
dimensionaphysicalobjectsfrom digital data,onepiece surface pr
layeratatime.( Al ©2022;Kanburetal.,2022;Seepersad?014;
Weinertet al., 2023; Zhanget al., 2018) Additive manufacturing
processeaserawmaterialgo createafinal partby placing,bonding,
andtransformingvolumetricelementsThe shapesize,andstrength
of the bonds betweenthe elementsare determinedby the raw
material(s), manufacturing equipment settings, and process
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parameters(Thompsoretal., 2016;Weinertetal., 2023) Additive
manufacturingechnologiehavethe potentialto reducethe number
of manufacturingtepsrequiredby producingpartswithouttheneed
for intermediateshapingools(Gibsonetal.,2015;Seepersad®014;
Thompson et al., 2016; Weinert et al.,, 2023) Additive
manufacturingallows for the creationof complexinternalfeatures,
improving the functionality and performanceof injection tooling.
The most significant benefit of additive manufacturing over
traditionalmachiningmethoddor injectionmouldtoolsis theability
to incorporate conformal cooling channelsinto the part design
during layer-by-layer construction(Gibsonet al., 2015; Seepersad,
2014; Thompsonet al., 2016) The use of additive manufacturing
(AM) technigueseitheraloneor in combinationwith conventional
manufacturing methods, can overcome the design and
manufacturing constraints that arise when using traditional
techniques(Arman & Lazoglu,2023; Evenset al., 2019; Hatoset
al.,2018;K o v ®tels2015;Papadakistal.,2020;Zink& Ko v § c s ,
2017) Recent developmentsin additive manufacturing (AM)
technologyhavemadeit possibleto producecomplexandeffective
productsin an affordableway, unlike traditional machiningtools.
Therefore,additive manufacturingcan be effectively applied to
plastic injection moulding processesdue to the design and
manufacturing flexibility of AM tools(Kanbur et al., 2022;
Rajamantketal., 2021;Zhangetal., 2018)

Additive manufacturinghasbecomeanessentiatechnology
in variousindustriesjncludingtheplasticinjectionmouldingsector.
In recentyears,the plastic injection moulding industry has also
adopted additive manufacturingtechnologiesto improve their

products' design, performance,and production processes.This
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researchaimsto explorethe useof AM technologiesn the plastic
injection moulding industry and their potential benefits and
challenges.Plastic injection mouldings are gaining significant
popularitydueto their ecofriendlinessandfuel efficiency.Additive
manufacturingechnologie®ffer uniqueadvantagethatmakethem
attractivefor the plasticinjection mouldingindustry,including the
ability to producecomplexgeometriesand lightweight parts with
high precisionandaccuracy.

2. Additive manufacturing methods
2.1 Selective laser sintering (SLS)

It is aform of additivemanufacturingalsoreferredto as3D
printing, that utilises a high-powered laser to selectively fuse
powderedmaterial togetherlayer-by-layer in orderto constructa
tangibleobject. Theschematicgepresentationf this systems given
in figure 1. The first stepin the SLS processis to preparethe
material. SLS usespowderedmaterials,typically plasticssuchas
nylon, polyethylene or polypropylene.Thesematerialsare loaded
into a powderbedthatis spreadoutin athin layer. A high-powered
laseris thenusedto selectivelyheatandfusethe powderedmnaterial
accordingto the designof the objectbeingprinted. The laserscans
the powderedmaterial,melting it andfusingit togetherto createa
solid layer. Once the first layer is complete,the powder bed is
lowered,anda newlayer of newpowderis spreadontop. Thelaser
then scansand selectivelysintersthis new layer, fusing it to the
previoudayer.This processs repeatedayerby layeruntil theentire
objectis printed.After theobjectis fully printed,it is allowedto cool
down and solidify. The excessunfusedpowderactsas a support
structure, helping to hold the printed object in place during the
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printing processOncethe objectis cooled,it is removedfrom the
powderbed,andtheexcesgpowderis typically brushedff or blown
away.The printedobjectmaythenundergdfurtherpostprocessing,
suchassanding,polishing,or additionalheattreatmentdepending
onthedesiredfinish andpropertiesof thefinal part.

Material
Caqntainer

Inkjet
Print head=

Powder Bed

Printed Part

Overflow Bin

Figure 1: Selectivdasersintering(SLS)methoddiagram.

SLShasseverabdvantageasarapidprototypingmethod.t
allows for the creation of complex, functional parts with high
precision and accuracy.It also does non mandatorythe use of
supportstructuresasthe unfusedpowderactsastemporarysupport
during printing, which can savetime andeffort in postprocessing.
SLS is a popular manufacturingmethod used in a variety of
industries, such as aerospaceautomotive,consumergoods, and
medical for quickly creatingprototypesandproducinglow volumes
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of partswith intricategeometriesHowever,3D printing usingSLS
technologyalsohassomelimitations,includingarestrictedrangeof
materialoptions,highercostscomparedo someother3D printing
methodsandthe requirementor specializedequipmentandsafety
measureslueto the useof lasersandpowderednaterials.

2.2 Stereolithography(SLA)

It wasdevelopedn the 1980sandis basedon the principle
of photopolymerizationwherea liquid resinis curedlayerby-layer
usinga focusedUV laserto createa solid 3D object. Thefirst step
in SLA isto createa 3D modelof thedesiredobjectusingComputer
Aided Design(CAD) software.The modelis typically savedin a
standardSTL file format,which representghe objectasa collection
of triangularfacets.Next, a suitableliquid resinis selectedbasedn
the required properties of the final object, such as color,
transparencyflexibility, or strength.There are various types of
resinsavailablefor differentapplicationsjncludingstandardesins,
engineeringesins,andspecialtyresins.The 3D modelis sliceinto
thin layers (typically 0.040.25 mm thick) using specialized
software Theseslicesarethensentto the SLA machinefor printing.
The SLA machineconsistsof a vat of liquid resin,a tray that can
moveup anddown,anda UV laser.The processstartsby lowering
the platform into the vat of resin, just abovethe surface.The UV
laserthen scansthe first layer of the object on the surfaceof the
liquid resin,selectivecuringtheresinin the shapeof thefirst layer
accordingto the sliced data. The schematicrepresentatiorof this
systemis givenin figure 2. Oncethefirst layeris cured theplatform
is lifted by a fraction of the layer thickness,and the processis
recursivefor the nextlayer. This layer by layer processs repeated

until the entire objectis built. Oncethe printing is complete,the
-113-



objectis typically removedfrom the SLA machineandwashedn a
cleaningsolutionto removeany uncuredresin. Dependingon the
type of resinused additionalpostprocessingtepsmay berequired
to achievethedesiredsurfacefinish andpropertiesThesestepsmay
includecuringunderUV light, sanding polishing,or painting.

Lgser Source

Cured Resin
\

\

E\e‘alor

UV Curable
Resin

r1rrfrrr/

Figure 2: StereolithographySLA)methoddiagram.

The SLA offers significantadvantagesSLA offers a wide
rangeof resinmaterialswith different propertiesjncludingvarious
colors, transparencyflexibility, andmechanicaktrength,allowing
for versatile material choices for different applications. High
PrecisionSLA is capableof producinghighly detailedandcomplex
partswith very fine featuresandtight tolerancesmakingit suitable
for prototypingintricate geometriesand functional parts. Surface
Quiality, SLA partstypically havea smoothsurfacefinish right out

of the printer, requiringminimal postprocessindo achievea high-
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quality appearanceSLA is known for its fast printing speeds,
allowing for quick turnaroundimesin the prototypingprocess.

2.3 Fused deposition modeling (FDM)

FusedFilament Fabrication(FFF) is a widely usedrapid
prototypingtechniquehatinvolvesdepositingmeltedthermoplastic
materialslayer by layerto createthreedimensionalobjects.Fused
DepositionModelling (FDM) is a populartechniqueusedacrossa
range of industries for rapid prototyping, modelling and
manufacturing. Fused Deposition Modelling (FDM) utilises a
thermoplastianaterialthatis heatedto a semtliquid stateandthen
extrudedthrough a nozzle onto a build platform. The two most
commonlyusedmaterialan FDM areABS (Acrylonitrile Butadiene
Styrene)andPLA (PolylacticAcid), althoughothermaterials such
asPETGandTPU, arealsoavailable FDM beginswith a3D model
that is converted into machinereadable code (G-code) using
specializedsoftware.The G-codecontaingnstructionsfor the FDM
machineto move the print head,control the temperatureand lay
down the materiallayer by layer. The FDM machinehasa heated
build platform to ensureproper adhesionof the material to the
platform. The FDM machinemovesthe print headin the X andY
directionswhile simultaneouslextrudingthe meltedthermoplastic
material through the nozzle in the Z direction onto the build
platform.The materialquickly solidifiesupondepositionforminga
solid layer. The build platformis thenloweredby a preciseamount
to createspacefor the nextlayer, andthe procesgepeatauntil the
completeobijectis built up layerby layer.In casesvherethe object
being printed hasoverhangsor complexgeometrieghat cannotbe
printed without support,FDM machinescan also generatesupport

structuresmade of the samematerial or a different, dissolvable
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material. Thesesupportstructuregrovidetemporarysupportto the
overhangindeaturesuringtheprinting processandcanberemoved
after the print is complete.Oncethe objectis fully printed, it is
typically left to cool on the build platform. Afterward, any support
structurescan be removed,and the object may undergoadditional
postprocessingsteps such as sanding, polishing, painting, or
assembly to achieve the desired finish or functionality. The
schematigepresentatioonf this systemis givenin figure 3.

Filament

Extruder

Filament

/ Spool

Build
Platform

Support
Structure

Figure 3: Fuseddepositionrmodeling(FDM) methoddiagram.
Advantagesof FDM offers a wide rangeof thermoplastic
materialgo choosdrom, makingit versatilefor variousapplications
andindustriesFDM is relativelymoreaffordablecomparedo other
rapid prototypingmethodsmakingit accessiblé¢o a broademrange
of usersandapplicationsFDM hasa straightforwardvorkflow, with
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minimal setupandeasyto-usesoftware , makingit userfriendly for
both beginnersand experiencedusers.FDM machinescome in
differentsizes allowing for the productionof large scaleprototypes
or partsin asingleprint.

Applications of FDM, is widely used for functional
prototyping, allowing designersand engineersto createphysical
prototypesof partsor productsfor fitment testing,form validation,
andfunctionaltesting.FDM is usedfor creatingconcepimodelsand
mockupsto visualizeandvalidatedesignconceptdeforemovingto
full-scale.

2.4 Selective laser melting (SLM)

Selective Laser Melting (SLM) is a type of additive
manufacturingtechnologythat falls underthe categoryof powder
bed fusion methods.The processinvolves using a high-powered
laserto selectivelymelt and fuse metallic powderslayer by layer,
resulting in the creation of threedimensional objects. SLM is
renownedor its capabilityto manufacturdully densejntricate,and
operationalmetal componentaith high precisionand exceptional
mechanicakharacteristicsThe processstartswith preparinga 3D
computeraideddesign(CAD) modelof therequiredpart. The CAD
modelis thenslicedinto thin layers typically rangingfrom 20to 100
micronsin thicknessto createa digital representationf the part's
crosssectionsMetallic powders typically in the form of spherical
particlesareloadednto apowderbedinsidethe SLM machineThe
powderbedis spreacevenlyandleveledto aprecisethicknesausing
arecoaterwhichis amovablebladeor roller. A high-poweredaser,
usuallyafiber laser,is usedto selectivelymeltandfusethe metallic
powdersaccordingto the crosssectionsof the CAD model. The

117~



laseris controlledby a computeito scanandtracethe outlinesof the
part's crosssection onto the powder bed. The laser energy is
absorbedby the powder particles,causingthemto melt and fuse
together. After scanningand fusing a layer, the powder bed is
loweredby the thicknessof onelayer,anda new layer of metallic
powderds spreadntop usingtherecoaterThis processs repeated
until the objectis complete.The laserscanningorocesss repeated
to selectivelymeltandfusethe newlayerto thepreviouslayer.This
layerby-layer building processis repeateduntil the entire part is
completed.After the partis fully built, it is allowed to cool and
solidify insidethe powderbed.This helpsin preventingdeformation
andwarpingof the part dueto thermalstressesOncethe part has
cooled down, the excess,unfusedmetallic powdersare removed
from the powderbed using variousmethodssuchas brushing,air
blowing, or vacuuming The schematigepresentationf this system
Is given in figure 4. The manufacturedcomponentsmay require
additional processingto achieve the desired surface finish,
dimensionalaccuracy,and mechanicalproperties.Postprocessing
mayinvolve heattreatmentmachiningpolishing,or otherfinishing
processegjependingon the specificrequirementsf the part.
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Figure 4: Selectivdasermelting(SLM) methoddiagram.

Advantageof SelectiveLaserMelting, Ability to produce
fully denseandfunctionalmetalpartswith complexgeometriesThe
material exhibits excellent mechanicalproperties,such as high
strength, toughness,and fatigue resistance.Design flexibility,
allowing for the productionof customizedandoptimizedparts.The
ability to manufacturecomponentdsrom a variety of metal alloys,
suchasstainlesssteel titanium,andaluminium,amongothers.The
productiontime is faster comparedto traditional manufaturing
methodsbecausét eliminatesthe needfor tooling or molds.
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2.5 Direct metal laser sintering (DMLYS)

Direct Metal Laser Sintering (DMLS) is an additive
manufacturingtechnigue,also known as SelectiveLaser Melting
(SLM). It usesa high-poweredaserto fusemetalpowderdayer by
layer, resulting in the production of threedimensionalobjects.
DMLS is widely usedin industriessuchasaerospaceautomotive,
medical,andtooling, wherecomplexmetalpartswith high precision
anddurability arerequired.DMLS usesmetal powdersasthe raw
material. The metal powdersare typically fine and have specific
properties suitable for the DMLS process,such as high melting
points and good thermal conductivity. Commonmaterialsusedin
DMLS include stainlesssteel, titanium, aluminum,cobaltchrome,
andinconel.Beforethe DMLS procesdegins,the 3D modelof the
objectto be printed is convertedinto machinereadablecode (G-
code)usingspecializedsoftware.The G-codecontainsinstructions
for the DMLS machine,including the layerby-layer geometryand
the laser parametersThe Direct Metal Laser Sintering (DMLS)
madine featuresa build platform coatedwith a thin layer of metal
powder.Themetalpowderis selectivelymeltedby thehigh-powered
laser, following the instructionsin the G-code, which fusesthe
particlestogethetto form asolidlayer. Thebuild platformis lowered
by apreciseamountandanewlayerof metalpowderis spreadver
the previouslayer. The objectis formed by repeatingthe process
layerby layeruntil it is complete Thelaserusedin DMLS generates
asignificantamountof heatwhich caisesthemetalpowdergo melt
andfusetogether After eachlayeris melted,it is rapidly cooledto
solidify themetalandcreateasolid part. This controlledheatingand
coolingprocesselpsto achievegoodmetallurgicalpropertiesn the
final part. Similar to otheradditive manufacturingnethodsDMLS
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may requiresupportstructurego hold up overhangingor complex
geometriesduring the printing process. Support structuresare
usuallymadeof the samematerialasthe partor asacrificialmaterial
that canbe removedafter printing is complete After the objecthas
beenfully printed, it may undergopostprocessingstepssuch as
removingsupportstructuressurfacefinishing, andheattreatmento

optimize its mechanicalproperties.Postprocessingis crucial to

attain the intended surface finish, precison, and mechanical
propertiesof thefinal product.

DMLS enablesthe productionof intricate geometrieshat
may be difficult or unfeasible to achieve with conventional
manufacturingtechniques,such as CNC machining. DMLS can
producepartswith high accuracyandfine details,makingit suitable
for applicationghatrequiretight tolerancesandprecisedimensions.
DMLS producedully densemetal partswith excellentmechanical
propertiesjncluding high strength,goodthermalconductivity,and
corrosion resistance.The parts are comparableto traditionally
manufacturednetalparts.DMLS is arapidprototypingmethodthat
allowsfor quick iterationanddesignvalidation.It canalsobeused
for smaltscaleproductionof complexmetalpartswithout the need
for tooling.

2.6 Electron beam melting (EBM)

ElectronBeamMelting (EBM) is anadditivemanufacturing
procesghatutilisesan electronbeamto liquefy metalpowdersand
constructthreedimensionalobjectslayer by layer. EBM is similar
to SelectiveLaserMelting (SLM) in thatit is a powderbedfusion
processbutit usesanelectronbeaminsteadof alaserastheenergy
sourceTheproces®f EBM commencesvith anevenlayerof metal
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powderbeing spreadacrossa build platform. An electronbeamis
thenusedto selectivelymelt the powderin the desiredareaspased
onacomputergenerate®@D modelof thepart. The electronbeamis
precisely controlled and scansthe powder bed, melting it and
creatingsolidified metallayers.After eachayeris finished,thebuild
platform is lowered by one layer thickness.Then, a new layer of
metalpowderis spreacbverthe previouslayerthathasbeenmelted.
Theprocesss repeatedtepby stepuntil thefinal layeris complete.
Oneof theuniqueaspect®f EBM is thatit operatesn a vacuumor
nearvacuum environment. This is becausethe electron beam
requiresa vacuumto travelthroughto avoid scatteringandalsoto
preventoxidation of the metal powderduring the melting process.
The vacuumenvironmentensureghat the partsare producedwith
minimal contamination and optimal material properties. The
schematiaepresentatioonf this systemis givenin figure 5.

Printed Object

Figure 5: Electronbeammelting(EBM) methoddiagram.
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Advantagesof EBM can achieve faster build speeds
comparedo someotheradditivemanufacturingprocessedueto the
high energydensity of the electronbeam,which allows for rapid
melting and solidification of metal powders. EBM machines
generallyhavelargebuild volumeswhich enableghe productionof
large and complex partsin a single build, reducingthe needfor
assemblyor joining of multiple smallerparts.EBM producegarts
with excellent material properties,including high density, good
mechanial properties,and high-quality surfacefinish. EBM can
processawide rangeof high-temperaturenaterials suchastitanium
alloys, nickel alloys, and cobaltchromium alloys, which are
commonlyusedin aerospacegutomotive andmedicalapplications.
EBM canproducepartswith intricate geometriessuchasinternal
features, overhangs,and undercuts, without requiring support
structuresThisallowsfor theproductionof intricateandlightweight
parts.

2.7 Polyjet

PolyJetis arapidprototypingmethodthatusesaninkjet-style
process to create 3D objects by jetting and curing liquid
photopolymer materials layer by layer. Stratasys,a leading
manufactureof 3D printers,developedhePolyJettechnology t is
widely usedin various industriesfor rapid prototyping, product
development,and manufacturingof complex and detailed parts.
Photopolymermaterials are used in PolyJet technology. These
materialsare liquid polymersthat are cured or solidified when
exposedto ultraviolet (UV) light. The materials are typically
suppliedin cartridgesor tanks,andthey canbe loadedinto the 3D
printer. The PolyJetprinter usesinkjet-style printheadsto jet tiny

dropletsof liquid photopolymermaterialsonto a build platform.
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Thesedropletsarepreciselydepositedayerby layer,andeachlayer
is curedor solidified usingUV light immediatelyafterit is jetted.
The cured layers bond togetherto createa solid object. PolyJet
printerscanalsojet asupportmaterialalongsidehe modelmaterial.
The supportmaterialis usedto supportoverhangingor complex
geometriesluringthe printing processThe supportmaterialcanbe
easily removedatfter printing, leaving behindthe final 3D object.
PolyJettechnologyallowsfor high precisionandresolutionprinting,
with layer thicknessegypically ranging from 16 to 30 microns.
Additionally, PolyJetprinterscanprint with multiple materialsin a
single print job, allowing for the creationof parts with varying
colors, textures, or material propertiesin a single print. After
printing,the3D objectmayrequirepostprocessingsuchaswashing
to removeexcessphotopolymematerialsor supportmaterial,and
UV curingto fully solidify the object. Theschematiagepresentation
of this sydemis givenin figure 6. SomePolyJetprintersalsooffer
additionalpostprocessingptions,suchassmoothingpolishing,or
painting,to achievedesiredsurfacefinishesor aesthetics.

__—Material
Container

| __—Inkjet Print

UV Curing  — Head

Light

___—Printed Object

~Support Structure

Figure 6: Polyjetmethoddiagram.
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Advantages of PolyJet, high precision and resolution
printing, allowing for the creationof complexand detailedparts.
Multi-material printing capability, allowing for partswith varying
colors, textures,or material properties.Wide range of available
photopolymer materials with different properties, such as
transparencyflexibility, and durability. Support material can be
easily removed, leaving behind smooth surfaces.Fast printing
speedsmakingit suitablefor rapid prototypinganditerativedesign
processesSuitablefor producing parts with fine details, smooth
surfacesandhigh-quality aesthetics.

3. Pl astic énjection molding

Plastic injection molding (PIM) is a highly efficient and
widely usedmanufacturingtechniquefor producingplastic parts.
( ¢ al lekak, 2023; Zhou et al., 2021) The injection molding
methodis utilisedto manufacturgartsof varioussizesandintricate
shapesThe injection molding processcanimprove productquality
andreducecycletimesdependingpnthemold designandplasticpart
geometryThis techniqueis commonly used in various fields,
including automotive aviation, biomedical,packaging electronics,
andtoy production.(Deepikaet al., 2020; MercadeColmeneroet
al.,2021)

Plastic injection molding is a manufacturingprocessthat
createsthreedimensionalplastic parts by injecting molten plastic
materialinto a mold cavity. Injectionmouldingis a highly efficient,
costeffective, and versatile techniquefor massproducingplastic
parts.Conceptgelatedto plasticinjectionmoldingterminologyare
shownin figure 7 (CatoenandRees 2021)
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Figure 7: Injectionmoldterminology.
Source CatoenandRees2021

Plastic injection molding can produceparts with complex
geometries,precisedimensions,and various material properties,
makingit suitablefor awide rangeof applicationgn industriessuch
asautomotive consumegoods electronicsmedical,andmore.The
representationf a plasticinjectionmold assemblyandmold coreis
givenin Figure8.
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Figure 8: (a,b) Plasticinjectionmoldassembly(c) Plastic
injectionmoldcore.

The processof plasticinjection molding typically involves
the some phase.The first phasein plastic injection molding is
productdesign.The next phaseis to selectthe appropriateplastic
materialfor the injection molding processTherearevarioustypes
of plasticsavailablewith differentpropertiessuchasthermoplastics
(ABS, PP,PE,PC)andthermosettinglastics(epoxy). The material
selectiordepend®nthedesiredcharacteristicsf thefinal part,such
asstrengthflexibility, heatresistane,andmore.After selectingthe
productandplasticmaterialfor deformatiormolding,thenextphase
is mold design.The mold, alsoknownasthetool or die, is a hollow
cavity thatdefinesthe shapeandfeaturesof the final plasticpart. It
is typically madeof steelor aluminumand consistsof two halves,
the cavity andthe core,which are precisionmachinedo createthe
desiredpart geometry.After the design,productionand assembly
stagesthereplacemenprocesdegins.Theselectemlasticmaterid
is thenfed into theinjectionmoldingmachineg(Figure9), whereit is
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heatedto its melting point and convertedinto a molten state.The
moltenplasticis typically mixed with additives,suchascolorants,
fillers, andstabilizers to achievethe desiredpropertiesof the final
part. Oncethe molten plasticis ready, it is injectedinto the mold
cavity underhigh pressureisinga reciprocatingscrewor a plunger.
The plasticmaterialfills the mold cavity andtakesthe shapeof the
mold, forming the part'sdesiredgeometry.After the injection, the
mold is cooledto solidify the moltenplasticmaterialandallow it to
take the shapeof the mold cavity. Cooling time dependson the
materialand part geometryand is carefully controlledto prevent
deformationsor warping of the part. Once the plastic part has
solidified, themold is openedandthe partis ejectedfrom themold
cavity using ejector pins or other mechanismsThe part is then
trimmedandany excessmaterial,known asflash, is removed.The
abovephasesare repeatedo producea large numberof identical
partsin a continuouscycle.Injectionmoldingmachinesanoperate
in a high-speedautomatednanner allowing for efficient andcost
effectiveproductionof largequantitiesof plasticparts.
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Plastic injection molding offers several advantages,
including. Injection molding allows for high-volume productionof
plasticpartswith fastcycletimes,makingit highly efficientfor mass
production. Injection molding can produce parts with complex
geometriestight tolerancesand various surfacefinishes, offering
designflexibility and versatility in creatinga wide rangeof parts
with differentshapesandsizes.

4 . Use of additive manufacturi

Injection molding is a versatile processthat can handlea
wide rangeof plastic materials,including both thermoplasticsand
thermosetting plastics. This allows for flexibility in material
selectionto achievethe desired propertiesin the final product.
Injection molding is a costeffective methodfor producingplastic
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partsin large quantities,asthe perpart costdecreasesvith higher
productionvolumes.Injectionmolding offershigh repeatabilityand
consistencyin part quality, as the processparameterscan be
preciselycontrolledandmonitored resultingin consistenparts.

However therearealsosomelimitationsto plasticinjection
molding, including. The designandfabricationof moldsfor plastic
injectionmolding canbe expensivegspeciallyfor complexpartsor
low-volume production.The moldsneedto be preciseanddurable,
addingto theinitial tooling cost. This canmakeit lesssuitablefor
smallscaleor prototypeproductionruns.Thedesignandfabrication
of moldsfor plasticinjection molding cantaketime, rangingfrom
weeksto months,dependingon the complexty of the partandthe
availability of resources.This lead time can delay the overall
productiontimeline, especiallyfor new product developmentor
time-sensitiveprojects.In this context,additive manufacturinghas
createdanimportantvision in plasticinjection moldingin termsof
both speedand precision. The productionof mold core samples
usinga 3D printeris shownin figures10and11.
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Figure 10: Productionof mold core samplesusing3D printer.
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Injectionmoldinghascertaindesignimitations,suchasdraft
angleswall thicknessandundercutswhich needto be considered
during the designprocess.Theselimitations can affect the design
freedomandmay requiredesignmodificationsor additionaltooling
featuresaddingcomplexityandcostto the processWhile injection
molding canprocessa wide rangeof plasticmaterialstheremaybe
limitationsin termsof the materialpropertieshatcanbe achieved.
For example, certain high-temperature or high-performance
materials may require specialized equipment or processing
technigues,which can add to the overall cost. Plastic injection
molding involves the use of plastic materials, which can raise
environmentalconcernsrelated to plastic waste, recycling, and
sustainability. Proper disposal or recycling of plastic waste
generated during the process is important to mitigate the
environmentalmpactof plasticinjectionmolding.
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Figure 11: Examplef mold coresproducedwith 3D printers.

There are some examplesfrom around the world where
additive manufacturinghasbeenusedin plasticinjection molding.
Volkswagen Autoeuropa,an automotive manufacturingplant in
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Portugal, has integrated additive manufacturinginto its plastic

injection molding processedo produce custom tools, jigs, and

fixtures.By leveraging3D printing, they havebeenableto optimize

their production processesreduce tooling costs, and improve

production efficiency (https://additivex.com). BMW Group, a

leading automobile manufacturer, has implemented additive

manufacturingn plasticinjection molding for producingcomplex
tooling insertsandcore pinswith conformalcoolingchannelsThis

has allowed them to achievefaster cooling times, reducedcycle

times, and improved part quality

(https://www.press.omwgroup.com IKEA, a global furniture

retailer, has utilized additive manufacturingin plastic injection

molding to produce customized componentsfor its furniture

products.This hasenabledthemto offer uniqguedesigns,improve

productperformanceand reducecostsassociatedvith traditional

toolingmethodghttps://www.voxelmatters.coymHP Inc., aleading
technologycompany,has incorporatedadditive manufacturingin

plasticinjection molding to producecustomizedooling insertsfor

their inkjet printheadmanufacturingprocess.This hasresultedin

improved print quality, reducedproductiontime, and increased
efficiency (https://www.industryweek.com Adidas, a renowned
sportswear and footwear brand, has integrated additive
manufacturingin plastic injection molding to producecustomized
midsolesfor their running shoes.This hasallowed them to offer

personalizedootwearwith enhanced@domfortandperformanceand

alsoenabledrapid designiterationsfor fasterproductdevelopment
(https://www.cnet.com
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5. Conclusion

Despitethelimitations,plasticinjectionmoldingremainsone
of the mostwidely usedandversatilemethodsfor massproduction
of plastic parts. Its advantagesin terms of efficiency, design
flexibility, materialvariety, and costeffectivenessnakeit suitable
for a wide rangeof applicationsin various industries.However,
careful consideration of the design, tooling, material, and
environmental aspects is necessary to ensure successful
implementatiorof plasticinjection molding for specific projectsor
applications.In this context, additive manufacturinghas brought
aboutextremelyimportantandsignificantimprovementgor plastic
injectionmolding.

Additive manufacturing, has been increasingly used in
plasticinjection molding to complemenbr enhancehe traditional
injection molding process.Additive manufacturingoffers unique
advantages the plasticinjection moldingworkflow, includingthe
ability to produce complex geometries,createrapid prototypes,
producetooling componentsand manufacturesmall quantitiesof
customparts.Herearesomespecificusesof additivemanufacturing
in plasticinjectionmolding.
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CHAPTER VI

Performance Improvementof Vapor Compression
Refrigeration System Using Nanofluid

Metin YILMAZ 1
Canan CXMkK
Elif %3!T

Introduction

Todays'rapid technologicaldevelopmentshave madethe
conceptof energyevenmoreimportant. With thesedevelopments,
energydemanchasincreasedn industry,daily life, andmanyother
areas.However,althoughfossil resourcesare known as the main
energysourceof todays'world, their reservesare decreasingand
their environmentatlamagesrealsoknown. Refrigerationsystems
arenow widely usedin almosteveryindustryandin our daily lives.
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Consideringthe energy consumptionof industrial systemsiit is
important to conduct efficiency studies on these systems.The
refrigerationsystemsn the industrialsectorarecritical in termsof
energyconsumptionTherefore gfficiencystudiesshouldbecarried
out.

Thereare 3 main factorsaffecting energyefficiency in the
refrigerationsystem.The first stepis to take appropriatemeasures
for the existingsystemandsystemelementsThe seconds the use
of alternativecyclesusingalternativeenergysourcesThe analysis
of absorptioavapor compressioncascaderefrigeration systems
created by combining absorption and conventional vapor
compression refrigeration systems, which are considered as
alternativecycles,is seenn literature(Jainetal. 2013;Coloradoand
Vel §z20138;&mangetal. 2023; CimsitandOzturk2014).The
third factor is the selectionof the appropriaterefrigerantfor the
refrigeration system. Nanofluids are a new technology that is
becoming increasingly important in the refrigeration systems
becauseof their high heat transfer. Thesefluids are formed by
dispersingnanoparticlesin the fluid. The use of nanofluidsin
refrigeration systemsoffers a more environmentally sustainable
optionby providing high efficiency andlower energyconsumption.
In the studies conductedwith the use of nanofluid in vapor
compressiorrefrigerationsystemsjt was concludedthat the COP
valuesof thesystemincreasedBilen etal 2021;Pawelaetal. 2017,
Babarindeetal. 2018).(It hasbeenobservedhatthe performancef
thesystemhasincreasedn studiesby addingAl 203 hanoparticle$o
the R134Afluid usedin the vaporcompressionefrigerationcycle
(Ajayi etal. 2019;Aly etal. 2019;Hussairetal. 2018).Adelekanet

al. (2019examinedhe effect of adding titanium dioxide (TiOz2)
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nanoparticleso a systemusingan R600arefrigeranton the system
performanceTheresultsshowedhatthenanoparticledopedsystem
performedbetter than the plain system.In anotherexperimental
studyby Jatinderet al. (2019),the effectof TiO2 nanoparticlesvas
investigatedn two different refrigerantsystemsusing R600aand
LPG. Theresultsshowedthat the systemusing TiO2 dopedR600a
performed better than the system using LPG under the same
conditions.

Nair et al. (2020) experimentallyinvestigatedthe effect of
the addition of aluminium oxide (Al203) nanoparticleon system
performancen a systemusingan R134Arefrigerant.Theresultsof
theresearctshoweda 6.5%improvemenin the COPvaluewith the
addition of nanoparticles.The effect of addition of diamond
nanoparticle®n the performancef a systemusingR32 refrigerant
wasexperimentallynvestigatedin theresearchit wasreportedhat
the nanopatrticleadditiveincreasedhe refrigerationcapacityby 5%
andthe COPvalueby 0.5%.Adelekanet al. (2021)experimentally
investigatedhe effectof TiO2 additionon performancen a system
using R600a,and as a result, the COP value reachedthe highest
valueof 4.2with the contributionof nanoparticlesin asystenusing
R134aandR600arefrigerants,Joshietal. (2021)examinetheeffect
of Al20s additionon performanceln theresearchit wasstatedthat
the COPvalueof the systemwith R600acontaining0.1% Al 203 by
massincreasediy 37.2% comparedwith that of the systemusing
R134a. Senthilkumar and Anderson (2021) experimentally
investigatedthe effect of SiO; addition on the performanceof a
systemusingR410a.Becauseof this researchit hasbeenreported
that the addition of nanoparticlesmprovesthe performanceof the

system.
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Due to increasingenergy consumptionand environmental
concernsn efrigeration the performancef therefrigerationsystem
needsto be improved.If a reductionin compressomork can be
achieved in the vapor compressionrefrigeration system, the
performancgparametercanbe improved.In this direction,thea i m
of hstsudy nv estthhempt e voetmhpert f ororhanc e
avapoo mpr ersesfiroingseyrsatdegnomegn or ef r i ger
wi athh e o raeptpircoasl b tsutdhgef f e B d @A O3
an@u@anopatrt hRell3etsk f r iugseerdaimvéa p o r
compressefohgeyabeatomsystleawvlkeeen
t heor dtniveeasltAigoeat tabi d eerdmo daymaalimjiassi s
car ouvaeti f f ev &mada nactoonrd & resmepre raantdu r e s
madg acTheesalbt ad rgee diehna bd nepls ap h s .

Material And Methods

Themethodusedin this studyis basednareviewof similar
studiesn theliteratureto developatheoreticabpproachsuitablefor
the useof nanorefrigerant$n the vapor compressiormrefrigeration
cycle (Bilen et al 2021; Aktemur and Ozturk 2022; Kumar et al.
2016). To betterunderstandhe theoreticalmodel, an ideal vapor
compressioncycle is first consideredand explainedusing basic
thermodynamicequations Figure 1 showsthe vapor compression
refrigerationcycle.

This theoreticalmodel is basedon similar studiesin the
literatureandstudiesby Aktasetal. (2015)andKumaretal. (2016).
In thesystemthefluid is assumedo be superheatedaporfrom the
evaporator and compressedliquid from the condenser.In a
simplified model, the heatloss and pressuredrop of the working
fluid during heattransferare not considered.The refrigerantand
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nanoparticlehavethe sametemperaturensideeachcomponentin
this study,theisentropicefficiency of the compressors considered
because¢he COP of the systemis directly dependenbn the energy
consumption of the compressor.For the vapor compression
refrigerationcycle givenin Figure 1, the energybalanceis written
perunit massandthecalculationsaaremadeusingtherelationsvalid
understeadyregimeconditions.The relatedrelationsfor the cycle
are given below. The isentropic efficiency of the compressoris
calculatedusingEquation(4) (Elakdharetal. 2007).

1 e

A AR A A A AR A A
S RSB

A I
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e
T L B L

\ 4

o

Figure 1. Thevaporcompressiomefrigerationcycle

The equationsare given usedin thermodynamicanalysis
below(Bejanetal. 1996):

Generamassandenergybalance:
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Yy, = N, (1)

G - H.r = E Hﬂut‘ - E Hrz':'z (2)
Ge =hy — hy 3
e =hy—hj (4)

Fe
is = 0874~ 0,0135 ¢ 5)
Wyer = 2 — Iy (6)
_ 'hl - h-._]_ (7)
COP = ha—h,
Pur = @ — p:zp + {l - m}ppr (8)

The properties of nanofluids are given in the Table 1
(KosmadakisandNeofytou2019).

Tablel. Propertiesof the nanoparticlesat2 5 A C

Nanoparticle Thermal Density Specific Particle
Conductivity | (kg.m-3) Heat (kJ.kg | Size (nm)
W.mil. A 1. -AcC
1)

Al203 38,7 3690 0,765 48

CuO 33,0 6315 0,530 77

Nanofluid propertiescanbe obtainedusingthe methodused
in Akt atwal. [17]. The propertiesof a nanorefrigerantare
determinedby parameterssuch as density and enthalpy of the
working fluid.

Results And Discussion
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In this study, Al20s and CuO the nanoparticlesvere added
to theR134Afluid, andtheir effectsonthesystemweretheoretically
analyzedFirst law analysesere performedand COP valueswere
obtainedand comparedwith R134A fluid. The variation of the
system parameterswas investigated for different evaporator
temperaturesn this study. The condensetemperaturewvas kept
constantat 40 A Cfor the R134A fluid and mixtures. The mass
fractionsof Al20s andCuO the nanoparticlesverekeptconstanit
0.006.As canbe seenin Figure 2, the COPvalueincreasesasthe
evaporatotemperaturéencrease$or theR134A,R134A+AkL0s3, and
R134A+CuO fluids. On the other hand, the COP values of
R134A+CuOfluid are slightly higher than those of R134A and
R134A+Al20s. ThelowestCOPvalueswereobservedn R134A.

14

12
10

CcoP

(== T N = N - ]

4 —%—R134A
, —A—R134A1+A1203

V
B R134A+Cu0

-20 15 -10 -5 0 5 10 15 20 25
Te (°C)
Figure 2. Variation of COP with the evaporationtemperature

In Figure 3, the evaporator capacity increasesas the
evaporatotemperaturéncreasesrThisis becauséheenthalpyof the
fluid leaving the evaporatorincreasesin direct proportion to
evaporationlt hasbeenobservedhat the evaporatorcapacitiesof
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R134A+ Al203 and R134A+CuOfluids are higher than those of
R134A.
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Figure 3. Variation of the e
evaporation temperature
In Figure4, smiliar to the evaporatoicapacity,the enthalpy
of the fluid enteringthe compressolincreasesas the evaporator
temperaturencreasesOn the otherhand,the compressoneedsto
compresghe fluid less.It hasbeenobservedihat the compressor
works of R134A+AL0Os and R134A+ CuO fluids are less than
R134A.As canbeseenfrom Figure5, the sameresultwasobserved
for thecompressiomatios.
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Figure 5. Variation of the compressiomatio with evaporation
temperature

Thevariationof the systemparametersvasinvestigatedor
different condensertemperaturesn this study. The evaporator
temperature was kept constant, and the mass fraction of
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nanoparticles themixtureswasdetermineds0.006.Accordingto
the results show in Figure 6, the COP values for the R134A,
R134A+AkL0s, and R134A+CuOfluids decreasasthe condenser
temperaturancreasesThe COP valuesof R134A+CuOfluid are
slightly higherthanthoseof the R134A and R134A+AkL0Os fluids.
ThelowestCOPvaluesweredeterminedor R134A.
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Accordingto theresultsshowin Figure7, asthe condenser
temperatureincreases,the enthalpy of the fluid leaving the
compressolincreasesAlso, the compressotasto compressthe
fluid more. The compressor work of R134A+AkOs and
R134A+CuOfluids is lower thanthat of R134A. Accordingto the
results show in Figure 8, the sametrend has been observedin
compressiomatios.
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Thevariationof the systemparametersvasinvestigatedor
differentmasdractionin thisstudy.Theevaporatotemperaturevas
kept constantat 1 A @nd the condensertemperaturewas kept
constaniat4 0 Ao€the R134Afluid andmixtures.As canbe seen

in Figure 9, the COP value increasesas the mass fractions
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temperaturancreasedor R134A+Ak0O3 and R134A+CuOfluids.
Ontheotherhand,the COPvaluesof R134A+CuCfluid areslightly
higherthanR134A+AkLOs. Thework in thecompressodecreaseas
the massfraction increaseqFigure 10). In this respect,the COP
valueincreasesAs canbeseenn Figurell,theevaporatocapacity
increasesvith the nanoparticlenassfraction.

7,50
g 6,50
&) —4— R134A+AI1203
R134A+Cu0O
5,50
4,50
0 0,0002 0,0004 0,0006 0,0008

The mass fraction (%)

Figure 9. Variation of the COP with differentmassfraction

26

[
o

—4—R134A+AI1203
R134A+Cu0O

wnet (kJ/kg)
I~
(3]

(o]
=

18
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Figure 10. Variation of the compressowork with differentmass
fraction
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Figure 11. Variation of the evaporatorcapacitywith massfraction
Conclusons

Al203 andCuOnanoparticlesvereaddedo R134Afluid and
theoreticallyanalyzedn vaporcompressiomefrigerationcycle. As
aresultof theadditionof nanoparticleso therefrigerantanincrease
in the COPandevaporatocapacityof the systemwasobservedOn
theotherhand,adecrease thecompressopowerconsumptiorwas
observed Forthesameconcentratiovaluesand,CuOnanoparticles
gavebetterresultsthanAl 203 nanoparticles.

The addition of nanoparticlessignificantly affects the
thermal, physical, and heat transfer propertiesof the refrigerant.
Thesefluids are formed by dispersingnanoparticlesn the liquid.
The applicationof nanoparticleasadditivesin refrigerantsandas
lubricantsin the vaporcompressiomefrigerationsystemis positive
and promising. The use of nanofluids in refrigeration systems
provides high efficiency and lower energy consumption.lt also
offers an importantalternativefrom an environmentalview point.
Thus, with thesenanofluids,both lower energyconsumptionand
higherenvironmentaprotectionareachieved.
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To reduceenergy consumptionin the vapor compression
mechanical refrigeration cycle and to ensure environmental
protectionthedeterminatiorof therefrigerantghatmaybe suitable
and the systemelementsthat meet desiredcriteria will increase
energyefficiencyin thesesystems.

Nomenclatura
COP : CoolingPerformanceoefficient

h : Enthalpy(kJ/kg)

P : Pressurdbara)

('ﬁ : Heatflow rate(kW)

T : Temperaturé A C)
W  : Compressowork (kW)
Subscripts

c : condenser

e :evaporator

in s inlet

out :Streamdeavinga component

GreekSymbols

w : Massfraction

his . Isentropicefficiency

r :Density( k g/ mj )
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