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CHAPTER |

A Numerical Approach -to Si |
Spring Connections of Vehicle Seat for Collisions

Mehmet C¢ALI kKA
Mur at KARABEKT.

1. Introduction

The automotiveindustry now plays an important role in
developedand developingcountries.This can be seenby the way
that countriesthat have a say in the automotivesectorare giving
increasingmportanceo technologicabdevelopmentn theindustry
in order to expandtheir market share(Eraslan,Cibelek &Polat,
2014). A strongautomotivesectoris seenas one of the common
characteristics of industrialized countries. In order for the
automotiveindustry to sustainthis active power, productswith
addedvalueshouldbe developedandimproved,thatis, they should
have advantagesn termsof technology,design,and safety. This

1Prof . Dr ., Sakarya Uygulamal E Bil i ml e
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shows the importance of R&D (Researchand Development)
activities.

Expectationsrom the automotiveindustry have increased
greatlyin recenttimes.Oneof the mostimportantfactorsof this has
beenthe increasedmportancegiven to outputslike security and
designby individuals with increasedeconomicwelfare. However,
legal regulationsin areassuchas securityand the increasein the
industry'sknow-how havealso pavedthe way for rapid progress.
Thisdynamicsystems requiredto developcontinuously actingfast
with regarddo thenewinnovationsandquickly introducingthenew
productalternativedo thecustomerWith all this, asignificanteffort
is requiredin the designand verification phasesof a successful
product developmentprocessfor an optimized. Nowadays,the
designof a car, the developmentf this designwith the help of
analysisprograms,and the constructionof the massproduction
stagesof the created design prototype have become a rather
complicatedprocessThelegislationsof theleadingcountriesin the
industry have guidedthe importantstrides madein the history of
automobiledevelopmentA standardis defined as; a number of
definitions and conditions set up to achieve and maintain the
compatibility, efficiency, and specified quality levels of parts,
materialsor processegBudynas& Nispett 2020). Manufacturers
areconstantlyunderpressurasstategegularlyupdateheminimum
standardsthat cars should have. The legislation of developing
countriesis generallybasedon the legislationof the countriesthat
have completedtheir developmat in this field. For example,in
Europe UNECE (UnitedNationsEconomicCommissiorfor Europe)
regulationsapply. Theseregulationsare taken as a referencefor

vehiclesthat are to be sentto Europe postproductionfrom any
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country.Thesevehicleswhichwill beexportedo theUnitedStates,
must be able to meetthe requirementaunder the "FederalMotor
VehicleSafetyStandardandRules"definedby theU.S.Department
of TransportationFor productsthat will be producedin large
guantities(large batchesand massproduction),their technicaland
economic characteristicsshould be fully controlled before full
capacityproduction.This type of productionis doneusingsamples
and prototypesand often requiresmany developmensteps(Pahl,
Beitz, Feldhuser& Grote,2007).

In this casestudy, a vehicle seatwas designedby going
throughthe basicprocesseabove.Thevehicleseatis definedas"a
structurghatcanbecombinedor separatérom thevehiclestructure,
alongwith accessoriedesignedor anadultpersorto sit." (Standard,
ECE R17).To developa successfulvehicle seat,manyinputs and
restrictionsneedto be balancedsuchascustomerexpectationsthe
requirementsset by the vehiclesthe seatis to be usedin andthe
countriest is to besoldin, ergonomicsimpacton vehicledynamics
(driving etc.),whethemproductscanbe manufacturear beproduced
usinganassemblyine, appearanceayeight,investmentostandcost
pervehicle.

A seatis subjectedo seatbelt anchorageest,staticloading
test,energydistributiontest linearimpactor,seatingress/egresseat
enduranceand fatigue test, h point measuremeniumbar fatigue,
structural fatigue, recliner and slide fatigue, sun visor fatigue,
climatic for componentsandvibration anechoicchambettests.We
often can'teasily graspthe eventsaroundus or solvethe problems
we face.That'swhy in orderto solvea complexproblemwe try to
makeit more understandablby separatingt into known or easier
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subproblems. In engineering applications, some problems are
impossibleto fully solve, and for such problemsan approximate
solutionis acceptedTopcu& Tasgetiren1998).

Thebasicapproachn thefinite elemenimethodis asolution
where complex problemsare divided into simpler subproblems,
eachof which is completelysolved within itself. There are three
basic attributesin this method. First, the geometricallycomplex
solution region is divided into geometricallysimple subregions
called finite elements.Secondly, continuous functions in each
elementare consideredto be linear combinationsof algebraic
polynomials.Lastly, obtainingthe valuesof the definedequations
that are continuouswithin eachelementis sufficient to solve the
problem.

As the finite elementmethod and computertechnologies
haveevolvedovertime, they havebecomepreferredoy theindustry
as they are more accessiblehan physicaltestsin termsof costs.
Using thesetechnologiesthe designstageof the project can be
analyzedand optimizedandresultscanbe achievedat a minimum
time. In this study,we will testthedesignedeatn avirtual dynamic
collision simulationusingthe finite elementmethod.The findings
will thenbe comparedo the criteria thatwould haveto be metin
orderto massproducethedesignedseat.Therehavebeennumerous
studiesthat have conductedvehicle seatanalysisusing the finite
elemenimethod(Reference$-16).

Paststudieshave also shown that the vehicle seatdesign
processs quite detailedandis time-consumingln orderto shorten
this processin this study,the selectionprocesf boltsandnutsin



designwas carriedout with the help of the findings obtainedasa
resultof FEA analyses.

2. Materials and method
Seat Design

The designwas createdusingthe ECE R17 regulationasa
referencewhich containsprovisionsaboutthe approvalof vehicles
with regardsto design,seats,seatfittings, and headrestocations.
The Cadmodelof the seatwascreatedusingthe CATIA V5 design
program.Sincethis studywasfocusedon the designstructureof the
seatandits analysisusingfinite elementsvereaimedatthestructure
design,no work was doneon the surfacesymbolizingthe sponge
textureof the seat.Furthermorebecauséhe study is afront-impact
testandthe spongedoesnot havea significanteffecton this type of
impact, the study was carried out without the sponge.The floor
wheretheseatwasfixed andthehair printedunderthedummy’'sfeet
were designedand symbolized.With this, the foundationof the
design was laid as the first stage.In the later stages,design
optimizationandanalysigprogressetbgetherin orderto strengthen
the design,many revisionswere madeand dozensof simulations
were performed. When building the design, one of the two
symmetricakideswasdesignedirst andthenmirroredwith thehelp
of therequireddatumplanesusingthe'mirror' modeincludedin the
CATIA V5. Thedetailsof somepartsof theseatwe createdhe CAD
modelasshownin Figurel. The entire CAD designwasdesigned
basedntheH pointbelongingto apassenganodelvehicle.H point
regulationsare definedas the theoreticalposition of a passenger's
buttocksor tail somasontheseat.Thislocationis usuallydetermined
by carmanufactureranddesignsaremadeaccordingly In thestudy,
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astandardlummywasusedto represena human Rib structurewvas
addedto increasethe strengthin brackets.The ribs were shaped
taking into accountthe direction of the incomingforce. The basic
foundationneededor the preparatiorof afinite elementmodelis a

geometric model preparedin a CAD program. The model is

convertednto afinite elemenimodelusinga FEM programthatcan
performdynamicanalysis.After this conversionprocesswhich is

theinitial processingphasedynamicanalysisis calcuktedwith the
help of a solver.Using a final processothat interpretsresults,the
resultsobtainedfrom the solverare processednd interpreted An

FEA Model flowchart displaysthe programsusedin our study as
shownin Figure2.

Seatback Brackets

Cushion Brackets

Fig. 1. FEAModel Preparation
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Fig. 2. Flow chartfor the correctionof theroll formingprocess
design.

FEA Model

In thecreationof thefinite elementsnodel,thestagexanbe
roughly summarizedasfollows:

Since Hypermeshoffers CATIA V5 data usagesupport,
CAD data can be imported directly. Thus, the transition to the
Hypermeshinterfaceis made.Sincethe entirestructureis in sheet
metalformat, finite elementmodelsaremadewith theshellelement
type using midsurfacefor each piece. Then the mesh model is
created Propertiesare definedfor eachpart. Propertyis wherethe
informationaboutthethicknessof the materialis found

Material identificationis madeafter propertiesare defined.
Materialinformationcanbeentereceithermanuallyor by importing

a readymaterialcurve. In this study,someof a seating& interior
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c o0 mp areagymadematerialcurveswere used.Then,the rigid

connectionelementsare defined. In this study, bolt-nut fasteners
were selectedand their strengthwas not checked.Spring element
identification was made at thesejunctions. In other words, the

possibility of deformation at those points was defined as not

possible.The aim of thisis to detectthe force thatwill be on each
connectiorpoint usingthe springelementandselectthe bolt or nut

elementaccordingly insteadof trying differentbadlt-nutconnections
and wastingtime. The front and side view of the FEA model is

shownin Figure3.

Fig. 3. Thefront andsideviewof the FEA model.

Forthis study,2 typesof the contactsurfacewereidentified.
Oneis type 7, which we defineasmulti-usage andthe otheris type
11, which we define as an edgeto edge.Eachcontactactsas an
element.Type 11 is usedto identify beamspars,andspringsedge
to-edge.Thenthe datafrom Hypermeshis exportedas a rad file,
importedin HyperCrashandborderconditionsandsurfacecontacts
aredefined.An importantpoint hereis thatwhicheverunit systems
usedwhenworking with Hypermeshthe sameunit systemshould
be defined while importing it to HyperCrash.To create the
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accelerationfunction, it is possibleto manually enter valuesin
HyperCrash.It is also possibleto import data either from a
previously preparedaccelerationfunction or from information
receivedfrom a customerlIn this study, it is usedby importingthe
acceleratorfunction usedin the test of the sametype of vehicle
preparedefore.Finally, the procesf decodingthe datais started
on Radioss.

Data Inputs for Dynamic Collision Analysis

The Speed function entered into the program for the
simulationis shownin Figure4.
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Fig. 4. Speedunctionenterednto the programfor the simulation.

Thespeedhangeaboves definedasthefirst effectwe want
the seatto haveatfterthe physicalcollision. This speedcorresponds
to aspeedf approximately64 kilometersperhour.
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3. Analysis results

Radiossprogramcalculatesthe accuracyof eachiteration
step proportionally during FEA analysis, giving us information
aboutthe accuracyof the solution, and therefore,the inputs and
boundaryconditions Thisrateis definedasacritical valueof N 1 0 %.
Thereforepy questioninghenumberof errorsthatoccurduringthe
solution,we canseewhetherthework is atanacceptabldevel.

Fromthefollowing graph,it canbe seenthatthe numberof
errorsis within the rangeof acceptablevaluesand thereforeour
analysishasyieldedarealisticresultasseenn Figure5. Ouranalysis
showsphotosof the seatanddummy'sbehaviourin differentframes
asshownin Figure6.

Error Rate (%)
L
L1
s

0 100000 200000 300000 400000  SO0000  GOOOOO

Number of lteration
Fig. 5. Convergencgraph.
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" Loadcaze 1 : Time = 0,000000 Loadcae 1 - Time = 40.000011
Frame 1

Frame 21

Losdcase 1: Time » 80000130
Frame &1

Loadcase 1 : Time = 120000092

Fig. 6. Theattitudeof the seatanddummyat differenttimes.

The plastic strain results of the seat from different

perspectivesreshownin Figure?.

»a
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Fig. 7. Theplasticstrain resultsof the seatfrom different

perspectives.
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Thefirst factor of accidentss undoubtedlyhuman.Because
of thefactthatthecaris thepersonwhousegshevehicleoris affected
by the accidentof the vehicle, the car companiesare constantly
working on measuredo mitigate the effects of accidents.These
measuresare defined as passivesafety factors. One of the most
importantcomponentsn a seatis undoubtedlythe seatbelt andits
ports. The load on seatbelt ports, which have the duty to hold
dummyasa passivesafetyfactordueto theimpactof acollision, is
quite high. Seatbeltanchoraggointsin the FEA modelis shownin
Figure8.

ForceTime diagrams for the three points of seat belt
anchoragés shownin Figure9.

As canbenotedin thefollowing Figure10, theareawith the
highestamountof deformationand displacemenbn the seatis the
areawherethe seatbelt portis connectedo oneof the bracketson
the seatandits surroundingsThis is why the designand material
selection of these attachmentsbecomeseven more important.
Changen the backareaat the time of collision dueto the force on
theseatbeltis shownin Figure10.

-16--



4 Spring 3

Spring 2

Spring 71

Fig.8. Seatbeltanchoragepointsin the FEA model
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Fig. 9. Changein thebackareaat thetime of collision dueto the
forceontheseatbelt.
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As mentionedearlier, the strategywe usedwasto identify
bolt-nutconnectionandaccepthoseregionsasrigid, thencalculate
in theincomingforceto thoseregionsto find the resultantorcethe
choserbolt-nutconnectiommustresist.In otherwords,in this study,
having moved away from the repetition of the trial-anderror
method we analyzedhe amountof force comingonto the seatbelt
connection points, such as bolt-nut connections,and selected
products accordingly. This savesus from having to conduct
unnecessamepetitionsandpreventausfrom choosingunnecessarily
strongproducts.

The safetyattachmentsreaboutthe forcein kN to the seat
asmuchasthe force comingto the vehicleports.Thex, y, andz in
line with eachchartmentionedabovedefinethestrengththatourseat
belt buckle and seatbelt fabric mustresist. Whenwe examinethe
aboveresults,the largestforce on seatbelt bucklesis locatedat the
seatbelt attachment a kN). Therefore,the buckle mechanism
and belt fabric should have the characteristicghat can resistthis
force. As we havepreviouslydescribedwe havedefinedspringto
bolt-nut ports, adoptingrigid sequentialand calculatingincoming
forces,a strategyto find the chip force thatthe bolt-nut connection
mustresist. For example the strengthof the force of the junction
from springe53337is

about 10.5 kN. Therefore,the connectionproductsto be
selectedor thesepoints shouldbe selectedn capableof resisting
thesdoadsfrom eachpedestrianLoad-time diagramsof right front
floor connectionspring and left front floor connectionspring are
givenin Figurell andFigurel2respectively.
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Rightandleft front floor connectiorspringin theFEA model
is shownin Figure13.
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Right connection point

9)9))((Sprin58558336)

Left connection point

Fig. 13. Rightandleft front floor connectiorspringin the FEA
model.

4. Discussions

As a result of the integrated execution of the design,
optimizationandanalysisprocessesf the finite elementsnodel,a
numberof designchangesveremadein our study,andaftereachof
thesechangesthefinite elementanodelis analyzedandconsistent
analysisresultswere obtainedin accordancewith the acceptance
criteria. Sincethereareno physicalproductsof the study,thereis
no actualcollision testresultof this study. Whenwe compareour
studywith the physicaltestfindings obtainedby seatmanufacturers
who design and conduct the sametype of seats,our study is
consistentand we have a prototype after physical testing of our
study.Whenwe weresubjectedo positiveresults.

In addition,anexperimentakeattestprojectcarriedoutby a
companysupportedour findings; bolt selectionwas madewith the
bolt-springelementsimulationapproachusedin our study,andthe
results of the test confirmed the bolt-spring elementsimulation

--22--



approachandtheseare gratifying resultsthat supportthe study. It
hasbeenobservedn the entireproductdevelopmenprocesghata
very small designchangeon the part cancausesignificantchanges
in the distribution of forcesthat act on the partin a positive or
negativesense Or changingthe material selectedfor the part can
contributesignificantly to theforcedistributionon the part.

Oneof themostimportantpointsin our studyis undoubtedly
theapproachkshownto fastenersuchasbolt-nuts.Bolt connections
are defined as spring elementsin our study. This approachhas
already shortenedthe trial-anderror processthat is constantly
encounteredh the designandoptimizationprocessandreducedhe
numberof elementsusedin the SEY model. Bolt-nut connections
are consideredspring elementsand defined as rigid, and the
equivalent forces acting on these elementsare evaluatedand
appopriate bolt-nut elementsare then selected.This way, the
productdevelopmenfrocessbecomesnuch more time-efficient.
Also, this studyonceagainprovesthe importanceand necessityof
finite elementapplicationsn designandoptimizationstudies.
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CHAPTER 11

Effect of Mass and Size on CO2 Emission and Fuel
Consumption in Curtain-Sided SemiTrailer

Ahmet Serdar SERTER

1. INTRODUCTION

Carbondioxide (CO2)is animportantheattrappinggas,also
known as a greenhouseayas, that comesfrom the extractionand
burning of fossil fuels (such as coal, oil, and natural gas), from
wildfires, and natural processes like volcanic eruptions
(NASA,2024).

The Paris Agreement,shapingthe framework of the post
2020 climate change regime, has paved the way for the
implementatiorof newregulationsandinitiativesin varioussectors
aroundthe world to minimize carbonemissionsfossil fuel useand
otherenvironmentaimpacts(T.C.D é Kk i &kd kea mld.g ] &,

IMakine M¢ghendi si, Kol um&a Dépamptmané&nd,
serdar.serter@koluman.co@r c @03000443267367
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Figure 1. PercapitaC O emissiongGlobal CarbonBudget,2024;
Populationbasedon varioussources,2024)

Whenwe examinethe trendof CO2 emissionger capitain
Turkey over the years, we see that emissionshave gradually
increasedstartingaround2000andpeakedaround2015.This trend
reflectstheincreasingcarbonfootprintin thecountry,especiallydue
to industrializationand energyconsumption.The valuesshownin
the graphindicate that there has beena steadyincreasein CO2
emissiongper capitaandthat Turkey'sfigureswill reacharound5
tonspercapitain 2023.

In this context, significant efforts are being made,
particularly in the trailer category,including curtainsided closed
box, panelsided closedbox, and refrigeratedclosedbox vehicles
(O3 and O4 categories)to reducecarbonemissionsby enhancing
fuel efficiency.

The EuropearCommissionjo furtherits effortsto decrease
fuel consumptionand CO2 emissions,introduced the VECTO
(Vehicle Energy Consumption Calculation Tool) simulation
programwhich cameinto effectunderEU Regulation2022/1362as
of Januaryl, 2024. By July 1, 2024, the use of this simulation
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program becamemandatoryfor trailer manufacturergEuropean
Commission2022) VECTO providesarealisticandcomprehensive
simulation, particularly for trailers, by accounting for various
parametersuchasthe effectsof aerodynamiavingsandsideskirts,
tire rolling resistance,air drag, weight, size, and inertia. The
simulation requires manual input of the vehicle's superstructure
dimensionstotal height,and volume; changesn theseparameters
directly influencefuel consumptiorandcarbonemissions

Giventhehighfuel consumptiorandcarbonemissionsn the
trailer category,the design processfor vehicle dimensionsand
weighthasbecomeacritical focusarea.This studysimulatedrailers
with differentdimensionsaandweights(closedbox superstructures)
usingtheVECTO programcomparinguel consumptiorandcarbon
emissionvalues.Theresultswereanalyzedo determineefficiency
variationsunderdifferentroadconditions.

2. MATERIAL and METHOD

VECTO simulationprogramwas usedto comparethe fuel
consumption and carbon emission values according to the
superstructuréeaturesof thevehiclesIn thesimulationsa standard
curtainsiderbox trailer was usedas a reference Comparedto the
referencevehicle,the superstructur@olumesof vehiclesthatare 1
metershorterin length,200 mm lower in heightand500 kg lighter
in weight were calculated and simulation inputs were made
accordingto thesedata.
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Figure 2. Curtain-sidedTrailer

(EuropeanCommission2022)

Datainputsfor the vehiclesarepresentedn Tablel1 below:

Table 1.Data Inputs of Curtairsided Box Bodies

Curtain -sided Box Bodies Standart 1 m shorter 200 mm 500 kg
lenght lower height lighter
weight
External Length of the 13.950 m 12.950 m 13.950 m 13.950 m
Body
External Width of the Body 2,550 m 2.550 m 2.550 m 2.550 m
External Height of the 2.900 m 2.900 m 2.700 m 2.900 m
Body
Total Height of the trailer 4.000 m 4.000 m 4.000 m 4.000 m
Cargo Volume 103.2 m3 95.8 m3 99.6 m3 103.2 m3
Number of Axles 3 3 3 3
Trailer Type DA DA DA DA
Bodywork Type Curtain CurtainSided | CurtainSided Curtain
Sided Sided
Corrected Mass in Running 7200 kg 7200 kg 7200 kg 6700 kg
Order
TPMLM Trailer 39000 kg 39000 kg 39000 kg 39000 kg
TPMLM Axle Assembly 27000 kg 27000 kg 27000 kg 27000 kg
Tyre/Rolling Resistance 385/65 R22.5| 385/65 R22.5| 385/65 R22.5 385/65
Coefficient T 4.0 N/kN T 4.0 N/kN T 4.0 N/kN R22.51 4.0
N/KN
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The data is organized according to the pavement
characteristicandVECTO input parametersThe simulationresults
were analyzedto examinethe effectsof theseparameterson fuel
consumptiorandcarbonemissions.

3. RESULTS

The VECTO simulation program provided averageCO2
emissionsand fuel consumptionvaluesfor a curtainsidedtrailer
underloadedand unloadedconditionsin threedifferent scenarios:
long-haul, regional delivery, and urban delivery. This enableda
detailed assessmenbf the trailer's performanceunder varying
operational conditions. The calculations took into account
parametersuchas dimensionsweight, aerodynamialevices,and
tire characteristics.

The standardcurtainsided trailer was simulatedusing the
VECTO programunderthreedifferentroadconditions,bothloaded
andunloaded.

As seen in Figure 3, on longhaul routes, the fuel
consumptions 22.61/100 km while C O emissions 590g/kmwhen
the vehicleis unloaded On long-haul routeswith a loadedvehicle,
the fuel consumptionis 30.11/100 km, and C O emissionis 789
g/km.
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Long Haul Long Haul

Simulation Parameters Simulation Parameters
Payload: 2600 kg Payload: 19300 kg
Total vehicle mass: 17547 kg Total vehicle mass: 34247 kg
Average speed 79.7 km/h Average speed 78.4 km/h

Fuel consumption: 22.6 1/100km Fuel consumption: 30.1 1/100km
Fuel consumption: 0.0868 Vt-km Fuel consumption: 0.0156 Vt-km
Fuel consumption: 0.00219 I/mé-km Fuel consumption: 0.00292 Vm3-km
Fuel consumption: 189 g/km Fuel consumption: 252 gkm
Fuel consumption: 72.5 g/t-km Fuel consumption: 13.1 g/t-km
Fuel consumption: 1.83 g/m’-km Fuel consumption: 2.44 g/mi-km
CO2 emissions: 590 2/km CO2 emissions: 789 g/km
CO2 emissions: 227.0 g/t-km CO2 emissions: 40.9 g/t-km
CO2 emissions: 5.72 g/m-km CO2 emissions: 7.65 g/mP-km
Efficiency ratio: 0.995 km-based Efficiency ratio: 0.992 km-based
Efficiency ratio: 0.995 t-km-based Efficiency ratio: 0.992 t-km-based
Efficiency ratio: 0.878 mé-km-based Efficiency ratio: 0.875 mé-km-based
Reference ratio: 0.977 km-based Reference ratio: 1.002 km-based

Figure 3. Unloadedand Lodadedvaluseson LongHaul

As seenin Figure 4, on regional delivery routes,the fuel
consumptions 23.71/100 km while C O emissions 620g/kmwhen
the vehicleis unloaded.On regionaldelivery routeswith a loaded
vehicle,thefuel consumptions 30.31/200 km, andC O emissionis
793g/km.

Regional Delivery Regional Delivery
Simulation Parameters Simulation Parameters

Payload: 2600 ke Payload: 12900 kg

Total vehicle mass: 17547 kg Total vehicle mass: 27847 kg

Average speed: 60.7 km'h Average speed: 60.0 km'h
Fuel consumption 23.7 1/100km Fuel consumption: 303 1/100km
Fuel consumption 0.0911 Vt-km Fuel consumption: 0.0235 Vt-km
Fuel consumption 0.00230 V/m*-km Fuel consumption: 0.00294 1'm*-km
Fuel consumption 198 g/km Fuel consumption: 253 gkm
Fuel consumption 76.2 g/t-km Fuel consumption: 19.6 g/t-km
Fuel consumption 192 g/m-lm Fuel consumption: 245 g/m*-km
CO2 enussions: 620 g/km CO2 enussions: 793 g'km
CO2 emissions: 2384 gft-km CO2 emussions: 614 g/t-km
CO2 emissions: 6.01 g/m*-lan CO2 emissions: 7.68 g/m*-km
Efficiency ratio: 0.969 km-based Efficiency ratio: 0.976 km-based
Efficiency ratio: 0.969 t-km-based Efficiency ratio: 0.976 t-km-based
Efficiency ratio: 0.855 nr-km-based Efficiency ratio: 0.861 m?-km-based
Reference ratio: 0.980 km-based Reference ratio: 0.994 km-based

Figure 4. Unloadedand Lodadedvaluseson RegionalDelivery
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As seenin Figure 5, on urban delivery routes, the fuel
consumptions 37.31/200 km while C O emissions 976g/kmwhen
the vehicle is unloaded.On urban delivery routeswith a loaded
vehicle,thefuel consumptions 52.51/100 km, andC O emissionis
1373g/km.

Urban Delivery Urban Delivery
Simulation Parameters Simulation Parameters

Payload: 2600 kg Payload: 12900 kg

Total vehicle mass: 17547 kg Total vehicle mass: 27847 kg

Average speed: 26.2 km'h Average speed: 257 km'h
Fuel consumption: 373 V100km Fuel consumption: 525 1/100km
Fuel consumption: 0.143 /t-km Fuel consumption: 0.0407 Vt-km
Fuel consumption: 0.00362 Vm*-km Fuel consumption: 0.00509 Vm-km
Fuel consumption: 312 g/km Fuel consumption: 439 g'km
Fuel consumption: 119.9 g/tkm Fuel consumption: 340 glt-km
Fuel consumption: 3.02 g/m-km Fuel consumption: 425 g/m*-km
CO2 emissions: 976 g/km CO2 emissions: 1373 g'km
CO2 emissions: 375.4 g/tkm CO2 emissions: 106.4 glt-km
CO2 emussions: 9.46 g/m-km CO2 enussions: 13.31 g/m’-km
Efficiency ratio: 0.961 km-based Efficiency ratio: 0.971 km-based
Efficiency ratio: 0.961 t-km-based Efficiency ratio: 0971 t-km-based
Efficiency ratio: 0.848 n’-km-based Efficiency ratio: 0857 me-km-based
Reference ratio- 0966 km-based Reference ratio: 0977 km-based

Figure 5. Unloadedand Lodadedvaluseson Urban Delivery

As shownin Figure 6, the averageCO2 emissionsfor a
standarccurtainsidedtraileris 730g/km, andthe fuel consumption
is 27.91/100 km. Thesevaluesrepresenthe baselineperformance
for the standardconfigurationundertypical operatingconditions.
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Payload:

C02 emissions:
C02 emissions:
C02 emissions:
Efficiency ratio:
Efficiency ratio:

Efficiency ratio:

Fuel consumption:
Fuel consumption:
Fuel consumption:
Fuel consumption:
Fuel consumption:
Fuel consumption:

Weighted Results

13842
279
0.0202
0.00271
2333
16.9
226
730
528
708
0.991
0,991
0.874

kg
1100km
1t-km
VnP-km
g/km
git-km
g/me-km
g/km
git-km
g/m-km
km-based
t-km-based
nr-km-based

Figure 6. AverageValuesof StandardCurtain-sidedTrailer

1-metershorterlength curtainsidedtrailer was simulated
using the VECTO programunderthree different road conditions,
bothloadedandunloaded.

As seen in Figure 7, on long-haul routes, the fuel
consumptions 22.41/100 km while C O emissions 587g/kmwhen
the vehicleis unloaded On long-haul routeswith a loadedvehicle,
the fuel consumptionis 30.0 1/100 km, and C O emissionis 786

g/km.
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Long Haul Long Haul
Simulation Parameters Simulation Parameters

Payload: 2600 kg Payload: 19300 kg

Total vehicle mass: 17547 kg Total vehicle mass: 34247 ke

Average speed: 79.7 km/h Average speed: 78.5 km/h
Fuel consumption: 224 1/100km Fuel consumption: 30.0 1/100km
Fuel consumption: 0.0862 Vt-km Fuel consumption: 0.0156 Ve-km
Fuel consumption: 0.00234 lme-km Fuel consumption: 0.00314 Vm?-km
Fuel consumption: 187 g/km Fuel consumption: 251 g/km
Fuel consumption: 72. o/t-km Fuel consumption: 13.0 g/t-km
Fuel consumption: 1.96 g/m-km Fuel consumption: 2.62 g/m?-km
CO2 emissions: 587 g/km CO2 emissions: 786 g/km
CO2 emissions: 2257 gitkm CO2 emissions: 40.7 g/t-km
CO2 emissions: 6.13 g/mi-km CO2 emissions: 8.20 g/m*-km
Efficiency ratio: 0.989 km-based Efficiency ratio: 0.988 km-based
Efficiency ratio: 0.989 t-km-based Efficiency ratio: 0.988 t-km-based
Efficiency ratio: 0.940 mé-km-based Efficiency ratio: 0.939 n¥-km-based
Reference ratio: 0.977 km-based Reference ratio: 1.002 km-based

Figure 7. Unloadedand Lodadedvaluseson LongHaul

As seenin Figure 8, on regional delivery routes,the fuel
consumptions 23.61/100 km while C O emissions 617g/kmwhen
the vehicleis unloaded.On regionaldelivery routeswith a loaded
vehicle,thefuel consumptions 30.21/100 km, andC O emissionis
790g/km.

Regional Delivery Regional Delivery
Simulation Parameters Simulation Parameters

Payload: 2600 kg Payload: 12900 kg

Total vehicle mass: 17547 kg Total vehicle mass: 27847 kg

Average speed: 60.6 km/h Average speed: 60.2 km'h
Fuel consumption 236 1/100km Fuel consumption: 302 1/100km
Fuel consumption 0.0907 Vt-km Fuel consumption: 0.0234 Vt-km
Fuel consumption: 0.00246 Vm#-km Fuel consumption: 0.00315 Vn-km
Fuel consumption: 197 g/km Fuel consumption: 252 g/km
Fuel consumption: 75.8 g/t-km Fuel consumption: 19.6 git-km
Fuel consumption 2.06 g/m*-km Fuel consumption: 2.63 g/m-km
CO2 emissions: 617 gkm CO2 emissions: 790 g/km
CO2 emissions: 2373 g/t-km CO2 emissions: 61.2 g/t-km
CO2 emissions: G644 gm’-km CO2 enmssions: 825 gme-km
Efficiency ratio: 0.964 km-based Efficiency ratio: 0.973 km-based
Efficiency ratio: 0.964 t-km-based Efficiency ratio: 0973 t-km-based
Efficiency ratio: 0916 m-km-based Efficiency ratio: 0.924 m*-km-based
Reference ratio: 0.980 km-based Reference ratio: 0.994 km-based

Figure 8. Unloadedand LodadedValuseson RegionalDelivery
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As seenin Figure 9, on urban delivery routes, the fuel
consumptions 37.31/200 km while C O emissions 975g/kmwhen
the vehicle is unloaded.On urban delivery routeswith a loaded
vehicle,thefuel consumptions 52.41/100 km, andC O emissionis
1372g/km.

Urban Delivery Urban Delivery
Simulation Parameters Simulation Parameters

Payload: 2600 kg Payload: 12900 kg

Total vehicle mass: 17547 kg Total vehicle mass: 27847 kg

Average speed: 26.2 kmh Average speed: 257 km'h
Fuel consumption 373 1/100km Fuel consumption: 524 1/100km
Fuel consumption 0.143 Ut-kem Fuel consumption: 0.0406 Vt-km
Fuel consumption 0.00389 Um?-km Fuel consumption: 0.00547 Vm-km
Fuel consumption 312 g/km Fuel consumption: 438 g'km
Fuel consumption 119.8 g/t-km Fuel consumption: 340 gt-km
Fuel consumption 325 g/m*-km Fuel consumption: 4.58 g/m*-km
CO2 emussions: 975 g/km CO?2 emussions: 1372 g'km
CO2 emissions: 3751 g/t-km CO2 emussions: 106.3 gt-km
CO2 emissions: 10.19 g/m*-km CO2 emussions: 1433 g/m*km
Efficiency ratio: 0.960 km-based Efficiency ratio: 0.971 km-based
Efficiency ratio: 0.960 t-km-based Efficiency ratio: 0.971 t-km-based
Efficiency ratio: 0.912 n*-km-based Efficiency ratio: 0.922 me-km-based
Reference ratio: 0.966 km-based Reference ratio: 0.977 km-based

Figure 9.Unloaded and Lodaded Valuses on Urban Delivery

As shownin Figure 10, the averageCO2 emissionfor 1-
meter shorter length curtainside trailer is 727 g/km and fuel
consumptions 27.81/100 km.
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Payload:

CO2 emissions:
CO2 emissions:
CO2 emissions:
Efficiency ratio:
Efficiency ratio:
Efficiency ratio:

Fuel consumption:
Fuel consumption:
Fuel consumption:
Fuel consumption:
Fuel consumption:
Fuel consumption:

Weighted Results

13842
27.8
0.0201
0.00290
2323
16.8
243
7.59
0.986
0.986
0.937

kg
1/100km
Vt-km
/m?-km
gkm
g/t-km
g/m-km
gkm
g/t-km
g/mé-km
km-based
t-km-based

m?-km-based

Figure 10.Average Values of alMeter Shorter Length Curtain

Sided Trailer

200-millimeter lower height curtainside trailer was
simulatedusing the VECTO program under three different road
conditions bothloadedandunloaded.

As seen in Figure 11, on long-haul routes, the fuel
consumptions 22.01/2100 km while C O emissionis 576g/kmwhen
the vehicleis unloaded On long-haul routeswith a loadedvehicle,
the fuel consumptionis 29.7 /100 km, and C O emissionis 776

g/km.
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Long Haul Long Haul
Simulation Parameters Simulation Parameters

Payload: 2600 kg Payload: 19300 ke

Total vehicle mass: 17547 ke Total vehicle mass: 34247 ke

Average speed: 79.7 km/h Average speed: 78.5 km'h
Fuel consumption: 220 1/100km Fuel consumption: 29.7 1/100km
Fuel consumption: 0.0846 Vi-kem Fuel consumption: 0.0154 Vi-km
Fuel consumption: 0.00221 Vmé-kam Fuel consumption: 0.00298 Vm’-km
Fuel consumption: 184 glkm Fuel consumption: 248 g/km
Fuel consumption: 70.7 g/t-km Fuel consumption: 128 g/t-km
Fuel consumption: 185 g/m*-kam Fuel consumption: 249 g/'m’-km
€02 emissions: 376 g/km CO2 emmssions: 776 g'km
CO2 emissions: 2214 g't-km CO2 enussions: 402 g/t-km
CO2 emissions: 5.78 gk CO2 enuissions: 779 g'm*km
Efficiency ratio: 0.970 km-based Efficiency ratio: 0.976 km-based
Efficiency ratio: 0.970 t-km-based Efficiency ratio: 0.976 t-km-based
Efficiency ratio: 0.887 m-km-based Efficiency ratio: 0.892 n¥-km-based
Reference ratio: 0977 km-based Reference ratio: 1.002 km-based

Figure 11.UnloadedandLodadedvaluseson LongHaul

As seenin Figure 12, on regionaldelivery routes,the fuel
consumptions 23.21/100 km while C O emissions 608g/kmwhen
the vehicleis unloaded.On regionaldelivery routeswith a loaded
vehicle,thefuel consumptions 29.91/100 km, andC O emissionis
781g/km.

Regional Delivery Regional Delivery
Simulation Parameters Simulation Parameters
Payload: 2600 kg Payload: 12900 ke
Total vehicle mass: 17547 kg Total vehicle mass: 27847 kg
Average speed. 60.6 km/h Average speed: 60.1 km'/h
Fuel consumption: 232 1/100km Fuel consumption: 299 1/100km
Fuel consumption: 0.0894 Vt-km Fuel consumption: 0.0231 Vt-km
Fuel consumption: 0.00233 Vme-km Fuel consumption: 0.00300 Vo-km
Fuel consumption: 194 g/km Fuel consumption: 250 g/km
Fuel consumption 7438 g/t-km Fuel consumption: 194 g/t-km
Fuel consumption: 1.95 g/m’-km Fuel consumption: 251 g/m-km
CO2 emissions: 608 g/km COZ2 emissions 781 g/km
CO2 emissions: 2340 g/tkm CO2 emuissions 60.6 g/tkm
CO2 emussions: 6.11 g/mr-km CO2 emussions 7.84 g/nr-km
Efficiency ratio: 0951 km-based Efficiency ratio: 0962 km-based
Efficiency ratio: 0951 t-km-based Efficiency ratio: 0.962 t-km-based
Efficiency ratio: 0.869 m-km-based Efficiency ratio: 0.879 m-km-based
Reference ratio: 0.980 km-based Reference ratio: 0.994 km-based

Figure 12. UnloadedandLodadedvaluseson RegionalDelivery
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As seen in Figure 13, on urban delivery routes, the fuel

consumpt.i

on

iIs 37.1 1 /1

00 km whi

the vehicle is unloaded. On urban delivery routes with a loaded

vehicle, the fuel consumption i
1369 g/km.
Urban Delivery Urban Delivery
Simulation Parameters Simulation Parameters

Payload: 2600 kg Payload: 12900 kg

Total vehicle mass: 17547 kg Total vehicle mass: 27847 kg

Average speed: 26.2 km/h Average speed: 25.7 kmh
Fuel consumption 371 1/100km Fuel consumption: 523 1/100km
Fuel consumption 0.143 Vt-km Fuel consumption: 0.0406 Vt-km
Fuel consumption: 0.00373 Vmé-km Fuel consumption: 0.00525 Vmé-km
Fuel consumption: 310 g/km Fuel consumption: 437 g/km
Fuel consumption: 119.4 g/t-km Fuel consumption: 339 g/t-km
Fuel consumption 312 g/’ km Fuel consumption: 439 g/mr-km
CO2 emissions: 972 gkm CO2 emissions: 1369 gkm
CO2 emissions: 3738 gt-km CO2 emussions: 1061 g/t-km
CO2 emissions: 9.76 g/me-km CO2 emissions: 13.74 g/m-km
Efficiency ratio: 0957 km-based Efficiency ratio: 0.969 km-based
Efficiency ratio: 0957 t-km-based Efficiency ratio: 0.969 t-km-based
Efficiency ratio: 0.874 m-km-based Efficiency ratio: 0.885 me-km-based
Reference ratio: 0.966 km-based Reference ratio: 0.977 km-based

Figure 13. UnloadedandLodadedvaluseson Urban Delivery

As shownin Figure 14, the averageCO2 emissionfor 200-
millimeter lower height curtainside trailer is 717 g/km and fuel
consumptions 27.41/100 km.

Payload:

Fuel consumption:
Fuel consumption:
Fuel consumption:
Fuel consumption:
Fuel consumption:
Fuel consumption:
CO2 emissions:
CO2 emissions:
CO2 emissions:
Efficiency ratio:

Efficiency ratio:

Efficiency ratio:

Weighted Results

13842
274
0.0198
0.00275
220.1
16.6
2.30
717
51.8
7.20
0.973
0.973
0.889

kg
1/100km
U/t-km
Vm?-km
gkm
g/t-km
g/mi-km
gkm
g/t-km
gh-km
km-based
t-km-based

m*-km-based

Figure 14. AverageValuesof a 200-Millimeter LowerHeight
Curtain-SidedTrailer
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500 kg lighter weight curtaiside trailer was simulated using
the VECTO program under three different road conditions, both
loaded and unloaded.

As seen in Figure 15, on lo#waul routes, the fuel
consumption is 22.3 |1 /100 km whi
the vehicle is unloaded. On lofgwl routes with a loaded vehicle,

t he fuel consumption is 29.9 1|/
g/km.

Long Haul Long Haul
Simulation Parameters Simulation Parameters

Payload: 2600 kg Payload: 19300 kg

Total vehicle mass: 17047 kg Total vehicle mass: 33747 kg

Average speed: 79.7 km/h Average speed: 78.5 km/h
Fuel consumption: 22.3 1/100km Fuel consumption: 209 V/100km
Fuel consumption: 0.0859 Vt-km Fuel consumption: 0.0155 Vt-km
Fuel consumption: 0.00217 l/mé-km Fuel consumption: 0.00290 Vm-km
Fuel consumption: 187 g/km Fuel consumption: 250 /km
Fuel consumption: 71.8 g/t-km Fuel consumption: 13.0 g/t-km
Fuel consumption: 181 g/mr-km Fuel consumption: 242 g/m*-km
CO2 emissions: 585 g/km CO2 emissions: 783 g/km
CO2 emissions: 224.9 g/t-km CO2 emissions: 40.6 g/t-km
CO2 emissions: 5.67 g/me-km CO2 emissions: 7.59 g/m>-km
Efficiency ratio: 0.985 km-based Efficiency ratio: 0.984 km-based
Efficiency ratio: 0.985 t-km-based Efficiency ratio: 0.984 t-km-based
Efficiency ratio: 0.869 mé-km-based Efficiency ratio: 0.868 mé-km-based
Reference ratio: 0.977 km-based Reference ratio: 1.002 km-based

Figure 15.UnloadedandLodadedvaluseson LongHaul

As seenin Figure 16, on regionaldelivery routes,the fuel
consumptions 23.41/200 km while C O emissions 613g/kmwhen
the vehicleis unloaded.On regionaldelivery routeswith a loaded
vehicle,thefuel consumptions 30.01/100 km, andC O emissionis
785g/km.
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Regional Delivery Regional Delivery
Simulation Parameters Simulation Parameters
Payload: 2600 kg Payload: 12900 ke
Total vehicle mass: 17047 ks Total vehicle mass: 27347 kg
Average speed: 60.7 km/h Average speed: 60.2 km'h
Fuel consumption: 234 1100km Fuel consumption: 30.0 1/100km
Fuel consumption: 0.0900 Vi-km Fuel consumption: 0.0232 Vt-km
Fuel consumption: 0.00227 1/ -km Fuel consumption: 0.00291 Vo -km
Fuel consumption: 196 g/km Fuel consumption: 251 g/km
Fuel consumption: 75.3 g/t-km Fuel consumption: 19.4 g/t-km
Fuel consumption: 1.90 g/n-km Fuel consumption: 243 g/m*-km
CO2 emissions: 613 z/km CO2 emussions: 785 g/km
CO2 emissions: 2356 g/tkm CO2 emissions: 60.8 glt-km
CO2 emissions: 5.94 g/nr-km CO2 emissions: 7.60 g/m’-km
Efficiency ratio 0957 km-based Efficiency ratio: 0.966 km-based
Efficiency ratio: 0957 t-km-based Efficiency ratio: 0.966 t-km-based
Efficiency ratio: 0.844 n-km-based Efficiency ratio: 0.852 m?-km-based
Reference ratio: 0.980 km-based Reference ratio: 0.994 km-based

Figure 16. UnloadedandLodadedvaluseson RegionalDelivery

As seenin Figure 17, on urban delivery routes, the fuel
consumptions 36.6 1/2100km while C O emissions 957g/kmwhen
the vehicle is unloaded.On urban delivery routeswith a loaded
vehicle,thefuel consumptions 51.71/100 km, andC O emissionis
1354g/km.

Urban Delivery Urban Delivery
Simulation Parameters Simulation Parameters

Payload: 2600 kg Payload: 12900 kg

Total vehicle mass: 17047 kg Total velncle mass: 27347 kg

Average speed: 26.2 km'h Average speed: 257 km'h
Fuel consumption: 36.6 1/100km Fuel consumption: 51.7 V100km
Fuel consumption: 0.141 Vt-km Fuel consumption: 0.0401 Vt-km
Fuel consumption 0.00354 V/m*km Fuel consumption: 0.00501 Vnr-km
Fuel consumption: 306 gkm Fuel consumption: 432 g/km
Fuel consumption 117.6 g/t-km Fuel consumption: 335 g/t-km
Fuel consumption: 296 g/m*-km Fuel consumption: 4.19 g/m*-km
CO2 emissions: 957 g/km CO2 emissions: 1354 glkm
CO2 emissions: 368.0 g/t-km CO2 emissions: 104.9 git-km
CO2 emissions: 9.27 g/m*-km CO2 emissions: 1312 g'm*-km
Efficiency ratio: 0.942 km-based Efficiency ratio: 0.958 km-based
Efficiency ratio: 0.942 t-km-based Efficiency ratio: 0.958 t-km-based
Efficiency ratio: 0.831 ‘mi-km-based Efficiency ratio: 0.845 m*-km-based
Reference ratio: 0.966 km-based Reference ratio: 0.977 km-based

Figure 17. UnloadedandLodadedvaluseson Urban Delivery
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As shown in Figure 18, the average CO2 emission for 500
kg lighter weight curtairside trailer is 724 g/km and fuel
consumption is 27.7 1/100 km.

Weighted Results
Payload: 13842 kg
Fuel consumption: 277 1/100km
Fuel consumption: 0.0200 Vt-km
Fuel consumption: 0.00268 Vm*-km
Fuel consumption: 2314 km
Fuel consumption: 16.7 g/t-km
Fuel consumption: 224 g/mi-km
CO2 emissions: 724 g/km
CO?2 emissions: 523 g/t-km
CO?2 emissions: 7.02 g/mé-km
Efficiency ratio: 0.982 km-based
Efficiency ratio: 0.982 t-km-based
Efficiency ratio: 0.867 m-km-based

Figure 18. AverageValuesof a 500kg Lighter WeightCurtain-
SidedTrailer

4. CONCLUSION

In this study,the effectsof changesn vehicleweight,length,
andsuperstructuréeighton CO2 emissionsandfuel consumption
wereanalyzedTheresultsdemonstratethatimprovementsn these
parametersignificantly contributeto enhancingenergyefficiency
andreducingenvironmentalmpacts.

A 500 kg reduction in vehicle weight decreasedCO2
emissionsby 0.82% and fuel consumptionby 0.71%. The use of
lightweight technologies offers a valuable opportunity for
environmentallyconsciousapplicationsn the transportatiorsector.
A 1-meterreductionin vehiclelengthledto a0.41%decreasen CO2
emissionsand a 0.36% reduction in fuel consumption. This
highlightstheimpactof vehicledimensionn energyefficiency.A
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200 mm reductionin superstructureneight achievedthe highest
improvement,with CO2 emissionsdecreasingy 1.78% and fuel

consumptionby 1.79%. This finding indicates that optimizing

superstructur@eightis a moreeffectivestrategycomparedo other
parameters.The strong relationship between aerodynamic
improvementsand reducedenergy consumptionand emissionsis

confirmedby this result.

Thefindings of this studyrevealthatinnovationsin vehicle
designcan effectively meetregulatorystandardsand sustainability
goals.Notably, optimizing superstructur@eighthasbeenidentified
as having greaterimprovementpotentialcomparedo otherdesign
parameters.

In conclusion,this study providesvaluableinsightsfor the
developmentof environmentally friendly and energyefficient
designs in the automotive sector. Future research should
comprehensivelgxaminecritical parametersuchassuperstructure
heightacrosdifferentvehicletypesandusagescenarios.
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CHAPTER I I

Non-traditional Manufacturing Methods and Laser
Hybrid Welding Technologies

Ferit ARTKIN !

Introduction

Theterm"nonttraditionalmanufacturingprocessestefersto
a collection of proceduresthat eliminate surplus material using
mechanicalthermal,electrical,chemical,or combinationof these
energieshowevertheydonotemploysharpcuttingtools,whichare
necessaryor traditional manufacturingporocessesNeitherthe tool
nor theworkpiececomeinto directtouchthroughouthis operation.
It is challengingto use conventionalmachining techniqueslike
turning,drilling, shapingandmilling onmateralsthatareextremely
hard and brittle. When typical machining techniquesare neither
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practical, acceptablepr costeffective, nontraditional machining
techniquesalso known as advancedmanufacturingtechniquesare
used.

Arc and laserwelding are two welding techniqueshaving
beenworking for alongtime in industrialmanufacturingThereare
featuresof both welding techniqueghat setthem apart.Laserarc
hybrid welding procesghatcombineshesetwo approachesVide-
gap welding and quicker welding may be accomplishedin this
applicationutilizing the advantagesf both strategiesFurthermore,
thearcin laserwelding lowersthe high cooling rate after welding,
brittle phasedevelopmenin theweldingregion.

Non-traditional Manufacturing Methods

Innovativeand extremelyspecializedmethodsfor shaping,
forming, or modifying materialsare provided by nontraditional
manufacturing, commonly referred to as advanced machining
methodsor unconventionalmachining.Becauseof this, materials
thatarehardor impossibleto processwvith conventionatechniques
may be workedon. Unconventionalmachiningincludesa rangeof
methodseachsuitedto certainmaterialsand applicationssuchas
electrical discharge machining (EDM), laser cutting, abrasive
waterjg machining,and ultrasonic machining.For the following
reasons, traditional machining methods are not practical,
satisfactorypr costeffective:

1 Chip formation and material removal may happen
simultaneouslypr theremay be no chip creationat
all.
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1 In orderto removematerial, NTM proceduresften
don'trequiremechanicaknergy.

 Thetool in NTM doesnot haveto be moredurable
thanthe materialof thework item.

1 It is challengingto clamp extremelyhard, delicate
materialsfor conventionamachining.

Hardtitaniumalloys,nimonicalloys,andotherhigh strength
heatresistan{HSTR)alloyshavebeendevelopedndutilizedin the
aircraftindustry becausef the necessityfor greatstrengthat high
temperatures while retaining lightweight characteristics.
Unconventional machining methods have surfaced due to the
advancemenbf the developmentof cutting tools with hardness
levelsbetweerB0and85HRC, whichwerepreviouslyprohibitively
expensivdor machinesemployingstandardechniques.

HSTRalloys,titanium,stainlessteel(SST),nimonicalloys,
ceramics,and semiconductorsare essentialcomponentof many
high-tech enterprises Conventionalmachining techniquesare no
longer appropriate for these materials. Using conventional
machining processesto produce and mill intricately formed
componentgandsimilarly challengingto-machinealloysin HSTRis
time-consuminggexpensiveandlaborintensive.

Classification of NonTraditional Manufacturing Methods and
Laser Hybrid Welding

Numerous techniques, such as Electrical Discharge
Machining (EDM), Electrochemical Machining (ECM), Laser
Cutting, UltrasonicMachining, and Abrasive WaterjetMachining,
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areincludedin nonttraditionalmachiningproceduresEachof these
techniquedasuniquebenefitsfor precisionmachiningapplications.
Non-traditional manufacturing(NTM) processesare categorized
basedn thetype of energyutilized to removematerials.

1. Mechanical Processes

1 UltrasonicMachining (USM)

1 Water Jet Machining (WJM)

1 Abrasive Jet Machining (AJM)

1 Abrasive Water Jet Machining (AWJM)
2. Chemical Processes

1 Chemical Milling (CHM)

3. Electrochemical Processes

1 Electro Chemical Grinding (ECG)
1 Electro Jet Drilling (EJD)
4. ElectreThermal Processes

1 Laser Beam Machining (LBM)
1 Electron Beam Machining (EBM)

The Laser Hybrid Welding techniqueis one of these
techniques,as is the Laser Beam Machining (LBM) technique.
Additionally, thetypical GasMetal Arc Welding (GMAW) hasthe
following characteristics.

Ultrasonic Machining (USM)

A nontraditional technique called ultrasonic machining
creatediny, roundandnon-circular lower than1 mm by vibrating
thecuttingtool atahighfrequencywhich createsabrasiveparticles
andimpactstheworkpiece.
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Electrical Discharge Machining (EDM)

EDM, sometimes referred to as spark machining, removes
material by localized melting or vaporization by using electrical
energy to producespark that forms between a workpiece immersed
in a dielectric fluid and a tooEDM uses sparks to cut. In a jig
immersed in a dielectric liquid, like kerosene, the workpiece is
retained. The workpiece and an electrode (a continuous wire or a
shaped form of graphite) are closest to one another when a power
source generates quick elecal pulses that cause a discharge
between them. The ability to manufacture any conductive material,
regardless of its hardness, is one benefit of EDM. Another benefit
implies that the workpiece does not undergo mechasitasses
since the wire does natome into touch with it(mechanical
engineering.com, 2024).

Figure 1. Electrical DischargeMachining(EDM) Diagram.
Electrochemical Machining (ECM)

ECM removes material off a workpiece surface by
combining chemicaland electrical energyin line with Faraday's
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electrolyticlaw. It hasaninfinite usesconductiveelectrolytessuch
asNacCl.
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Figure 2. ElectrochemicaMachining(EDM) Diagram.

The ECM processinvolves pushinga negatively charged
cutting tool (cathode)towards a positively charged workpiece
(anode).

A pressurizedelectrolyte is introducedinto the area of
cutting at a predefinedtemperatureBetween80 and 800 microns
(0.003 to 0.030 in.) isolates the workpiece from the cutting
instrument. The tool simultaneouslytakeson the desiredshape
inside the workpieceas materialis dissolvedfrom it as electrons.
This electrochemicgbrocesgproducesnetalhydroxide,electrolytic
solution(leadrp.net2024).

Water Jet Machining (WJM)

High-pressurevaterjets createa high-velocity waterjet by
transformingkinetic energyfrom pressureenergywhen they are
directedthrough a convergentnozzle. Material removalis made
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easierby the plastic deformationand fracture causedby this jet's
impacton theworkpiece.
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Fluid
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Figure 3. WaterJetMachining(WJM) Diagram.

The conceptof water erosionis the foundationof waterjet
machining (WJM). When a swift water jet strikes the surface,
materialis removedPurewaterjetis usedto processoftermaterials.
AWJM, conversely,is a machiningtechniquethat usesabrasive
particlescombinedwith waterto cuttoughematerials.

Abrasive Water Jet Machining (AWJM)

As a developmeniof WIM, AWJM addsabrasiveso the
high-velocity waterjet to improve cutting capabilities.To improve
materialremoval,abrasiveparticlesaredeliveredatarateof roughly
40-60%.
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Figure 4. Sketchof abrasivewaterjetmachiningsetup.(KrishnaK.
etal., 2018).

Materials that are composites, ceramics, rocks, concrete, titanium
alloys, etc., are frequently cut using abrasmegerjet machining
(AWJM). The procedure uses the effects of a waterjet and abrasives.
A setup schematic for AWJIM is shown in Fig. 4. Purdewas
pumped at extremely high pressures of 4@0@0 bar using a
reciprocating pump, which is the primary component of an abrasive
waterjet arrangement. In the mixing chamber, a hopper introduces
the abrasive particles into the waterjet. Cutting or nracbi
composites, Kevlar polymer, hardened steels, and some cefamics
possible thanks to the combined impactwaterjet and abrasives
(M. Shukla, 2013).

Electron Beam Machining (EBM)

The thermalmachiningtechniqueknown as electronbeam
machining(EBM) useshigh-velocity electrondocusednto anarrow
beamto quickly heat,melt, or evaporatehe material. Applications
for this procedureare numerousand include welding, annealing,
cutting,anddrilling.
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EBM achievegemarkableprecisionin materialremovalby
usinghigh-voltageelectricityto createa concentratedtreamof fast
electrons.
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Figure 5. ElectronBeamMachiningsetup.

When electronsmove at high speedsthe majority of their
kinetic energyis transformednto thermalenergyatightly focussed
beamstrike the workpiece surface.Since attemptsto employ the
electron beam as a machining tool were undertakenwith the
introductionof electronmicroscopy this phenomendasbeenwell
understoodElectromagneti¢docusinganddeflectionlensesmakeit
simpleto focus and deflectthe beam.By alteringthe acceleration
voltage, the power density may also be easily controlled. Thus
severakindsof thermalmachiningaremadepossibleby theelectron
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beam.Becauseof this, it may be usedin the industrial sectorfor
high-precisionwelding with a deepfusion zoneand quick, precise
drilling (link.springer.com2024).

Laser Beam Machining (LBM)

Many industrial processessuchasheattreatmentwelding,
measuring, scribing, cutting, and drilling, depend on laser
technology(Teixidor, D., etal.,2019).
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Figure 6. Laser Beam Machining(LBM) setup(Kumar,S.,etal.,
2021).

The phraselaser” refersto the amplification of light by
stimulatedemissionof radiation.Electricalenergyis transformed
into a highly coherentight beamby an optical transducecalleda
laser.A laserlight beamdiffers from othertypesof light dueto a
numberof characteristicslt is extremelycollimated, meaningthat

the light rays in the beam are nearly perfectly parallel, and
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monochromaticmeaninghatthelight maypotentiallyhavejustone
wavelength.Becauseof thesecharacteristics|aser light may be
focussednto a small areausingstandardptical lensesproducing
high powerdensities.

Laser beam machining (LBM) removes material by
vaporizationrandablationusinglight energyfrom alaserinstrument.
Figure6 showstheLBM configuration Solid-statelasersandcarbon
dioxide gaslasersarethe two typesof lasersutilized in LBM. The
coherent light beam's energy is focused both optically and
temporallyin laserbeammachining.Melting and evaporationthe
light laserbeamis pulsedsuchthat the energyemitted causesan
impulse againstthe work surface,causingthe molten materialto
evawatethe surfacequickly.

Laser Hybrid Welding (LHD) Technique

Innovative, hybrid, or combining many existing processes
areexampleof recentadvancementis welding.Here,we'll discuss
anexampleof oneof thesenovelstrategiesThelaserbeamandgas
metal arc welding (GMAW) techniquesare combinedin a hybrid
method called hybrid laser welding, which has been widely
developedFigure7). This methodmakesuseof a headthathouses
theGMAW gunandlaserfocusingoptics.A keyholeis formedclose
to the puddle'deadingedgeby the laserbeam.Additionally, hybrid
methodsthat combinegas metal arc welding (GMAW) and laser
havebeendevelopedor usagen fixed positions.Thetoolsthatwere
utilizedto createhejoint designarealsonolongerneededThefiller
metalalloys aremadeespeciallyto makethe connectiorphysically
smooth.
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LBW and GMAW processefavebeencombinedto create
laserGMAW hybrid welding. Welding lightweight structures,

particularly aluminum alloys, is a promising use for this
combination.

Hybrid Laser GMAW Welding Process
(Laser Leading Arc)

Focused Laser Beam
Gas Metal Arc
Welding Torch
Keyhole /

Inert Shielding Gas

Work-piece

Direction of Travel

Figure 7. Hybrid LaserGMAWWeldingProcess.

This hybrid welding methodis well acknowledgedor its
effectivenessfobustnessand adaptability. The main usesof LBW
and GMAW can be greatly enhancedby combining a deep
penetratinglaser beamwith the high fillet feed of GMAW. This
technique'sprimary advantagesare minimal distortion, deep and
steadyweld penetrationquick filler metaladdition,andstronggap
bridging ability. Comparedto the LBW of some metals, such

aluminumalloys,thishybrid techniquepermitssubstantiallyporoader
groovetolerances.
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Types of Hybrid Laser Welding

Typesof laserhybrid welding might be divided into three
main groups.TIG, plasmaarc, or MIG aidedlaserwelding arethe
three primary forms of hybrid welding procedureswhosetypes
differ accordingon thearcutilized. MIG, alsoreferredto ashybrid
laserwelding,despiteTIG aidedlaserweldingbeingthefirst source
to bestudied. ThirdHarmonicGeneratior(THG).

Laser Hybrid MIG Welding

Electric arcs and laser beamshave long been known to
producewelds with numeroustechnicaladvantage®f laseronly
welds includinglittle distortionanddeeppenetrationComparedo
laser welding alone, this method permits higher speeds,deeper
penetrationandwider tolerancefor conformancesincethe arc and
lasertravelin thesamemoltenpool (seefigure 8). Comparedo laser
procedureshybrid laserMIG welding enablesbetter completion
rates,lowersthe necessaryaserpower,andgreatly increasegoint
dependability.Hybrid welding is thereforemore affordable than
laserwelding. while maintainingor evenenhancindaserwelding's
technologicalbenefits( H ¢ d¢H.eet al. 2004; Steen,W. M., 2003;
Seyffarth,P.,etal., 2002).
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Figure 8. Hybrid LaserMIG WeldingProcess.

Laser Hybrid TIG Welding

The initial proposalfor laserarc hybrid welding was made
forty yearsago (Steenand Eboo.,1978). When laserwelding and
traditional TIG welding are combined,laserTIG hybrid welding
offersexcellentproductivity,efficiency,andweld quality (Figure9).
Energy density and gradientcan be preciselycontrolled, and the
formation and characteristicsof hardto-weld materials like
magnesiumalloys are tightly managed,due to laserTIG hybrid
welding.

An arc anda low-powerlaser(about400 W) areusedin a
novelhybridweldingenergylossissuethatexistsin today'swelding
process.The novel method has beendiscoveredto have several
benefitsoverlaseror arcweldingalonewhenit comego magnesium
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alloys, including rapid welding speeddeeppenetrationand high
guality welds. The new methodemploysa laserof roughly 400 W,
which is approximatelyonefifth of high-powerlaser(about2000
W)-arc hybrid welding, allowing for considerableenergysavings
andalargereductionin weldingexpenses.

tungsten
electrode

Fiber laser

| \
I
. » \
Weld direction AArc plasma Smm
—_——y :
Dla 1 *
Workpiece ‘

Movable table

Figure 9. Schemati®iagramof LaserHybrid TIG Welding(Mu,
Z.,etal., 2019).

Laser Hybrid Plasma Welding

Laserplasmaarc (laserPA) hybrid welding can decrease
porosity and hot cracks,enhanceweld appearanceand increase
welding speedand toleranceto poor joint fit ascomparedo laser
welding.LaserPA canbeusedto addfiller materialin weldingand
surfacealloying, furthermoreto producethin sheetjoints, overlap
joints of coatedsteelsandspecificweld cavitiesat high speeds.
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Figure 10. LaserHybrid PlasmaWeldingdiagram.

Traditional plasmaand laser equipmentare combinedin
plasmalaserhybrid welding technologywill deliver an extremely
costeffective weld source.This new process'ssconomicbenefits
include increasedproductivity, a quicker processingspeed,and
comparativelycheapequipmentexpensesOn the other hand, this
recently createdmethod can also enhancejoint quality. In the
plasmalaserhybrid method, the PAW and LBW processesare
combined.. In the laser PAW hybrid welding technique, the
secondarheatsour@is aconstrictedplasmaarc(Li, R., etal. 2024)

Advantages and Limitations of Laser Hybrid Welding Methods

The complementingeffects of an electric arc and a laser
beamin the sameweld pool provide the laserarc hybrid welding
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technology several advantagesover laser and arc welding

approaches.

A
A
A

Fewerpassesn amulti-passweld joint;
Narrowweld beadwith tiny heatimpactedzones;

Higherwelding speedanddepthof penetratiorwith
betterproductivity

Enhancedsidewall fusion resultsin increasedweld
beadstability.

Better gap bridging capabilities; reduced
susceptibilityto workpiecetolerancesandaccesdo
all welding locations with the right parameter
selection

Weldsa anassortmenodf metalsreactiveandhighly
reflectivematerials;

Reducesleformationof theweld dueto reducecheat
inputthanarcwelding;

Filler materialshelpfill thejoint gapandaddalloying
elementsot possiblewith autogenousaserwelding.

Despiteits many advantagesthe laserarc hybrid welding
There are a number of disadvantagego utilizing this strategy,

including:

A

Comparedto arc welding, the capital costis quite
expensive.,
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A Proper part assemblyand precise placementare
necessary.

A A lot of procesparametersieedto bemanaged.

A More safety measuresneed to be implemented
(BappaA., 2018).

Disadvantages of Laser Hybrid Welding Methods

Expensiveinitial outlay, The initial cost of laserwelding
equipments frequentlyhigh. The equipment'sostis increasedy
thesophisticatedechnologyneededincludingstronglasersprecise
optics,cooling systemsandautomatiorcomponents.

Restrictedr hicknessWhile laserweldingworkswell for thin
to mediumthick materials Becausehey canproducea wider weld
crosssection, conventionalwelding methodslike typically better
suitedto extremelythick materials.

PrecisionJoint Fit, The componentsprecisealignmentand
fit beingjoinedarenecessarfor laserwelding.Poorweld quality or
partial fusionmay arisefrom anyjoint misalignmentr gaps.in the
joint becaus¢heconcentratethserenergymaynotfill themaswell
asconventionafiller -basedwveldingmethods.

ConcernsaboutSafetyBurns,fire risks, andlaserexposure
harmusingstronglasersystemsinadequatesafetymeasuressuch
wearinglasersafetyglassesganresultin irreversibleeyeinjury from
lasersintensdight.
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Conclusion

In comparisonto laserand arc welding, this hybridization
effect causesa variety of processbenefits,including superiorgap
bridging ability, deeper penetration, greater welding speed,
improvedprocessstability, andincreasegroces=fficiency.

Besidesthe specific control parameterdor arc and laser
welding, additionalparametersnustbe definedwhenprocesseare
hybridized. Only after the arc and laser welding proceduresare
appropriatelycoupledandthe parametersretunedcantheintended
advantagede realized. During laser arc hybrid welding, which
createshekeyholeandoffersdeeppenetratiorwelding,laserpower
providesthe primary sourceof heat.

Superiorquality is producedusinglaserarc hybrid welding,
welds with exceptional, acceptable mechanical attributes and
improved fatigue characteristics.lt greatly reducesthe welds'
porosity fracturesandotherflaws. Theweld beadproducedy laser
arc hybrid techniqueshas more ductility than laser welding.
Industrialuseshaveshownthis method'spotentialfor commercial
use.Theconstructionpipeline,heavyengineeringenergy offshore,
railway car, and containermanufacturingsectors,as well as the
aerospacendustry,havealsomadeusinghybrid laserarcwelding
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CHAPTER IV

Boriding technology and itseffects on tribological
performance

Hasan onur TAN!
Faruk G! NER

Introduction

Boriding, a surfacehardening process,is employed to
producesurfaceswith exceptionalwear resistanceattributedto its
ability to achievehigh hardnessand a low coefficient of friction.
This thermochemical diffusion-based surface modification
techniquas appliedto a wide rangeof materials,jncludingferrous,
nonferrousandcermetmaterialsto enhancehe durability of metal
components, particularly in high-temperature applications. As

1 Assist. Prof. Dr., Giresun University, Faculty of Engineering, Department of
Mechanical Engineering,  Giresun/Tirkiye, Orcid: -000837969889,
hasan.tan@giresun.edu.tr
2 Assoc. Prof. Dr., Giresun University, Faculty of Engineering, Department of
Mechanical  Engineering,  Giresun/Turkiye, Orcid: -000234380553,
faruk.guner@giresun.edu.tr
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describedby (Sinha, 1991) the processis compatiblewith most
ferrousmaterialsaswell asnonferrousandcermetmaterials During
boriding, boron atoms diffuse into the surface of the material,
reacting with metals such as iron, nickel, cobalt, molybdenum,
tungstenandtitanium to form metal borides.The resultantboride
coatingsexhibit remarkablehardnesgrangingfrom 10 GPato 33
GPa)combinedwith the thermaland chemicalstability inherentto
boroncompoundsThesecharacteristicsenderthe coatingshighly
resistantto wea and corrosion. Notably, the hardnessof boride
coatings on metallic materials significantly surpassesthat of
conventionalsurfacehardeningtreatmentsand is comparableto
tungstercarbideandcertainhardPVD coatinggDavis,2002;Sinha,
1991;Zimmermann1992)

Boriding of ferrous materialsresultsin the formation of a
singlephaseor doublephasecompoundlayer consistingof FeB
and/or FeB (Von Matuschka& Boronizing, 1980) Due to the
minimal solubility of boronin iron, the diffusion zonebeneatithe
compound layer is almost negligible (Brakman, Gommers, &
Mittemeijer,1989) AmongthesephaseskeBis significantlyharder
andmorebrittle thanFe B, andit alsoexhibitsa highercoefficient
of thermal expansion.Consequentlythe formation of a double
phaséboridelayeroftenleadsto cracking(Brakmanetal., 1989) To
mitigate this issue,the boriding processis typically optimizedto
produceasinglephasd-e B layer(Davis,2002) Somepropertieof
FeBandFeB aregivenonTablel. Crosssectionalviewsof boride
coatingmicrostructuresare depictedin Figure 1, highlighting their
characteristiceon materialsusedin high-temperaturepplications

—67--



Tablel. Iron boride properties(Prince,Raj, Kumar, &

Gopalakrishnan2022)
Property FeB FeB
Microhardness 19062000 HV 14001500
Brittleness Highly brittle Less brittle than FeB
Fracture toughness | Low Higher than FeB
Density 6,75 g/cnd 7,43 g/cri
Boron content Around16,23 wt% B | Around 8,83 wt% B
Co-efficient of| 23x10% AC 785x 1 AC
thermal expansion

solated FeB

 Fe,B M ') (e

A4
Substrate &

Figure 1. Crosssectionalimagesof someboridedmaterials.a)
Fe2B on low-carbonsteel,b) Fe:B coatingwith isolatedFeB on
high-alloy steel,c) FeB Fe:B onlow-alloy steel,d) FeBi Fe:B on
stainlesssteel,e) FeB Fe:B combinedwith borocementitef) cobalt
boride coatingon Co-basealloy, g) nickelboride coatingon Ni-
basealloy, h) titaniumboride coatingon Ti-basealloy (Campos
Silva,G ¢ n SerdarK a r a & BeftgadoBrito, 2023)

--68-



The presencef alloying elementsaninfluencethe growth
of the compoundlayer, primarily by deceleratingts propagation.
Elementssuchascarbon,silicon, andaluminum,beinginsolublein
the compoundlayer, are displacedinto the substrateduring the
process (Sinha, 1991) Given its capacity to endure high
temperaturegheboridelayernotonly enhancesvearresistancéut
alsofacilitatesadditionalhardeningof the material.

Theboridelayeron steelachievesurfacenardnessaluesin
the rangeof 1400 2100 HV (Davis, 2002; Eyre, 1975) which is
significantly higherthanthe hardnessangesof otherconventional
surfacehardeningreatmentstor comparisongarburizingresultsin
hardneswaluesof 650/ 950HV ( S e | Ipel, &K Ka r a B0 ,
nitriding achieves 6501100 HV (Ashrafizadeh, 2003)
carbonitridingproduces940: 1000 HV ( S e | et al,K2003) and
chromium plating yields hardnessvalues of 800r 1100 HV (EI-
Amoush,Abu-Rob, Edwan,Atrash,& lgab,2011) The hardnes®f
theboridelayeron carbonsteelssurpassethatof hardenedool steel
andis comparableo tungstencarbide(Davis, 2001) Furthermore,
the boride layer retainsits hardnesst elevatedtemperaturesnore
effectively thanthe nitride layer (Davis, 2002; Zhang,Zhang,Yan,
Wang,& Qian,2011) Table2 presentshetypical surfacehardness
valuesof boridedsteelsin comparisorwith thoseachievedhrough
othertreatmentandhardmaterials.
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Table2. Comparisorof SurfaceHardnessAchievedhrough
Boriding, Nitriding, and Carburizingon VariousSteelsandHard
Materials (Princeetal., 2022)

Material Surface Microhardness (HV)
Borided AISI 1020 steel 12402000

Borided AISI 1045 steel 13202120

Borided AISI 304 stainless steel 10001100

Borided AISI 316 stainles steel 10501200

Carburized 1020 steel 850910

SiC 4000

B4C 5000

Diamond >10000

Boriding significantly enhanceshe chemical stability of
plaincarbonsteelsparticularlyagainstcidssuchasHCI (Biddulph,
1977; Petrova& Suwattananont2005) The boride layer on steels
demonstratesexceptional corrosion resistanceto various acids,
including HCI, H SO, HNO, andH PO (Kartal, Kahvecioglu,&
Timur, 2006) Additionally, medium carbonsteelswith a boride
layer exhibit excellentchemicalstability againstcopperchloridein
aceticacid(GopalakrishnariRamakrishnarShankar& Palaniappa,
2002) The boridelayeralsooffers moderateoxidationresistancet
temperaturesup to 8 5 0 AWing to the high melting points of
borides,andit is highly resistanto attackby moltenmetalg¢Davis,
2001) Moreover boridedsteelcomponentgxhibitenhancedatigue
life andimprovedserviceperformancedn oxidizing and corrosive
environmentgSinha,1991)
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Theboridelayerexhibitsexceptionakliding wearresistance
againstcounterbodiessuchas AlSI 52100steelballs and borided
austenitic stainless steel discs (Martini, Palombarini, Poli, &
Prandstraller,2004; Takeuchi, Fujii, & Katagiri, 1979) It also
demonstrateutstandingabrasive wear resistanceagainst hard
ceramicabrasivesike Al O andSiO (Bejar& Moreno,2006;Eyre,
1975; Martini et al., 2004) Due to its remarkablewearresistance,
theboridelayeris utilized asa protectivecoatingin nuclearenergy
applicationsTheservicelife of theboridelayeron steelis inversely
proportionalto the appliedload (Eyre, 1975) Notably,boridingcan
extendthe lifespanof dies by up to tenfold (Biddulph, 1977) In
someinstancesboridedsteelshavereplacedhardchromiumplating
while providingcomparablemprovementsn servicelife. Thewear
resistanceof boride layerson steelsrivals that of sinteredcarbides
(Sinha,1991)

The superior performanceof the boride layer can be
attributed to its combinationof high surface hardnessand low
coefficient of friction, which effectively mitigates primary wear
mechanismsuchasadhesiontribo-oxidation,abrasionandsurface
fatigue (Davis, 2001; Habig & ChatterjeeFischer, 1981)
Furthermoreyarious methodsare availablefor the boride surface
modificationof steelsgnablingthetailoring of surfacepropertieor
specificapplications.

2. Boriding Methods
2.1 Pack boriding

Powder pack boriding involves embedding cleaned
componentito aboridingpowdermixturecontainedwvithin aheat
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resistantsteel or similar container.The sealedcontaineris then

heatedto the requiredtemperaturdor 1 to 12 hours,dependingon

thedesiredhicknesof theboridelayer(Abdellah& Keddam2014;

FloresR e n t etal.,2CG15;Joshi& Hosmani,2014) Theresulting

thicknessand microstructureof the boride coatingdependon key

processparameterssuch as temperature holding time, and the

composition of the boriding mixture. After the treatment,the

containeiis cooledto roomtemperatureRackboridingoffersseveral
advantages, including safe handling, low-cost requirements,
simplicity of equipment, and the flexibility to modify the

compositionof the powder mixture. However, this techniqueis

limited to smallsizedcomponentandinvolveshigh labor costsfor

packingandremovingthe powderaftertheboridingprocesgKulka,

2019;Tsipas,2016).Schematiaviev of thepackboridingprocesss

givenin Figure2.

1 ' BTPTRSF
— | BN
- }

Figure 2. Generalwievof packboriding process.1) powder
mixture,2) treatedsample 3) openupperpart of theretort, 4)
tubeshapedetort with a closedbottom,5) electricresistance

furnace,6) furnacechamber,7) heatingelementg Makuch,2022)
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2.2 Gas Boriding

Gas boriding employs boroncontaining gases, such as
diborane( B ldnd poron trichloride ( B C lofteh mixed with
hydrogen ( H njtrogen ( N o) dissociatedammonia (Pertek,
1994) Thematerialis placedin achambeor cylindrical retortunder
a protectiveatmosphereOncethe desiredboriding temperaturas
reachedthe gasmixtureis activatedfor therequiredexposurdime.
Thetreatedmaterialis thencooledunderthe protectiveatmosphere
to room temperatureGasboriding providesadvantagesver pack
boriding, including more uniform boron distribution due to gas
circulation, improvedtemperaturestability, and the elimination of
posttreatmentcleaning.However,the techniquefaceschallenges
related to the scarcity, toxicity, and explosivenessof boron
containinggases,suchasB HB C | and B F Thesegasesare
highly toxic, carcinogenic,and corrosive, which limits their
industrial applicability (Kulka et al., 2019;K ¢, p Qiaq, Stock, &
Mayr, 2000; Lyakhovich, Dolmanov, & Isakov, 1982; Tsipas &
Tsipas,2016) A generalwiev of the gasboriding unit is givenin
Figure3.
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Figure 3. An overwievof thegasboridingunit ( K ¢ R2@00),
2.3 Plasma Boriding

Plasmaboriding, a modified version of gas boriding, is
conductedat relatively low temperatures( 5 0 06/%6@ AIC &
vacuumchambewusingboronhydrideandborontrichloride (Bartsch
& Leonhardt1999;Filep & Farkas2005) Thehigh-energyplasma
ensuresetterenergyefficiency (Yoon, Jee,& Lee, 1999) It was
reported that high-temperaturegas boriding may lead to the
segregation of alloying elementsin alloy steels and phase
transformationsn the core (Miyashita & Yokota, 1996) Plasma
boriding addressesheseissues,as it minimizes such undesired
effects(Nam, Lee, Lee, & Kwon, 1998; R o d La&djen,Biemer,
Rie, & Hoppe,1999) Despitethesebenefits,plasmaboriding has
limited industrial application due to the toxicity and hazardous
natureof gaseouslonor media,including diborane( B  Hborgn,
trichloride ( B C landogron trifluoride ( B F An)industial plant
usedfor plasmaboridingis shownin Figure4.
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Figure 4. Schematidiagramof the plant usedfor plasmaboriding
proces{ Ro d999 ,

2.4 Molten Salt boriding

Molten salt boriding can be carried out via electrolessor
electrolytic processes (Bonomi, Giess, & Gentaz, 1973;
Kahvecioglu,Sista,Eryilmaz, Erdemir,& Timur, 2011;Kusmanov,
Silkin, & Belkin, 2020) In theelectrolessnethod the bathtypically
consistof 70%N a Band30%B 6y weight,althoughupto 20
wt.% of B €anbe substitutedwith ferroaluminumto increasehe
availability of boronatoms. Anothercommonmixtureincludess5%
Na B 45&ferroboron,and5% ferroaluminum(Chattopadhyay,
2004;Dearnley& Bell, 1985;Kulka etal., 2019;Lyakhovichetal.,
1982; Tsipas& Tsipas,2016) This methodis straightforwardand
costeffective to operate.However, excesssalt must be removed
posttreatment, which adds to the operational cost and time.
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Additionally, the processrequiresfrequentbath rechargingdue to

increasediscosity,leadingto highmaintenanceosts Despitethese
drawbacks, molten salt boriding remains a viable method for

producinguniformboridelayers.A schematidiagramof thetypical

electricsaltbathovenis givenin Figure5.

Thermocouple with chromel type shield

Nichrome wire \
Sample L‘i

Crucible

PW=

B _‘a Heater resistance

2 Bath boronizing

electric furnace

Figure 5. Anillustration of the moltensalt boriding system
(Bouaziz2009)

3. Friction and Wear Characteristics

Boride coatingson various classesof steelsare widely
utilized to reduce the intensity of abrasive wear and thermal
degradatiomn machinepartsandequipmentBoriding is anefficient
surface treatmentfor enhancingthe wear resistanceof heavily
loadedfriction units(Singhal,1977;Tarasov,TrusovaKolubaev.&
Sizova,1995) Numerousstudieshaveinvestigatedhe tribological
behaviorof boridedsteelsunderdifferent conditions.(Eyre, 1975)
examinedthe wear resistanceof boridedplain carbonsteels(with
carboncontentsof 0.1% and0.4%) usinga pin-on-disc tribometer.
The boridedsteelpins weretestedagainsta hardenedEN 24 steel
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discatasliding speedf 0.3m/s,with nominalstressesangingfrom
1 MPa to 8 MPa. It was observedthat while unborided steel
experienced transitionto severevearbeyond2.5' 3 MPa,no such
transitionoccurredin boridedsteels,evenat 8 MPa. Additionally,
beyond3 MPa, wearratesof boridedsteelswerethreetimeslower
thanthoseof unboridedsteels.

Krelling, Da Costa Milan, & Almeida,(2017)andKrelling,
Milan, and Da Costa (2015) studied the micro-abrasive wear
mechanismsof borided AISI 1020 steel againstS i brasive
particles, noting that rolling abrasion dominated the wear
mechanismFractureof the FeB boride layer was attributedto its
brittleness althoughinitial surfaceroughnesdid not significantly
impactmicro-scaleabrasivavearperformanceSimilarly, Gutierrez
Nodaetal., (2019)foundthatboridedAlSI M2 steelexhibitediower
wear rates comparedto untreated steel due to the effective
tribological performanceof surfaceiron borides.Erdogan,(2019)
and Erdogan et al., (2020) investigated the micro-abrasion
performanceof borided H13 tool steel processedvith nanoboron
powder under various loads. Increasingloads resultedin higher
volume lossesacrossall samples,with micro-rolling and micro-
scratchingidentified as dominantwear mechanismsNora et al.,
(2019)observedhatboriding AISI 4340steelled to lower friction
coefficientsandwearratescomparedo nitro-carburizedandduplex
boro-nitro-carburizedsteels.

GunesandY e | ¢28156)reportedthat borided AISI 310
stainlesssteel exhibited a wear rate seventimes lower than its
unboridedcounterpartvhentestedagainsta WC-Co ball. Similarly,
Kara,¢ o | ankKayali, (2016)showedthatboridedAISI P20and
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AISI D2 steels offered superior wear resistancecomparedto
unboridedsteelsHabigandChatterjeeFischer(1981)andKeddam,
etal. (2017)confirmedlowerwearratesfor boridedsteelscompared

to carburizedandnitrided steelsduring pin-on-disctribometertests.
Subrahmanyanand Gopinath(1984) notedthat singlephaseF e B
layers exhibited betterwear resistanceghan dualphaseFeB F e B
layers, as the latter'sinhomogeneousnicrostructureled to higher
wear.Takeuchietal., (1979)alsoobserveduperiorwearresistance

in singlephase- e sp&cimensomparedo duatphaseonesunder
sliding conditions.

Venkataramarand Sundararajar§1995) studiedthe sliding
wear of boridedsteelat high sliding speedg1i 8 m/s). At speeds
below 2 m/s, borided and unborided steels had comparable
coefficientsof friction; however,at higher speeds borided steel
exhibitedgreateffriction. S e | etal.k(2003)showedthatboriding
significantly improved wear resistanceunder light loads during
sliding tests,with friction coefficientsvarying from 0.36 to 0.62.
WangandHutchings(1988) examinedthe two-body abrasivewear
of boridedsteelagainstaluminaandsilicon carbideabrasivepapers.
The boride layer showed higher wear resistanceto alumina
abrasives,with wear mechanismsdominatedby fatigueinduced
fracture and pitting. Silicon carbide abrasives however,induced
wearmechanismslependenon particlesize,includingfractureand
particlepull-out.

Alloying elementdn steelsignificantly influencedthe wear
behaviorof boride layers. Chromiumand molybdenumimproved
adhesivewear resistancewhile vanadiumand vanadiumcarbide
enhance@brasivenvearresistanceMolybdenumandvanadiumalso
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improvedresistanceo surfacefatigue. Dybkov, Lengauerand Gas
(2006)reportedthatthe abrasivewvearresistancef boridelayerson
Fe25%Cr alloy steelwas150' 300timeshigherthanthatof thebase
material due to microstructuralenhancementsMelendezet al.,
(1997)comparedhe wearbehaviorof boridedAISI 1018andAlSI
9840steelswith carburizedandquenchegdemperediISI 1018steel,
finding thatboridedsteelsexhibitedsuperiomwearresistanceS e | - u k
etal., (2000)showedhatboridingAlS| 1020steelreducedadhesive
andabrasivewear,outperformingcarburizedAlSI 5115steelunder

dry sliding conditions.

Martini et al., (2004) found that wear rates in borided
coatingsvaried with the crystallographicorder of iron borides.
Compact, highly ordered F e @ystals provided maximum
resistanceo sliding wear,outperformingalternativetreatmentsuch
as gas nitriding but falling slightly short of WC-Co hardmetal
coatings.Camposet al., (2008) evaluatedboridedAISI M2 cutting
toolsandobservedhatboridingincreasedhenominalcuttingspeed
by 10i 25% while maintaining constantfeed and depth of cut.
Borided tools showedflank wear due to abrasive particles but
extendedool life comparedo untreatedools. Taburet al. (2009)
demonstratedthat wear resistanceof borided AISI 8620 steel
improved with exposuretime at the sameboriding temperature,
while increasingtemperaturegeducedwearresistancdor the same
exposurdime. Abrasivewearresistancemprovedup to 500%,with
wearratesincreasingunderhigherloads.

In conclusion, boriding significantly enhances wear
resistancen steelswith singlephaseF e laBersoffering superior
performance comparedto dualphase FeBiF e |&yers. Wear
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mechanism# boridedlayersvary dependingpn testingconditions,
abrasivetype, andalloy composition.Thesefindings underlinethe
suitability of boridingfor applicationgequiringhighwearresistance
underdemandingconditions.
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CHAPTER V

Effect of Isentropic Efficiency On Exergetic
Performance and Po@®Powd&d&ener
Cycles

Mehmet ALTINKAYNAK 1
MURAT ¥ZT| RK

Introduction

In industryor in mostheavyindustry,thereareprocesgases
at high temperaturesThesetemperaturesare generally used for
drying needsof the industry or for preheatingor annealingof raw
materialslt is alreadyknownthatthesehigh temperatureareused
in electricitygeneratiorwith wasteheatrecoverysystems.

In this study, it is aimedto transferthesehigh temperature
processgasesto supercriticalcarbondioxide fluidity by passing

1 Dog. Dr., Isparta University of Applied ScienEasplty of Technology, Department of Mechanical
Engineering, Isparta/Turke®rcid:000000032434576X mehmetaltinkaynak@isparta.edu.tr

2 Prof. Dr., Isparta University of Applied Scierfeasylty of Technology, Department of Mechatronics
Engineering, Isparta/Turke®rcid:0006000315850449 muratozturk@isparta.edu.tr
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themthrougha heatexchangerTheaim hereis to examinethefluid

efficiency at high temperaturedn addition,the energyandexergy
change®f thefluid andpowerproductionwill beinvestigatedThe
effectsof the isentropicefficienciesof the turbine providing power
generationand the compressothat pressedhe fluid into the heat
exchangeontheexergeticefficiencyandpowergeneratiorwill also
be shown.

System Description

Theflow chartof thes-CO; powercycleis givenin Figurel.
Here,thefluid is first pressednto therecuperatowith the helpof a
compressorIn the recuperatorthe heatedfluid entersthe heat
exchangerat a high temperatureHere, the fluid exposedto the
processgasis heatedfurther and sentto the turbine. After power
generationis achievedin the turbine, the fluid that entersthe
recuperatomgain,after receivingsomemore heatenergyfrom the
refrigerant,entershe compressoagainandthecycle is completed.

1 Turbine
3
Power
2
=

p-Heating

Figure 1. Schematidiagramof s-CO, powercycleand power
productionfrom s-CO; turbine.
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Thermodynamic analysis

In this study,thecomprehensiveffectivenessnalysisof the
combined system for power, heating and cooling products is
conductedby consideringthe energyand exergyanalysisfrom the
thermodynamicviewpoint. In general,it is necessaryto provide
severalssumption$or thethermodynami@nalysisandevaluation.
Hence, the several assumptionshave been defined for the
thermodynamicallyanalysis of combined plant componentsas
written below:

1 Thekinetic andpotentialenergyandexergychanges
arenegligible.

1 Thesteadystateworking conditionsexist.

1 Thethermalenergylossesandpressuredropsin the
pipeconnectiongreneglected.

1 Calculations were made using the Engineering
equationServerprogram(EES,2011).

The balanceequationsof the mass,energy, entropy and
exergycanbegivenas(Dincer,2020)

B a B «a 1)

B 4Q B O B w B aQB 0 B o (2

B i B - 7Y B &ai B - (3)

B 4QwB O B Gw B aQw

B O B Ow ©Gu m 4)
Here,the exergetioquantitiescanbe definedwith:
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O p —0 (5)

Ow ® (6)
W  YY (7)
and,

Qw Qw Qw (8)

Here,Q - andQ ~ denotephysicalandchemicalexergies,
andcanbedefinedasgivenbelow:.

Qo Q Q "Yi i 9)

Qw B¢ 6 0 (10)

where6 andé show chemical potential 8 part of the thermo
mechanical and chemical equilibriumifcer & Rosen, 2020)The
balance equations of combined system parts are tabulated in Table
1.
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Tablel. Thermodynamicdbalanceequationsof systenparts.

System parts

Balance equations

HEX

MB: & a ;a a

EB:a Q aQ a1 &'Q
EnB:a i a i "Yi a i a i
ExB:d Qo ad Qw a Qw a Qw
‘O

s-CQO; turbine

MB: & a

EB:&d Q & °
EnB:& i  "Yj i
ExB:d Qw & Qw 0w

0 w
a

Ow

Recuperator

MB: & a ;a o

EB:a Q@ aQ aQ aQ

EnB:ad i & i Y ai  ai
ExB:d Qw a Qw & Qw & Qw Ow

Cooler

MB: & a ;a o

EB:a Q@ a™Q aQ a Q
EnB:a i & i “Yj ai a i
ExB:d Qw ¢ Quw & Qw ¢ Qw
Ow

Compressor

MB: & a

EB:d Q a Q

EnB:a i "Yj a i

ExB:d Qw Ow a Qn Ow

MB: Mass balance
EB: Onergy balance
EnB: Entropy balance
ExB: Exergy balance

Efficiencies

The energetic and exergetic efficiency viewpoints are
utilized to investigatethe performanceof the solar energybased
combinedplants.Hence,the energeticand exergeticeffectiveness

candescribechsundermentioned:
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- (11)

r (12)

According to the Egs. (11) and (12), the energeticand
exergeticefficiency equationsare tabulatedin Table 2. Also, to
perform a detailedthermodynamicallyanalysisof multigeneration
plant, the energetic and exergetic efficiency equationsof the
combined systemand its subsystemsare defined basedon the
following equations:

Table2. Energeticand exergeticefficiencyequationsof system
parts

System parts | Energetic and exergetic efficiency equations

HEX
[

s-COy turbine

Recuperator

Cooler

Compressor
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Result and Discussion

The effect of isentropicefficiency on powergeneratiorand
energyefficiencyin powercyclesis of greatimportance As seenin
Figure 2, increasing isentropic efficiency increases energy
efficiency. This is dueto the increasein enthalpy.As seenin the
figure, increasingsentropicefficiency from 80%to 95%increased
energyefficiencyfrom 20.18%to 23.07%.

0,235 T T T T T T T 51200

0,23+

o

N

N

al
T

0,22} 1
11100

0.215¢ 11080

Power Production (kW)

021} 11060

Energy Efficiency

11040

0,205} ]
—— {1020

0’2 1 1 1 1 1 1 1 : 1000
0,8 0,82 0,84 0,86 0,88 0,9 0,92 0,94

s-C2 turbine isentropic efficiency

Figure 2. Effectof s-CO; turbineisentropicefficiencyon energy
efficienciesnf s-=CO, powercycleand powerproductionfrom s-
COq turbine.

As seen in Figure 3, increasing isentropic efficiency
increasesexergy efficiency. As seenin the figure, increasing
isentropicefficiency from 80%to 94% increasedexergyefficiency
from 17.23%to 21.21%.Whenthe effect of increasinghe isotopic
efficiencyon powerproductionis examinedit is seerthatthepower
producedn theturbineincreasesrom 1009kW to 1154kW.
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Figure 3. Effectof s-CO; turbineisentropicefficiencyon exergy
efficienciesof ssCO, powercycleand powerproductionfrom s-
CO; turbine.

Anotherimportantparametein compressopowercyclesis
the isentropicunit of the compressorFigure4 showsthe effect of
the changan theisentropicefficiency of the compressofrom 74%
to 90% on energyefficiency and powerproduction.As seenin the
figure, while the energyefficiencyis 20.36%at the 74% isentropic
efficiencylevel, it increaseso 21.78%at 90%isentropicefficiency.
Whenwe look at the powerproductiondependingn this, it is seen
thatthepowerproductionin thetribunehasincreasedrom 1018kW
to 1.089kW.
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Figure 4. Effectof Compressorsentropicefficiencyon exergy
efficienciesnf ss=CO, powercycleand powerproductionfrom s-
CQO turbine.

Figure 5 showsthe effect of the changein the isentropic
efficiencyof thecompressofrom 74%to 90% on exergyefficiency
and power production. As seenin the figure, while the energy
efficiency is 17.65% at the 74% isentropic efficiency level, it
increase$o 19.64%at 90%isentropicefficiency.
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Figure 5. Effectof Compressorsentropicefficiencyon exergy
efficienciesnf ss=CO, powercycleand powerproductionfrom s-
CQO turbine.

Conclusion

Processheat can be usedin heating,drying, cooking and
power generation.In this study, the exergetic efficiency and
performancef a hightemperatur@rocesseatin powergeneration
was investigatedby applying the ssCO2 cycle. As a result of the
investigationtheisentropicefficiencyof theturbinewasconsidered
for the first casein the parametricstudies, and the isentropic
condition of the compressomas consideredfor the secondcase.
When looking at the turbine accordingly;for the 86% isentropc
efficiency of the compressorthe energyefficiency is calculatedas
21.29%,the exergyefficiencyis 19.01%andthe powerproduction
is 1065kW. The samesituationis calculatedor the 86%isentropic
efficiencyof theturbine,theenergyefficiencyis 20.73% theexergy

efficiencyis 18.13%andthe powerproductionis 1036kW.
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It can be seen from here that increasing the isentropic
efficiency for the turbine and compressor increases the energy
efficiency of the system as well as the exergy efficiency. Naturally,
these two increases increase the power production of the system.
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CHAPTER VI

Investigation On Lean Mixture Combustion In A Port
Injection Gasoline Fuelled Sparklgnition Engine by
air heating strategy

Melih YILDIZ 1

INTRODUCTION

The strategies for fuel consumption and emission reduction
in ICEs have drawn great attention due to strict emission legislation
conditionally put into effect and reaching fossil frglsed energy
source limits. In this regard, research and development studies have
focused on alternative fuels (Bae&Kim, 2017), advanced
combustion technologies (Puskar&Kopas, 20Rdishnamoorthi,
Malayalamurthi& Kandasamy, 2019)owertrain technologies such as
hybrid and electrical vehicle3e ong & et al ., 2025; C
DeLuchi, Wang& Sperling, 1989and exhaust gas treatment systems
(Tripathi, Dhar&Sadiki, 2018). These attempts have gifjcantly
provided the development of ICEs and the advent of new

IDr . ¥Kr . yesi ., | KAdETr i niversitesi, M¢hendi sl ik
Orcid: 0008)00269049131, melih.yildiz@igdir.edu.tr

--101--



technologies to meet the legislation requirements. In particular, the
development of aftetreatment systems has remarkably contributed
to emission reduction for several decades. Nowadays, although
vehicles with hybrid and electrified power trains have nbee
increasingly introduced to the market the research on internal
combustion engines has still maintained their significance due to
their high level share in the market and their use in stationary
systems and higbapacity systems. Therefore, improving
comhustion in an internal combustion engine is essential for fuel and
emission reduction.

Spark ignition (SI) and compression ignition (CI)
combustion engines constitute the basic technology of internal
combustion engines. The difference between these two engine
technologies stems from their combustion process. The combustion
process in S| enges is characterized by premixed flame
propagation, while by a diffusion flame in CI engines (Stone, 1999).
In SI engines where premixed combustion takes place, thaifuel
mixture in the combustion process is at stoichiometric ratios to
benefit from thecatalysts used in exhaust emission control. Unlike
S| engines, the fudir mixture is close to stoichiometric only in the
flame front regions in Cl engines. This allows lower fuel
consumption in Cl engines than those in Sl engines. In addition, the
limited compression ratios of Sl engines tdB due to knocking
prevents the increase in engine efficiency (Zheng &et al., 2009). In
contrast, Cl engines have higher compression ratios, allowing for
higher efficiencies. However, Cl engines suffer from soot and
particulate emissions, along with unburned hydrocarbon, carbon
monoxide, and nitrogen oxide emissions. The use of advanced after
treatment systems such as selective catalytic reduction, nitrogen
oxide storage reduction, ursalective reduction, etc. arequired to
meet the official legislation requirements for these emissions. These
catalysts are costly due to their highly advanced technology (Zhao,
2007). Consequently, in addition to the development of catalyst
technologies, advanced strategies have be&mwduced in the
combustion process.
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Low temperature combustion technique is one of these
strategies, which are named HCCI (homogeneous charged
compression ignition) (Verma& et al.,2022), CAI ( controlled auto
ignition) (Fu&et al., 2019), RCCI (reactivity controlled compression
ignition) (Kokjohn&et al., 2011), and PCCI (premixed charge
compression ignition)(Sing, Kumar&Agarwal, 2020). Theoretically,
CAI/HCCI combustion occurs when a wetlixed fuetair mixture
reaches its autmnition temperature nearly at the end of the
compression strokeCombustion develops with simultaneous
reactions at multiple points within the cylinder volume (Risberg,
2006; Cao&et al., 2010). Therefore, in the CAI/HCCI, ignition and
combustion development are different in SI and Cl engines and
depend entirely on thehemical kinetic process. The combustion
process in CAI/HCCI allows using different fuels (Yang&et al.,
2011; Maurya&Agarwal, 2011; Li, Neil&Chippior, 2012), and the
mixture in a cylinder can be ulttaan, which gives rise to decreasing
combustion tempetare and fuel consumption. However, the
CAI/HCCI combustion process has drawbacks resulting in limited
operating conditions, colgtart problems, and high levels of CO, and
UHC (Agarwal, Singh&Maurya, 2017). Many strategies have been
brought about to oveoene these challenges, which caused emerging
sparkassisted CAI/HCCI (Wang&et al., 2006; Xie&et al.,2013;
Middleton, Olesky& Lavoie, 2015)RCCI, PCCI combustion process
(Pachiannan&et al., 2019; Zheng&et al., 2018; Li, Yang&Zhou, 2017),
etc. These combueh processes have enabled extending operating
limits and lowering fuel consumption and emissions. Wu and
Reitz(2015)carried out the study on the RCCI engine with
gasolinédiesel fuel. They showed that an indicated mean effective
pressure of 18 bar can be achieved in the RCCI engine. Splittler et
(2011) reported that the indicated thermal efficiency is 59% in
ethanoldiesel fuelled RCCI combustion and 56% in RCCI with
gasolinediesel fuel. In comparison to HCCI and PCCI combustion
principles, the RCClcombustion has a comparatively wider
operational range. Nevertheless, optimization is still necessary to
achieve a full operational range.
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Lean mixture combustion in Sl engines can also be
considered lowemperature combustion due to the dilution effect of
the excess air in a cylinder. Thus, it has the potential for a reduction
in emissions and an increase in thermal efficiency. Figure iampl
why research has focused on kewmperature and/or leanix
combustion. As can be understood from Figure 1, in the lean mixture
zones { <1.0) and temperature values between 12200 K,
nitrogenoxides (NOx) and soot emission can not form. On therothe
hand, when local temperatures are lower than about 1400 K
incomplete combustion products, like CO and HC, increase. In
addition, the rich mixture zones 1.0 % 1.0) causes an increase in
fuel consumption.

Gasoline direct injection (GDI) SI engines were, therefore,
introduced to be capable of achieving lean mixture combustion.
Although GDI engines provide remarkable fuel savings compared to
conventional port injection engines, they can result in deterigratin
combustion performance at high operating speeds due to the short
time for the fuelair mixing process. Another disadvantage is the
increase in particulate matter (PM) (Qian&et al., 2020). Therefore,
the research on GDI has focused on overcoming theecigas by
injection strategies to prepare mixture formation (Duan&et al., 2020;
Yan&et al., 2022). Generally, the GDI engine switches between
modes, which can be defined, as stoichiometric, stratified, and lean
modes, by controlling injection timing and dtion. The transitions
are adjusted depending on the engine speed and load. An example
map for mode regions is shown in Figure 2 (Salber&et al., 2002).
However, lean mixture combustion in a GDI engine is limited,
leading to higher PM emissions that do moget the emission
standard (Kalwar&Agarwal, 2021).
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Figure 1. NOx, soot formation regions depending on both
equivalence ratio and temperature value femeptan, from
(Damsey, Curran&Wagner, 2011)

To achieve lean mixtureombustion, fuel blends are also considered
to increase laminar flame speed. In this regard, the gasoline
hydrogen fuel blend is prominent due to the flammability properties
of hydrogen $aravanan&Nagarajan, 2008Niu et al. (2016)
performed experiments to determine the stratified lean mixture
combustion characteristics in any/ghsolinefuelled engine by
directly injecting H at different excess air ratiols)(up to 1.8. They
stated that the combustion duration decreased and combustion
development increas after adding KH Thus, pressure development
increased, and thermal efficiency elevated. Yu et al. (2019)
investigated leammixture gasoline Sl engine by adding from 5%

to 25%, and introducing exhaust gas recirculation (EGR)atues

of 1.0, 1.2, and 1.4. They stated thataddition and the use of EGR
can elevate the brake mean effective pressure (BMEP). The
increases in the BMEP values were found higher than those without
EGR atl =1.2. However, the use of EGR contributed considerable
decrease in @x emissions.
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Figure 2. Operational mode map for a GDI engine
(Salber&et al., 2002

Apart from hydrogen addition, alcohbased fuels have
received much attention due to higher laminar flame speed and
octane number than gasoline. Wu et al. (2016) conducted
experimental studies to compare lean mixture combustion
characteristics of methanaind gasoline in an Sl engine at idle
conditions. They concluded that methanol fuel showed better lean
burn performance than gasoline in terms of indicated mean effective
pressure (imep), cyclic variation and emissions, HC, CO, and NOXx.
Zhang&Cao (2024) westigated the effect of lean burn
characteristics in a GDI engine with methanol/gasoline blends. They
found that homogeneous lean burn less thah.3 enhanced the
power performance of the engine.

The literature survey has shown that the lean mixture
combustion process in S| engines has great potential to improve fuel
saving and reduce emissions. However, although many methods
such as injection strategies, fuel blends, compression ratio, and EGR
strategies were implemented, there are still encountered problems to
be handled, which can be stated as limited operating range, cyclic
variations due to misfire and partial burn, cold start problems, and
high CO, HC, and particulate emissions. This studyieout an

experimental study on leamixture gasolindueled Sl engines for
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different intake air temperatures at three different equivalence ratios.
The reason for the use of the air heating strategy is to increase
internal energy density for combustion development. Thus, the
results give an insight into the required conditionthecylinder for

a lean mixture gasoline engine by analyzing combustion

development, engine performance, cyclic variation, and emissions.

MATERIAL and METHODS

Experimental setup

The study was experimentally conducted on a-¢ylonder
and fourstroke Sl engine at Erciyes University Engine Research
Laboratory. The engine, whose specification is given in Table 1, is
connected to a 40 kW hydraulic dynamometer for controlling engine
speed. To heat intake air temperature, air heaters were installed on
the intake line, and temperature values were controlled by a
thermostat getting signals on thetype thermocouple placed into
the intake manifold. The fuel amount injected into the infade at
4 bar was adjusted by an injector driver depending on excess ratios
measured by a BosdBEAGO type gas analyzer.

Table 1. The main specifications of the engine

Bore 72 mm
Stoke 62 mm
Compression ratio 10.7:1
Displacement 505 cc
Injection Port injection4bar
Fuel Gasoline 95 RON
Spark advance -20°CA
Cooling Water cooling
Intake pressure Natural aspirated

In-cylinder pressure signals were obtained by a Kistler 6053CC60
pressure transducer and these incoming signals were conditioned
into a Kistler5018A amplifier. Thus, the signals were, then,
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displayed on a Picoscoe25 oscilloscope, and stored with 0.1
°CA interval for 300 consecutive cycles. The emissions, CO, UHC,
and NO were measured BosBEA60O type gas analyzer. The
experimental setup and its schematic layout are shown in Figure 3.

intake air
Spark ignition
system

Regulator ? i .

) ) 7; :0‘\‘ Exhaust gas
& analyzer

fuel flow
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pump

— | )
Dﬂ Exhaust gas

Temperature Temperature

data logger controller
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ngine cooling
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= ES: encoder signals

¥ PS: in-cylind

Dynamometer | EnS: injector

T
@t o |!’ ‘ ifi IESsIS
U | B Amplifier ’::R:}:}L

7 Oscilloscope ‘

\1] ‘:Iz - i controller AT: ambient temperature
Injector ET: exhaust temperature
=—=] driver CT: cooling water temperature
Data Acquisition Dynamometer

Figure 3. Schematic experimental setup
Experimental process

The experiments were carried out at a constant rotational
speed of 2000 rpm with a widspen throttle position. Initially, the
engine started at a stochiometric-faiel ratio, and then the heater
was turned on to increase intake temperature up to thralses. To
adjust equivalence ratios, the injected fuel was controlled by an
injector driver by considering the excess air ratio value displayed on
the gas analyzer. After the engine warmed up to its cooling
t emper at ur°€, the fequded dafd wascorded on the
experimental system. The experiments were performed for
equivalence ratiosf§ of 0.710, 0.670, and 0.625 at intake
temperatures in the range from 100 to 175°C with a 25°C
increment.
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After recording data for 300 consecutive cycles witi’GA
at each case, combustion developments were investigated by
calculating instantaneous net heat release rates and mass burnt
fraction curves based on the first law of thermodynamics and
RassweileiWithrow methods as expressedbelow é | d e z & Al b a
Ceper, 2021)

The net heat release rates( HRR):

oYY r 0 P

" 0
rp — [ p >

C

In Equation 1P, andV are instantaneous pressure and volume as a
function of the crank angle of. gis the ratio of specific heat
capacity. The subscrip8j representsth thecrank angle position.

Mass fraction burnt (MFB):

B 30

0 "00 ~
B 30

In Equation 2, [P is the pressure difference resulting from
combustion, and ande represent the crank angle positions of the
starting and ending of combustion phases. The pressure difference
due to combustion is calculated as follows [8].

ol s W
30 j 0 0 =— = o]

In Equation 3\ is the clearance volume, ak& a polytropic index.

Lean mixture combustion suffers from cyclic variation due
to misfires and partial burns occurring in cycles, resulting in
relatively lower engine performance and unstable engine operating
(Kal war &Agar wal , 2021; B° hm&Ke mj
present stdy investigates the cyclic variation considering the
parameter the coefficient of variations (CoV) of indicated mean
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effective pressure(imep). The indicated mean effective pressure for
each cycle was calculated by the following equation,

0 : :
QaQ f],ﬁ — w w T
W C

C

where, \4 is the displacement volume. j denotes the data number in
a cycle corresponding to 72CA with 0.1°CA resolution. Thus,

the coefficient of variance of imep denoted by Gy was
determined as follows.

0¢ @ —
Q@
In Equation 5/Q '@ is the arithmetic average of imep values for 300
consecutive cyclessimep is the standard deviation, and it is
calculated by the following equation,

” 5o QaQnQ @ ¢

where, ¢ represents the cycle number.
RESULTS and DISCUSSIONS

Combustion development

Figure 4 shows the pressure development and net heat
releases for different intake air temperature valaésvarious
equivalence ratios. Af= 0.71, the pressure developments first
increased and then decreased with an increasing temperature.
However, these pressure developments were obtained at higher
valuescompared to those in the case of the inlet air temperature of
100 °C. A similar trend is shown &t=0.625, but the pressure
developments at 17% are slightly lower than those at 18D. The
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reasons can be attributed to the increase in intake temperature
reduces the amount of direl mixture due to decreasing air density,
which results in lower energy density in the cylinder (Jo, Kim&Park,
2020). Moreover, considering heat release rates, tiegit releases
relatively developed late, which causes lower pressure development.
At f=0.670, pressure developments are prone to increase with

elevating intake air temperature.
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Figure 4. Average wtylinder pressure traces and heat release
rates (HRR) for different intake temperatures and equivalence
ratios.

When increasing the equivalence ratio, the pressure
development and heat release rate at the same intake air temperature
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has a decreasing trend since the mixture becomes leaner (Yu& et al.,
2011). Table 2 presents the pressure development characteristics,
maximum pressures, and maximum pressure rise rates{RRR

Table 2. The obtained maximum pressures and pressure rise rates

f 0.710 0.670 0.625

Tint [°C] 100 125 150 175|100 125 150 175|100 125 150 175
Pmax [bar] 26.0329.7128.5226.82422.1223.6324.5424.7820.7722.5921.1€ 20.38
Pmaxlocation

[*CA-ATDC] 22.2 19.2 20.6 21.1|121.4 22.1 215 20.5/215 21.2 21.0 19.9
PRRmnax
[barPCA]

0.47 0.75 0.66 0.56|0.37 0.38 0.41 0.46(0.37 0.37 0.37 0.37

MFB curves provide an understanding of the combustion
phases, CA10, CA50, and CA90 which aP€A positions
corresponding to 10%, 50 %, and 90% of the fuel consumed,
respectively. These phases, CA10 and CA90 are generally
characterized by the start and end of the main combustion location.
CAS50 corresponds to nearly occurring maximum heat release rat
crank angle position. Besides, combustion duration is usually
regarded as the crank angle interval between C10 and CA90 (Cinar&
et al., 2015). Figure 5 showke MFB curves calculated by the
average cycles. Considering the CA10 position over 0.1 MFB, the
onset of the main combustion is the tendency to move to an earlier
°CA position with an increasing intake air temperature. The CA10
position varies betwee8.5°CA and-1.2°CA atf=0.710,-4.1°CA
and-2.8°CA atf =0.670, and5.3°CA and-4.7°CA atf =0.710.

CA50 | ocations over 0.5 MFB d
the increasing intake air temperature as in the pressure development
curves. But, as expected, the increasing equivalence ratio retarded
the combustion phases. The maximum combustion durations were
found to be about 3%CA atf =0.625.

Cyclic variations

As mentioned before, lean mixture combustion has drawback
cyclic variation due to deteriorating combustion development
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resulting in highly unstable engine operation. Therefore, the
CoVimep is a useful indicator to evaluate cyclic variation. Table 3
presents the calculated mean imep and CoV of imep values for
different each intake air temperature at different equivalernmsra

As shown in Table 3, an increase in intake air temperature reduces
the imep values. On the other hand, GRYvalues are prone to
decrease with increasing temperature except for in the case of
f=0.625 and Tint = 178C. With increasing the equivetae ratio,

the instability of combustion increases under all cases. The highest
COVimep values were found fit= 0.625 compared to those at the
same intake air temperaturtn addition, some CoWep values
obtained higher than 10 %, which can be considered unacceptable
levels.
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Figure 5. The variation of mass fraction burnt (MFB) for
different air temperatures and equivalence ratios

Tablo 3. Mean imep and C@a\pvalues
f 0.710 0.670 0.625
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Figure 6. Return maps ahep values

Figure 6 illustrates the return map of the imep values to
clearly understand the cyele-cycle dynamics (Xu&et al., 2014). A
desired appearance is a nearly circular distribution with a narrow
range to lower cyclic variation. As shown ligure 6, when the
mixture gets leaner, some imep values scatter quite away from their
mean values. It can be stated that these cycles resulted in partial
combustion or misfire.

Performance and emissions

CO and HC emissions are related to temperature values and
mixture properties. CO emission formation occurs in the zone lower
than 1500 K. On the other hand, the zone lower than about 1000 K
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contributes to HC formation due to not having adequate thermal
conditions to oxidate the fuel (Bhave&et al., 2006). Moreover,
although there are adequate thermal conditions in a cylinder, high
CO and HC formation may occur due to insufficient i@ local

zones in the cylinder.
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Figure 7. Variation of indicated specific emissions (ISCO, ISHC,
ISNO) andspecific fuel consumptions (ISFC) with intake air
temperature at different equivalence ratios.

Figure 7 shows the indicated specific CO and HC emissions
(ISCO, ISHC) at different intake air temperatures at various
equivalence ratios. The increasing air temperature shows the
different effects on CO emissions. #t0.710, the ISCO emissions
have an increasing trend with an increase in intake air temperature
while having a decreasing trendfat0.670. ISHC emissions values
decreased with thincreasing air temperature intake. It should be
noted that although there can be an improvement in the ISCO and
ISHC emissions, they are still high value.

NO formation depends on combustion temperature over
1800 K and prompt reaction at high temperatures
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(Maurya&Agarwal, 2011). Therefore, lean mixture combustion
reduces NO emissions due to low temperature combustion. As
shown in Figure 7, ISNO emissions increase with the increasing air
temperature. This is because increasing intake air temperature raises
the temperature value during the onset of the combustion reaction,
which increases combustion temperature. Additionally, increasing
the excess air ratio reduced ISNO since a higher diluted mixture with
air reduced the combustion temperature, resulting weldSNO
emissions as in the study performed by Zhang and Cao (2024,
pp:11691180).

The increasing intake air temperature has different effects on
ISFC values depending drvalues. Atf=0.710, ISFC first slightly
decreases from 250.85 to 247.67 g/kWh, and then it has an
increasing trend. Thus, it reached 259 g/kWh at°C75At f =0.670,
ISFC is prone to decreasing with increasing intake air temperature.
The values varied from 301.72 to 257.12 g/kWh. Finally, the change
in ISFC values at=0.625 has the same trend &0.710. The ISFC
is 315.21 g/kWh af =0.625 and 100C while 301.39 kWh at
f=0.625 and 175C.

CONCLUSIONS

This study focused on lean mixture combustion in a port
injection gasoline engine. The research was experimentally
conducted taletermine the effect of intake air temperature values on
combustion, cyclic variation, emissions, and performance. The
following conclusions can be stated.

-Increasing air temperature affected combustion developments
differently depending on the equivalence ratiosf At 0.710 and
0.625, pressure values first increased, and then decreased while they
increased &t = 0.670.

- The lowest pressure rise rates were found at 0.625 and
increasing intake air temperature has no discernible effect on the
pressure rise ratesfat 0.625.

117



- Some of the cycles at= 0.670 and 0.625 resulted in misfires and
partial combustion even if the intake air temperature increased.
Hence, this caused high cyclic variability values over 10% CdV at

= 0.670 with 100C intake temperature, afd= 0.625 with both 100

°C and 17%C intake temperatures.

- Generally, the increase in the air temperature decreased ISCO and
ISHC emissions. In contrast, ISNO emissions increased by elevating
the intake air temperature. However, it can also be stated that the
equivalence ratio has more effect than the intakéemperature on
ISNO emission reduction. These results stem from lower
temperature combustion when the mixture becomes leaner.

- Increasing intake temperature has different effects on ISFC values
depending on the equivalence ratio. First, ISFC decreased and then
decreased with the increasing intake air temperature atfbeth
0.710 and 0.623SFC is likely to decrease as intake air temperature
rises, with a value of =0.670. It should be noted that the high ISFC
values correspond to high Ca¥pvalues.
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CHAPTER VII

Polymer, Metal, and Ceramic Matrix Composites in
the Aerospace and Defense Industry

Sakine KIRATLI *

1. Introduction

Countriesface internal and externalthreatelementsdue to
various factors. These elementsjeopardizenational security and
independencdjighlighting the importanceof the defensendustry.
For this reason,governmentsaroundthe world make significant
investmentsn researchor thedefensendustry.Specialdesignsare
being made for many vehicles such as warships, helicopters,
unmannedeerialvehiclescombatanks reconnaissancarcraft,and
fighterjets.

The defenseindustry refersto all industrial facilities that
producethe weapons,ammunition, equipmentinputs, and spare

l¢ankEr E Karatekin University, Faculty
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partsneededby a country'sarmedforces.This sectorencompasses
servicesprovided by various businessesor the use of the armed
forces, researchand developmentactivities for defensesystems,
technologicainnovations,andthe productionof military weapons,
weaponsubsystemsndspareparts[1].

The aviation sectoris of greatimportanceto a country's
economy due to reasonssuch as transportation (cargo and
passenger}rade,andtourism.This sectorgenerallyoperatesn two
main areas:ccivil aviationandmilitary aviation.Due to the intense
workflow of air vehicles, special attention is given to the
developmenof thesevehicles.

The defensdandustryandaerospacasectorare continuously
evolvinganddevelopingwith theadvancemeruf technologyMany
componentsand systems,such as spacecraft,military vehicles,
ammunition,weaponsmissiles,and explosives,are designedand
manufacturedh thisfield. Thesesectorsonstantljturnto advanced
materialsto meetcritical requirementsuchas security,durability,
lightness,andefficiency. One of the mostnotablematerialsamong
thesels compositematerials.

Composite materials are structural materials formed by
combining various components.They are typically created by
combiningareinforcingfiber, suchasglass,carbon,or aramid,with
a polymer, metal, or ceramic matrix [2]. The materialsusedin
industry must be resistantto harsh conditions such as corrosive
environmentsand high temperaturesyhile also being lightweight
for fuel efficiency. This is where compositematerialsstand out,
demonstrating their properties of lightness, strength, and
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machinability.Dueto thesepropertiestheyarewidely usedin many
vehicleswithin the aerospacanddefensendustries.

Fiberreinforced compositescan be combinedwith either
thermoseobr thermoplastiebasedolymermatricesWhile recycling
is not possiblewith thermosetbasedyolymers,it is achievablewith
thermoplastiebasedpolymers Forexamplecarbonfiber-reinforced
epoxy(thermosetsgompositesreusedto producestructurafframes
in aircraft[3]. Additionally, in applicationssuchasmilitary aircraft,
unmannederialvehicles,marinevesselsandweaponsproperties
such as high stiffness, high strength, low density, corrosion
resistanceand vibration resistanceare emphasized4]. Carbonor
aramidfiber-reinforcedpolyethylengthermoplasticcompositesre
used in high-maneuverability military aircraft for their impact
resistance,flexibility, and lightness [5]. Glass fiber-reinforced
polylactic acid compositesare used in aerospacdor achieving
maximumbendingstrength6].

2. Areas of Use of Composite Materials in Aerospace and
Defense Industry

In the defenseindustry and aerospacesector, composite
materialgplay a crucialrole dueto their propertiesuchaslightness,
high strength corrosionresistanceimpactresistancestiffness,and
flexibility. From the perspectiveof the defenseindustry, many
aircraft, missiles,and rocketsoccupy a significant placein these
fields. Below are someexamplesof the useof compositematerials
in thesesectors.

1 Aircraft Fuselagesand Wings Compositescommonly
usedin structuralcomponentsuchasaircraft fuselagesandwings
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arelighterthanaluminum reducingthe overallweightof theaircraft
andprovidingfuel savingq7].

1 Interior ComponentsPartsusedin theinteriorsof aircraft
and helicoptersare typically madefrom compositematerials.It is
importantfor thesepartsto be lightweight while also being fire-
resistan{7].

1 RotorBlades Helicopterrotor bladesarecomponentshat
requirehigh strengthand lightness.Carbonfiber compositesneet
theserequirementsenhancinghe performancef helicopterd7].

1 MissilesandRockets In the defensandustry,composite
materialsusedin the constructiorof missilesandrocketsoffer high-
temperatureesistanceandlow weight,improving the performance
of themissilesandextendingtheir range[7].

1 Military Vehicles Armoredvehiclesandtransportsnust
be resistanto bullets and shockwavesCompositearmor materials
provide high strengthwhile being lighter than traditional metal
armor|[8].

1 DefenseEquipment Military equipmenineedgo be easy
to transportanddurablefor field use.Compositematerialsareused
in the design of such equipment, ensuring both lightness and
durability [8].

In Figurel, theuseof compositenaterialan anAirbus A380
aircraftandits componentss shown.
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Figure 1. Composite$n aircraft andcomponent§9]
Figures2 and3 show,respectivelycompositeaircraftwings
andcompositenterior lining systems.

Figure 2. Composite$n variousaircraft wing designg10]
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Figure 3. Compositesn interior lining system$11]
3. CompositeMaterials in the Aerospace and Defense Industry

Compositesanbe classifiedbasedon the fiber and matrix
elements.The fiber elementcan be continuous,discontinuousor
shortin form, while thematrixelementanbepolymerbasedmetat
based,or ceramicbased.Commonly usedfiber elementsinclude
glass,carbon,andaramidsyntheticfibers. Despiterecentstudieson
theuseof naturalfibers, they havefoundlimited applicationsn the
industry. However, as researchprogressestheir usageareawill
expand.In the aerospacend defenseindustries,syrtheticbased
continuousfibers are primarily useddueto their high mechanical,
chemical,electrical,and thermal properties suchas chemicaland
corrosionresistanceimpactresistanceandvibrationdamping.

Compositematerialsare preferredin military air vehicles
suchasaircraftand helicoptersfor componentdike wings andtail
sections,as well asin runways,armoredvehicleslike tanksand
armoredpersonnetarriers pbulletproofvests weaporbodies liquid
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armor, unmannedaerial vehicles,military vehicle seatupholstery,
andfire-resistanimilitary tents[12].

Tablel examineghe characteristicef anaircraftstructure.

Tablel. Aircraft structureand characteristicd13]

REQUIREMENT

Light-weight

High reliability

Passenger safety

Durability-Fatigue and
corrosion Degradation
: Vacuum Radiation

Thermal

Aerodynamic

performance

Muiti-role or

functionality

Fly-by-wire

Stealth

All-Weather operation

APPLICABILITY

All Aerospace

Programs

All Space Programs

Passenger vehicles

VIV Y|V V V¥

>
Aircraft Spacecraft >
re
re
e
>
Aircraft Reusable
spacecraft >

EFFECT

Semi-monocoque construction
*Thin-walled-box or stiffened structures
Use of low density materials :

*Wood, Al-alloys, Composites

High strength/weight, High stiffness weight
Strict quality control

Extensive testing for reliable data
Certification : Proof of design

Use of fire retardant material

Extensive testing : Crashworthiness
Extensive fatigue analysis/testing

*Al-alloys do not have a fatigue limit
Corrosion prevention schemes

Issues of damage and self-life, life extension
Extensive testing for required environment
Thin materials with high integrity

Highly complex loading '

Thin flexible wings and control surfaces
*Deformed shape-Aero elasticity Dynamics
Complex contoured shapes
*Manufacturability NC Machining ; Molding

» Efficient design

All Aerospace

Programs
re
Aircrafts, mostly for
fighters but also some >

in passenger a/c

Specific military

aerospace applications

Aircraft
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» Use : Composites with functional properties

Structure-control interactions
*Aero-servo-elasticity

Extensive use of computers and electronics
*EMI shielding

Specific surface and si'lape of aircraft
*Stealth coatings

Lightning protection erosion resistance



3.1 PolymerMatrix Composites

Thematrixmaterialof polymercompositess reinforcedwith
high-strengthfibers like aramid, glass,or carbon.The reinforcing
fibersserveasload-bearingelementgo booststiffnessandstrength,
and the polymer matrix servesas a binderto give the composite
cohesivenesandstructuralintegrity. Superiormechanicatualities,
including rigidity, resistancdo corrosionand fatigue, and a high
strengthto-weight ratio, are imparted to the compositeby this
combinationForaerospacstructuresywherelightweightdesignand
outstandingperformanceareessentialthesegualitiesmakepolymer
compositesperfect [14]. Aeronautics frequently uses polymer
compositesto reinforce structural integrity, lower weight, and
increasduel efficiencyin partsincluding fuselageswings, andtail
assemblies. Furthermore, numerous aerospace applications,
including as propulsion systems,interior structures,and thermal
protection systems, greatly appreciate their versatility and
adaptability[14].

Certain natural or artificial conditions are used to cure
thermosepolymers,which maintaintheir solid statewhen heated.
Becaus¢hermosebasedompositehavefavorablemechanicaand
chemicalqualities theyarefrequentlyutilizedin airplanestructures.
They haveextremelylow fracturetoughnessand fracturestresses.
At hightemperaturegheyareratherunstablealbeit[15].

Thermoplasticsasopposedo thermosetsmeltwhenheated
after manufacture. Because they are easily molded after
manufacture, have a long shelf life, and can be recycled,
thermoplasticsare sought as raw materials. In this situation,

alternativepolymersarepreferredoverthermosetsiueto therecent
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growth of high-performance engineering polymers [16].
Polyphenylenesulfide (PPS), polyether ether ketone (PEEK),
polyetherketoneketone(PEKK), polyphenylenesther,polysulfone,
polyoxadiazolepolyimide,polyetheramide polyetheramideimide,
polynaphthaleneand polyamide imide are an exampleof high-
performance engineering thermoplastics. These polymers have
promise for use in the energy, medical, automotive, marine,
aerospace, and defense sectors. They have high service
temperaturessuperiormechantal and physical qualities, favored
chemicalresistanceandthe ability to processquickly andwithout
the needfor an autoclaveunder trying circumstancesuch high
pressuretemperatureand abrasiveenvironments[16]. Figure 4
showsthe historicaldevelopmenof thermoplastiasein aircraft.

Commercial Aircraft
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Figure 4. Theevolutionof thermoplastiausagein commercial
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Glassfiberswith a polymermatrix, suchasvinyl esterresin,
epoxy, or polyester,are mixed to create glass fiber-reinforced
polymersor GFRP.Glassfibersaremorecosteffectivethancarbon
fibers and provide better strengthand stiffness.Usually, they are
composeadf silicaandotheroxides.Althoughglassfibersarenotas
strongor lightweight as carbonfibers, they arelessexpensivethan
other fiber types and offer good mechanical performanceand
corrosion resistance.Many industries use GFRPs when cost
effectivenessand modest mechanicalperformanceare required.
They are especiallyutilized in aircraft for non-structuralpartslike
interior panelsandfuselagecoveringg14].

In compositepolymers,reinforcingfibers play a major role
in mechanical performance. Because carbon fibers are so
lightweight, rigid, andstrong,theyareperfectfor high-performance
applicationswhereweight reductionis essentialCarbonprecursor
materialslike pitch or polyacrylonitrile (PAN) are usedto make
carbonfibers[18].

Carbonfiber-reinforced polymersare compositematerials
formedby embeddindine carborfilaments knownascarbonfibers,
into a polymer matrix. Thesematerialscombinethe high strength
andlightnessof carbonfiber with the flexibility andmoldability of
thepolymermatrix. The polymermatrix holdsthereinforcingfibers
togetherlike an adhesiveand deformswhen a load is applied,
transferringthe stressto the solid and stiff fibers. Additionally,
polymer matrices have energyabsorbing propertiesthat reduce
stresconcentrationThe mainmatricesusedincludepolymerssuch
asepoxy,phenolic,or polyurethang19].
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Carbon fiber-reinforced polymers are actively used in
aircraftfuselageparts wingsandwing tips,interiorcomponentsand
enginecomponentdn thedefensendustry theyareusedn armored
vehicles,marinevesselsmissileandrocketstructuresand military
equipment [20]. Figure 5 shows the carbon fiber-reinforced
compositesisedin practice.

Figure 5. Examplesof carbonfiber reinforcedcomposite$21, 22]

Aramid fiber-reinforcedcompositearecompositematerials
formedby embeddingaramidfibers, madefrom polyesteror nylon,
into anaramidpolymermatrix. Thesecompositecombinethe high
strengthandimpactabsorptionpropertiesof aramidfibers with the
flexibility anddurability of the polymermatrix. Typically, matrices
suchas epoxy, phenolic,or polyurethaneare used[23]. However,
thesdibersaresensitiveto UV radiationwhenexposedor extended
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periods. Additionally, they perform at lower levels comparedto
carbonfibersat hightemperaturef24].

They are commonly usedin military equipment,armored
vehicles, ballistic protection gear, sports equipment,and other
applicationsthat require impact resistance.These materials are
preferredfor their high strengthto-reinforcementratio and impact
absorptiorpropertiesDueto their excellenimpactabsorptionthey
are particularly favored in ballistic protection applications[25].
Figure 6 shows the aramid fiber-reinforced compositesused in
practice.
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Figure 6. Examplesof aramidfiber reinforcedcomposite$l1, 26]

--136--



3.2 Metal Matrix Composites

Composite materials known as metal matrix composites
(MMCs) havereinforcementomponentdike carbon,ceramics,or
organicfibersscatteredhroughoutametalmatrix. Thesereinforcing
elementdower the composite'overall densitywhile improvingthe
metal matrix's mechanical qualities [27]. High strength, high
electricalandthermalconductivity,low weight, resistanceo weatr,
andthermalstability areamongthe qualitiesof MMCs. Usually,the
matricesin thesecompositesare metalalloys like nickel, titanium,
magnesiumpor aluminum. Thesematricesoffer excellentthermal
stability and strength.Engine parts, propulsionsystemsstructural
elements, and other defense systems are among the many
componentsn the aerospacand defensendustriesthat usemetal
matrix composite$28]. Figure7 showsthe metalmatrix composites
usedin practice.
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Figure 7. Examplesof metalmatrix composite$29, 30]
3.3 Ceramic Matrix Composites

A ceramic matrix is typically a matrix formed by the
combinatiorof ceramidfibersor particles.This matrix provideshigh
temperatureresistanceand chemical durability. Reinforcement
materialsareevenlydistributedwithin thematrix andareoftenfixed
to the matrix with a specialbinder.Ceramicmatrix compositesare
usedn manyindustriessuchasaerospacehespacendustry,energy
productionanddefensalueto their propertiedike hightemperature
resistancewearresistancelightness,andchemcal resistancd31].
These materials are especially preferred in high-temperature
applications and environmentsthat require wear resistance.A
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disadvantages their low fracture toughness.Aluminum oxide
ceramiomatrixcompositegreusedn high-temperaturapplications
in the aerospacend defenseindustries,such as exhaustnozzles,
propulsion systems,ignition, and combustionchambers.Silicon
carbideceramiomatrixcompositesireusedn applicationgequiring
high temperatureand wear resistancesuchas certainengineparts
and thermal insulation panels. Silicon nitride ceramic matrix
compositesare usedin applicationslike gasturbinesand ballistic
protectionsystemslueto their propertiesuchaswearresistancand
low density[32]. Figure8 showstheceramiamatrixcompositesised
in practice.

¢

Figure 8. Ceramicmatrix compositegxample$33, 34]
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4. Conclusions

Many industrial sectorsconductresearchand development
activitiesto continuouslyimprove andinnovatematerials.In these
sectors,while thereis a distribution of materialsacrossdifferent
areas,compositematerialsoccupy a significant place. Composite
materials, which belong to the advancedmaterials class, are
increasingin popularity every day. Advancedcompositematerials
arerapidly replacingtraditionalmetalmaterialssuchasaluminum,
steel,and titanium. The wide rangeof applicationsof comyosite
materialsin the aerospacend defenseindustrieswill continueto
increasalueto manyfactors.Innovationsn manufacturingnethods
anddevelopmenti nanotechnologgreamongthesefactors.

Compositematerialsare producedusing classicalmethods
suchashandlay-up, vacuuminfusion, and hot pressingHowever,
in recentyears,methoddike additivemanufacturingandautomated
fiber placementhave gainedattentiondue to the advantageshey
provide. Additive manufacturing enables easier production of
productslt is intensivelyusedfor boththemanufacturingandrepair
of partsfor vehicles,ships, and aircraft in the defenseindustry.
Especiallyin caseswhere spareparts are needed,the ability to
producethem on-site reducesthe time requiredand decreaseshe
needfor accessAdditionally, it reducesproductioncostsby using
lessmaterialcomparedo othermanufacturingnethodsMoreover,
it facilitatesthe creationof new materialcombinationsfor armor,
military clothing, ammunition,etc. The easeit offers comparedo
traditionalmanufacturingnethodsallowsthis technologyto beused
moreandmorein thecomingyears Automatediber placementlike
additivemanufacturingis anongoingareaof researclandwill shape
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future applicationsin the aerospacend defenseindustries.These
methodshave improved manufacturingprocessedor the use of
polymer compositesin aerospacemaking it possibleto produce
complex composite structures with exceptional efficiency and
precision.

Intensiveresearchhas beenconductedin recentyearsfor
many applicationsof nanocompositeddowever,asthe gapin the
useof suitablenanocompositeis theaerospacendustryanddefense
sectoris filled, it will expandthe scopeof futureapplications.

Polymer, metal, and ceramicmatrix compositesthanksto
the design flexibility they provide, can maximize component
performancen theaerospacanddefensaendustriesImprovements
in these composites'resilience to damage, impact durability,
resilienceat high and low operatingtemperaturesand chemical
resistancarethe focusof future study.Becauseof this continuous
innovation,t lookspotentialthatnextgeneratioraerospaceehicles
will be developedhat can satisfy the changingdemand=f spae
explorationandtransportation.
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CHAPTER VIII

An Overview of EMI Shielding Studies for Polymer
Matrix Composites
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1. Introduction

Electromagnetic interference (EMI) refers to transmission of
disruptive  interfering  electromagnetic  energy  between
electromagnetic devices or between devices and environment
through radiation or conduction, hence, propagation of EMI might
be governed thrah one of these ways depending on the type of
interaction between devices or environméhitassan et al., 2024; C.
Wang et al.,, 2018)The harmful effects of EMI shielding also
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involve its adverse impacts on human health, such as increased risk
of healthrelated issues, cancer, migraine, asthma, miscarriage, etc.
(Kondawar & Modak, 2020) The ter m fAEMI shie
the efforts to absorb and/or reflect this electromagnetic radiation
through utilization of magnetic and conducting materials acting as a
shield against such types of conducting or radiating transmission of
electromagnéc energy, or by utilization of manufacturing
techniques against EMWhat Is EMI Shielding and Why Is It
Important for Your Design.d.) EMI shielding can also be defined

as prevention of microwave and radio wave radiation from
penetrating the intended region of area, thus serving as a radiation
shield, and it differs from magnetic shielding which is basically
shielding from magnetic fids typically with low frequencies
(Chung, 202Q)Electromagnetic radiation as a relatively new type of
environmental pollution has become an important issue against
human health as well as efficient operation of electronic devices by
increasing use of electr@ectronic devices in parallel with rapid
technological developments. The reduced weights and higher speeds
of electronic devices attained through the advent of technology
brought about the issue of undesired transmission of electromagnetic
radiation emitted by these gadgets, which is harmfubdbin human
health and operation of other devices. Such that, the mutual and
reciprocal interference arising among these devices such as TVs,

computers, etc., particularly those emitting high frequency radiation
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such as mobile phones also impair the operational efficiency of the
same devicegKondawar & Modak, 2020)Thus, minimization of

EM transmission through EMI shielding has become an important

research area for several key industries that involve intensive use of
electronics such as aerospace, military, communicatior{Adtedin

et al., 2024)Numerous materials and methods have been employed
to enable electromagnetic interference shielding. The main types of
materials serving as shielding structures or agents are shown in Fig.
1.
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Fig. 1. Main shieldingmaterialtypes
2. The Basic Theory of Electromagnetic Interference Shielding
As an electromagnetic wave passes through an EMI shield,
reflection and absorption of the wave occurs. The effectiveness of

EMI shielding is basically measured as the ratio between the
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impinging energy and the residual energy, which is the part of the
energy that is not reflected or absorli&ketha et al., 2009As
inferred from the term (electromagnetic wave), an electromagnetic
wave comprises of two distinct fields, namely magnetic field (B) and
electric field (E)(Plane Electromagnetic WavesPhysics LibreTexts
n.d.) The magnitude of the wave is correlated with waveform and
source of the waveform, its propagation direction is at the-agbte

side of the plane involving the magnetic and electric field
constituents and E/B ratio gives the impedance of the \{awetha

et al., 2009) EMI shielding can be roughly categorized as +iedal

and farfield shielding. Near field shielding relates to the attenuation
of EM fields that are close to the radiation source (the distance is
small er than &/ 2", & beisfagield he s
shielding relates to attenuation of the waves that are away from the
EM radiation sour ce (the(EMIi st ar
Shielding: Protecting Electronic Devices in a Noisy Wporidd.;
Geetha et al., 2009; X. Y. Wang et al., 20Zlh)e effectiveness of
shielding is measured via shielding effectiveness (SE) evaluation
and is the ratio between the incident and transmitted radiation or the
intensity of field (Mikinka & Siwak, 2021) is quantified in
frequency and can be defined by below Equations 1 and 2.

SE= 20 log (EE) (1)

SE= 20 log (BBi) (2)
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where E and B are electric field and magnetic field, respectively, t
and i referring to the transmitted and incident waves.
Electromagnetic wave attenuation takes place via three mechanisms,
namely absorption (A), reflection (R) and multiple reflectiony, (B
so SE can be quantified as the sum of these three terms (SE=A + R
+ B) (Geetha et al., 20095E measurement methods can be chosen
based on the intended shielding application and can be categorized
as the free space or open field test, coaxial transmission line test,
shielded box test and shielded room test.
3. Polymer Matrix Composites

As a pioneering field of material technology, polymer matrix
composites (PMC) have been attracting a great deal of interest from
various industries and academic fields. Polymers as structural
materials have various advantages over their rhetséd
counteparts in terms of strengio-weight ratio, ease of
manufacturing, design flexibility, functionality etc. Addition of
various types of fillers such as organic, inorganic, in fiber or particle
form, and in various other types of classifications has beearya v
popular means to enhance the various properties and functionalities
of polymer matrices. The vast number of manufacturing
methodologies, structural and reinforcing material have resulted in
the introduction of vast number of studies by researcherken t
literature of polymer matrix composites. PMCs generally comprise

of a matrix constituent which is generally either a thermosetting or
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thermoplastic material, reinforced with various type of fillers such
as carborbased fillers, glass, fibers, Kevlar, g€Rajak et al., 2019)
These materials have been widely preferred for structural and
functional purposes in the fields of automotive, aerospace, marine,
energy generation, military, communication, oil industry, etc.
(Abdulrahman et al., 2024; Dhir et al., 2017; Harussani et al., 2022;
Khan et al., 2024)Structural use of polymer matrix composites
generally involves the use of fiber reinforcements due to significant
enhancements achieved by these fillers in modulus and strength
values(Deb, 2010)whereas the functional use of polymer matrix
composites is rather related with the use of mamd nanofillers
which are generally of carbdmsed materials due to the enhanced
thermal, electrical, optelectric, optical, EMI shielding and other
enhancedproperties achieved through use of these materials as
reinforcementgOmana et al., 2022; RahirAihar & Rahimi Ahar,
2024) In the present study the recent research attempts for
improvement of the EMI shielding capabilities of polymer matrix
composites have been compiled and introduced along with brief
information related to the materials and methodologies for shielding
applications.
4. Recent Studies on EMI Shielding Properties of Polymer
Matrix Composites

The studies on enhancement of EMI shielding capabilities of

polymerbased composites can be categorized in various ways. In
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the current work, we classify and introduce these studies as those on
fiber-reinforced composites and polymer nanocomposites.
4.1 Recent Studies on EMI Shielding Properties of Fiber
Reinforced Polymers

To bring an environme#ftiendly approach for EMI
shielding carbotiiber reinforced composites, Wang et al. (2024)
evaluated the EMI shielding and flarmetardancy capabilities of
carbon fibesreinforced composites comprising of CF recycled via
pyrolysis ecycling (K. Wang et al., 2024)Reportedly, pyrolysis
recycling process has been utilized as an effective way to extract
fiber via decomposition of the polymer matrix, however the
compromised physicochemical and structural properties of the
resulting fibers have been an issue whichehbgen addressed by
researchers. In their work, the authors propose a surface
modification route for the recycled carbon fiber felts, which is
reported to lead to significant electromagnetic shielding interference
effectiveness (SE) reaching 70.5 dB in thé band after
reconstruction of the recycled fiber fe#inforced resin matrix
compositegK. Wang et al., 2024Munalli et al. (2019) evaluated
the shielding effectiveness of carbon filvemforced epoxy
laminated composites utilizing a coaxial transmission line test
chamber and reported that, slabs with four reinforced prepreg layers
attenuated more than 99.9% eectromagnetic radiation. In this

work the authors underline the consequences of undesired
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electromagnetic fields arising from the densely packed electronic
components operating at low voltage within various electronic
devices. The authors also highlighted that, the main parameters
contributing to the achievement of an improved absorption
mechaism were the volume ratio of the reinforcing carbon fibers as
well as the number of prepreg lay@éunalli et al., 2019)

In some instances, various nanofillers are introduced into the
intended polymer matrices reinforced with carbon fibers, resulting
in highly functional composites with hybrid reinforcements. In such
a work presented recently, Anu et al. (2024) attemptéatrioduce

an EMI shielding lightweight epoxsnatrix carbon fiber reinforced
composites filled with Cuéctivated carbofAnu et al., 2024)The
authors reported that, the synergistic effect of carbon fiber reinforced
epoxy composites filled with 10 wt.% Cuégtivated carbon
demonstrated an excellent electromagnetic interference shielding
effectiveness of 52.02 dB at 11.48 GHz frequency lext@th is
attributed to the improved ohmic and dielectric losses achieved with
this specific samples. Aside from the improved thermal and
mechanical properties achieved at this design parameters, the
authors postulate that this material is highly appliedbt aerospace
applications (Anu et al., 2024) In a similar work on hybrid
reinforcements, Eken et al. (2023) introduced hematitgOdr@and
goethite (FeO(OH)) particles with two different particle sizes into

carbon fiberreinforced (CFRP) composites comprising of two
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|l ayers and evaluated the resul ti
strength and EMI shielding effectiveness (in the frequency range of
700-6000 MHz)(Yasin Eken et al., 2024lReportedly, they achieved

a maximum EMI SE parameter of 57.85 dB (at 5800 MHz) with
hematite reinforcement, and 60.19 d (at 5900 MHz) with goethite
reinforcements. Reportedly, the produced CRFP composites offered
improved shielding and mechanical propst for demanding
applications (Yasin Eken et al.,, 2024)Durmaz et al. (2023)
evaluated the electromagnetic interference shielding improvements
of carbonfiber-reinforced biebased polyamid 11/poly(lactic acid)
(PA11/PLA) samples within »and frequencies and utilized
conventional extrusion and molding techueg to produce the
composite samples. In this comprehensive evaluation of the
morphological, thermal, dielectric, electrical conductivity and EMI
shielding properties of the samples, they concluded that, inclusion of
CF in PA11/PLA blends led to a progressincrease in the EMI SE
parameter which were reported to be higher than theg@fRorced
polymer composites in similar workgcpinar Durmaz et al., 2023)
K¢-¢kelyas et al. (2024) recentl
of the shielding performance of carbbber reinforced polymers
filed with CoCuFeNihigh entropy alloy (HEA) particles

( K¢ - ¢ kel yas Theytsynthédsized the HE2A $4articles via
mechanical alloying and reported significant improvements in the

EMI SE parameter reaching 73.09 dB at 4.72 GHg ¢ - ¢ kel y as
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al.,, 2024) Chen et al. (2024) investigated the effect of silane
coupling agent KH570 modified Naf#nO particles to enhance the
EMI SE of twodimensional carbon fiber cloths (CFC), and they
reportedly achieved an average shielding efficiency of 52.72 dB in
the X-band, along with significant improvements in mechanical
propertiedChen et al., 2024)
4.2 Recent Studies on EMI Shielding Properties of Polymer
Nanocomposites

Along with other research fields on improvement of various
functional and structural characteristics of polymer nanocomposites,
studies on improvement of EMI shielding efficiencies of polymer
based materials through nanofiller addition also involves a vast
number recent and ongoing research studies. In one of these works,
Yazdi et al. (2020) conducted a research study on enhancement of
EMI shielding capabilities of inherently conducting polymers (ICPs)
via addition of conductive nemetallic fillers. To prauce
conductive nanocomposites, they used polyaniline (PANI) as the
ICP, and multwalled carbon nanotubes (MWCNT) and graphene
as the carboiased nanofillers. They reported high EMI SE
acquisition at high filler fractionKhodadadi Yazdi et al., 2020n
an earlier study, Li et al. (2006) studied the electromagnetic
interference shielding of singlealled carbon nanotube (SWCNT)
reinforced epoxypased polymer nanocomposites to attain

lightweight materials with high EMI shielding efficiency. The
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experimental setup was arranged for 10 MHZ GHz frequency
range and they accordingly reported up to 49 dB at 10 {lHet

al., 2006) Sriseubsai et al. (2020) investigated the EMI shielding
effectiveness of polycarbonate (PC) and acrylonitbilgadiené
styrene (ABS) based nanocomposites with carbon black powder
(CBp) nanofiller addition produced via injection molding. Their
multi-respnse optimization studies demonstrated that, employment
of higher amounts of PC and CB resulted with higher performance
enhancement and that increased filler amount particularly improved
the EMI SE parametdiSriseubsai et al., 2020kilak et al. (2024)
carried out research on evaluation of the EMI shielding performance
of fluorinated ethylene propylene (FEP) based nanocomposites filled
with graphene nanoplatelets (GNPs) and they reportedly attained
significant enhancements in thedmproperties in addition to
improved EMI SE parameters. They reportedly achieved a
homogeneous dispersion of fillers by utilizing a powdered
masterbatch pressing technique, thus reaching an outstanding EMI
SE of 50 dB at 5 GHz in addition to enhanced treroonductivity
attributes(Filak et al., 2024)Pavlou et al. assessed the shielding
capabilities of thin graphene/poly(methyl methacrylate) (PMMA)
nanolaminates and they used graphene in discontinuous flake form
for this purpose. They reportedly achieved an absolute EMI SE of 60
dB at 33micron thickness in the terahertz ran(i€lak et al., 2024)
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5. Conclusion

As indicated by the brief survey of the literature works, the
subject of EMI shielding improvements for polymer matrix
composites evolved mainly around composite types, fiber reinforced
polymers, and polymer nanocomposites. The studies related to the
shieding improvements for fiber reinforced composites are suitable
for applications that demand high EMI shielding efficiency in
addition to meeting structural requirements, whereas the
performance criteria expected from polymer nanocomposites are
rather relaed to functional requirements such as enhanced thermal
and electrical properties in addition to improved EMI SE parameters.
As demonstrated by the abovementioned research findings,
researchers aim to achieve higher EMI SE parameters as the
electronic devies become increasingly more densely packed in
smaller dimensions, thus leading to higher extents of interference
related functional impairments in devices. The attenuation of
electromagnetic radiation also holds critical importance in terms of
protection d human health. The future work on this subject is likely
to evolve around additively manufactured fiber and raler
reinforced polymers as most of these studies shift to enhancement of
these types of materials due to the various advantages of 3Dgrint

technologies in various areas.
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CHAPTER IX

Fracture Mechanics of Failure Analysis and
Applications

Ferit ARTKIN !

Introduction

Fracture mechanics still seems to be a secondary issue in
failure analysis, even though fatigue crack propagation and fracture
are responsible for a large portion of failure events in industrial
practice. Following a summary of the main issue$oth failure
analysis and fracture mechanics, scientists determine which failure
analysis problems fracture mechanics can (and cannot) resolve. Its
usefulness in failure analysis is determined by the accuracy of
fracture mechanics, which is much more iolg from the design
stage. In failure analysis, it would be helpful to have a better grasp

! Lect.Dr., KocaelUniversity, Hereke Asimkocabiyik Vocational School, Department of
Machinery and Metal Technologies, Machinery Programrhe +1 AAAT EX 41 OEEUA
0000-0002-8543-6334, artkinf@kocaeli.edu.tr
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of the application conditions as well as the limitations and
requirements of fracture mechanics.

The technique of fracture mechanics is used to identify and
forecast failure of a component that has a crack or other flaw. A part's
existence of a fracture increases the stress in the vicinity of the crack,
which might lead to failure soonerah anticipated when utilizing
conventional material strength techniques. The principles of material
strength are used in the conventional method of part design and
analysis. The stresses brought on by the imposed loading in this
instance are computed. Deykng on the failure criterion, failure
occurs when the applied stress is greater than the material's strength
(either yield strength or ultimate strength).

A stress intensity factor is determined in fracture mechanics
by taking into account the component shape, crack size, and applied
stress. When the material's fracture toughness is exceeded by the
stress intensity factor, a fracture occurs. Thack then grows
quickly and unsteadily until it cracks.

The Importance of Fracture Mechanics

There are numerous significant reasons why fracture
mechanics is a topic worth considering:

1 Cracks and crackke flaws are far more common than one
might think. Cracks could be already present in a section or
could appear as a result of extreme stress or exhaustion.

1 In general, a material's fracture toughness reduces as its

strength increases. It is possible for many engineers to make
mistakes due to their innate preference for stronger materials.
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1 Parts may fail at lower loads than anticipated when utilizing
the material strength technique if fracture mechanics are
ignored.

1 Brittle fractures fail quickly and catastrophically, and there
is little warning.

Failure occurs when: Failure occurs when:

Stress Material

+ Fracture Stress >4 Matere

Strength

Crack Geometry Toughness

Figure 1. Fracture and Mechanics and Strength of Materials.

The tanker SS Schenectady, one of the Liberty Ships of World
War Il and one of its most famous wrecks, is seen in the picture
below. She was moored at a handy pier at Swan Island in calm
weather on January 16, 1943, just after returning from sea trials. The
hull abruptly broke in two right aft of the superstructure, with a bang
that was audible from at least a mile distant.

Figure 2. The SS Schenectady breaks in two while docked
(Wikipedia, 2024).
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Near the keel, the fissures extended from port and starboard,
and the keel itself was broken, with the bow and stern curving
upward out of the water and sinking to the river floor (Thompson,
P., 2001).

The reason of the fracture was not entirely known at the time;
the Board of Inquiry examined a number of possibilities, such as
"locked" strains, abrupt climatic changes, or systemic design defects,
while the Coast Guard's official report blainthe incident on a
defective weld. The most frequent reason for these incidents was
defective welding, particularly when subsequent investigations
showed that several shipyards had used subpar working procedures.
However, even in such cases, it was evideat fewer than half of
all significant fractures were caused by this type of welding.
Subsequent analysis revealed that a brittle fracture brought on by
subpar steel was most likely the cause of failure. This would become
extremely fragile in cold tempatures, aggravating pexisting
flaws and increasing the likelihood of fracture (Thompson, P., 2001)
(Murray, C., 2015).

Concentrations of Stress Near Cracks

The tension in the component increases close to the crack's
tip because cracks behave as stress risers. Consider the situation of
an elliptical crack in the middle of an infinite plate as a
straightforward example:

According to theory, the tension at the ellipse's tip is determined by:

Tmazx = 0(1 -+ 2\‘_‘" f_)) 1)
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where U is the nominal stress an
el lipga, } = b

Thetheoretical stress becomes closer to infinity as the fracture tip's
radius gets closer to zero. Physically impossible, this infinite tension
is referred to as a stress singularity. Rather, the material experiences
plastic deformation at a certain distarfoem the fracture tip as a
result of the stress being dispersed across the surrounding material.
The term "plastic zone" refers to this area of plastic deformation,
which will be covered in more detail later. When the fracture point
is blunted by plastic eformation, the radius of curvature rises and
the stresses return to finite values (Figure 3.).

Pttt tte

e

Figure 3. The concentration of tension surrounding a crack is
shown schematically.

Alternative techniques have been developed to describe the
stresses around the fracture tip due to the plastic zone that forms
around the crack tip and the stress singularity issues that occur when
the stress concentration approach is utiliz€dday, the most
popular approach is to compute a stress intensity factor, which is
covered in more detail in a subsequent section.

Modes of Loading
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The direction of a crack with regard to loading is defined by
three fundamental modes. One or more modes may be used to load
a crack.The three fundamental mechanisms of fracture loading are
depicted in the image below. The fracture surfaces are separated by
a tensile tension in mode [, also known as the opening ritee.
shear mode, or mode I, is characterized by shear stress that causes
the fracture surfaces to shift parallel to the principal crack size. The
tearing mode, or mode lll, is ctaterized by shear stress that causes
the fracture surfaces to shift perpendicular to the size of the original
crack.

f

v

Mode I: Mode II: Mode II:
Opening In-plane shear Out-of-plane shear

Figure 4. Schematic representation of the three basic modes of
crack loading (Wikipedia).

As the worst scenario and most prevalent, Mode | is nearly
often taken into account in engineering analysis. Cracks often
develop in Mode |, however as the picture above illustrates, if a crack
does not begin in Mode |, it will change into Mddan its own.
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AR

Figure 5. Tensile Forces on the Crack.
Fracture Toughness

A material may withstand applied stress intensity up to a
critical value, after which it will fail and a fracture will form
unsteadily. This essential stress intensity is the material's fracture
toughness. The environmental composition (airesliwater,
saltwater, etc.), loading rate, material thickness, material processing,
crack direction, and ambient temperature are some of the numerous
variables that affect a material's fracture toughness. These
considerations should be made when deciding aorfracture
toughness value to use in design and analysis.

Fracture Toughness and Thickness

As material thickness grows, fracture toughness falls until
the component is sufficiently thick to be in the plast&in state.
Fracture toughness is a constant number called the -pleie
fracture toughness above this platein thicknes. Of major
relevance is planstrain fracture toughness in Mode | loading, which
is represented by the valuecK
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K.=Kjio|l+ B ¢~ (Aet/to)’ (2)

The plane strain thickness at critical loading, denoted by tO,
is determined as follows: t represents the material thickness, while
Ak and Bk are material constants

o (Kie\’
0=25(%57) ®

where Sty is the material's tensile yield strength.

The thicknesspecific fracture toughness calculation
mentioned above was used to create the following graph for a sample
material, 155PH, H1025. It is evident that this material's fracture
toughness is 90 ksi*it*’ at lower thickness values and drops to plane
strain toughness of 60 ksi*f? as thickness rises, after which it stays
constant.

Through-Crack Fracture Toughness (Kc) vs. Thickness
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Figure 6. Fracture Toughnesand ThicknessGraph.
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In design and analysis, it is still a good idea to utilize the plane
strain fracture toughness value, even if fracture toughness may be
roughly estimated as a function of component thickness.

Fracture Toughness and Strength

Fracture toughness typically reduces as strength increases for
a particular class of materials. Heat treating a block of material to
improve its strength characteristics will typically result in a decrease
in the material's fracture toughness.

The fracture toughness and material strength for different
material classes are displayed in the figure below. It is evident that
the fracture toughness of many materials, particularly engineering
metal alloys and engineering polymers, diminsshes strength
increases.
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Figure 7. Fracture Toughness and Strength, (Wikipedia, 2024).
Fracture Toughness and Crack Orientation

Crack orientation in relation to grain direction usually affects
a material's fracture toughness. Thus, crack orientation is usually
given together with fracture toughness measurements.

The following graphic illustrates potential fracture orientation
and grain orientation combinations for both rectangular and
cylindrical geometries. The orientation of cracks is indicated by two
digit codes. Perpendicular to the crack faceeasdinection indicated
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by the first digit. The direction of the fracture path is indicated by
the secondhumber.

Figure 9. Fracture Toughnessind CrackDirection I, (MIL-
HDBK-5J).
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Ductile and Brittle Fracture

The terms "brittle fracture" and "ductile fracture" are used in
two different contexts. The fracture mode and fracture mechanism
are these frameworks of reference.

Materials scientists typically refer to the fracture mechanism,
which explains the fracture event at the microscopic level, when
discussing brittle and ductile fracture. Cleavage is typically the
brittle fracture mechanism, while dimpled fragurcommonly
referred to as microvoid coalescence, is the ductile fracture
mechanism. Brittle fracture is linked to the mechanism of cleavage.
Very little plastic deformation occurs, and the fracture surface has
ridges and seems smooth. Ductile fractutaled to the microvoid
coalescence process. The fracture surface appears dimpled like a golf
ball due to this process, which involves the development, growth,
and coalescence of tiny voids in the material that are triggered by
plastic movement.

Brittle Fracture Mixed-Mode Fracture Ductile Fracture
AL A A

2 N r ™~

Load, P

Fully

Plasti
Elastic- e

Plastic

Linear
Elastic

v Displacement, §

Figure 10. Fracture Toughnessnd CrackDirection I, (MIL-
HDBK-5J).
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The fracture mode, which characterizes the material's high
level behavior during the fracture event, is typically referred to by
mechanical engineers when discussing brittle and ductile fracture.
The fracture mode is seen in the image above.

The loaddisplacement curve is depicted with broken
specimens at various points along it. Stresses in the component are
less than the material's yield strength in the linear section of the curve
with the lower applied load. If the part breakghis location, it is
referred to be a brittle fracture because it fails earlier than expected
using material strength measures. Note that in this location, the
plastic zone (shown in red) surrounding the fracture tip is generally
tiny, thus the linear eic assumption is true, and Linear Elastic
Fracture Mechanics (LEFM) may be utlized to evaluate the
component. The plastic zone size grows in proportion to the load.
Ductile fracture occurs when a component fails in the upper portion
of the loaddisplacement curve.

If the plastic zone size exceeds the application of LEFM but
has not yet extended throughout the cismgtion, elastiplastic
techniques such as the Failure Assessment Diagram (FAD) can be
employed to examine the part. Once the plastic zore kas
expanded over the whole cressction (gross crossection yields),
fracture mechanics methods are no longer applicable, and the cross
section must be studied using the material strength approach.

Failure Assessment Diagram (FAD)

If LEFM is not applicable, elastiplastic analysis should be
employed to account for plasticity effects around the fracture. The
Failure Assessment Diagram (FAD) is the most used elplstitic
analysis approach.
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Note that in the picture below, the failure locus for LEFM is
shown by a dotted horizontal line, whereas the FAD failure locus is
located below the LEFM. This suggests that the failure forecasts
provided by LEFM are insufficient. The decreasaiiufe locus on
the FAD curve is due to plasticity around the crack tip, which
increases the effective crack length and consequently the severity of
the crack condition.

Also, the failure locus for plastic collapse (i.e., the failure
locus anticipated using material strength techniques) is represented
by a vertical dotted line. The FAD failure locus crosses across the
plastic collapse locus and pushes it torigat, suggesting that the
component is becoming strongé€fhis significant increase in
strength is due tetrain hardening.
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Figure 11. Fracture Toughnessnd CrackDirection I, (MIL-
HDBK-5J).
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The FAD approach's ability to account for material plasticity
while employing linear elastic stress intensities is its last noteworthy
feature. This offers the FAD method's simplicity and is a significant
benefit over alternative elastpiastictechniques.

Residual Strength Curve

The residual strength curve displays the part's strength in
relation to the size of the crack. The part's strength and the material's
yield strength are equivalent in the absence of a crack. Nevertheless,
strength (i.e., the amount of stressttitkan be tolerated before
collapse) declines as the fracture widens.

The residual strength curve is displayed in the example
scenario in the following figure. The material used in this instance
has a yield strength of 145 ksi and a plane strain fracture toughness
of 60 ksi*in®>. The plate is 2 inches broad and has a crack down the
middle. In red is the residual strength curve. Above this curve, failure
will occur for any stress value for a given fracture size.
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Residual Strength Curve
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Figure 12. ResidualStrengthGraph.

Take note of the blue dotted line in the graph above, which
represents the theoretical critical stress curve. This theoretical curve

may be characterized as follows: It gives the theoretical critical stress
value as a function of fracture length.

K IC (4)
Y/7a

The fact that the geometry factor Y depends on the fracture
size is often significant. As the fracture size varies, the Y value will
also fluctuate. At the part boundary, the residual strength curve falls
to the critical stress value of 0, whishexplained by the fact that the
Y value will typically peak as the crack size rises in relation to the
part dimensions.

Terit =
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When the fracture size becomes closer to zero, it's also crucial
to remember that the theoretical critical stress gets closer to infinite.
Since the material's tensile strength establishes an upper limit on the
amount of stress it can toleratijs is obviously impracticalA
straight line is formed between the material's tensile yield strength
and the tangent point on the theoretical critical stress curve in order
to smooth out the residual strength curve in the tiny fracture area. In
certain situations, determining the tangewint is impossible. In this
instance, Liu advises that the point at which the theoretical critical
stress equals twthirds of the material's tensile yield strength might
be interpreted as the transition point between the straight line curve
and the theretical critical stress curve.

Conclusion

For the analysis and prevention of equipment and structural
component failures brought on by the formation and spread of
fractures, fracture mechanics is the finest technique currently
available.

The study of fractured components under static load
circumstances that is, settings with constant loads that do not
fluctuate over timé& has been covered in this material on fracture
mechanics. The stress level at the crack tip will fluctuatiedrevent
that the load varies over time. If the change in stress intensity is
greater than the material's threshold stress intensity, a fracture will
develop. Fatigue crack growth is the development of a crack under
situations of fluctuating stress int@yslt is crucial to remember that
the geometry factor Y generally depends on the size of the fracture.
As aresult, the Y value will fluctuate along with the fracture size.

The behavior of materials with defects may be understood and
predicted with the help of fracture mechanics. Engineers are able to
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build and operate structures and components more safely and
effectively by using the concepts of fracture mechanics. Fracture
mechanics should be used in conjunction with other engineering
tools and approaches, but it's crucial to understand its limits.
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CHAPTER X

Examination of Wear Performance of Surface
Hardened Materials by Boronizing Method: A
Literature Review

Taha ¥YZEL
Emre ABTAK

1. Introduction

The mainreasondor machineelementdo be out of service
in theindustryare;wear,fatigue,andcorrosion.Wearthatoccursin
machinepartsthat work in contactwith eachother causesquite
seriouseconomiclossesif precautionsare not taken. Therefore,
knowing and preventing wear or at least taking the necessary
precautiongo reduceit canreducetheselossesWearthat occurs
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whensurfacesn contactwith eachothermovewill causedamageo
both surfaces,including increasingmaterial loss (Etsion, 2005.
Wear can causean increasein the gap betweenthe parts, loss of
sensitivityto unwantedreedomof movementandthereforemuch
fasterwearandsometimedatiguefracture.This problem whichwas
tried to be preventednly by usingliquid or solid lubricants,is now
being preventedby using surface treatmentsor coatings with
tribological approachesToday, thereare manytechniquesusedto
increasewvearresistancé€Tabur,lzciler, Gul, & Karacan2009.

Boriding is a metallurgicalprocessusedto strengtherthe
surfacesof metalsor other materialswith a chemicalprocessand
increaseheirdurability. During this processthe materialis exposed
to aspeciaboronsolutionor gasenvironmentThis createsadurable
boroncarbidecoatingon the surfaceof the material.Boriding is a
commonprocesausedto increasewvearresistanceimprove surface
hardnessprotectagainstcorrosion,andextendthelife of partsused
in industrial applicationssuchas cutting tools, bearingsand gears
(Wahab,Ghazali,Yusoff, & Sajuri,2016.

Surface material loss occurs due to wear and corrosion
mechanismsln orderto eliminatethesenegativeeffects, material
surfacetreatmentsare the mostcommonmodification methodsIn
general,cementationnitriding or boronizingprocessesire widely
used to improve the surface properties of iron-based metals.
Increasing the service life of materials with surface coating
applicationss acommonmethod.Boriding processs generallythe
proces®f diffusion of boronatomsinto steelin thehightemperatue
range of 700-1000 oC. Boriding processis carried out in these
temperatureangedor differentperiods(2-10 hours)andin different
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boronizingenvironmentgRiveiro, Ma - odalyal, Comes& | a,
Pou,2018. As aresultof borontreatmentFeB,Fe2Bor FeB+Fe2B
boridelayersappeaion the surfaceof iron-basedmetalsassingleor
double phase.In the box boronizing method,it is carried out by
waiting for at leastone hourin the temperaturgangeof 800-1050
oCin borondonorpowdersdependingon the chemicalcomposition
of the material,its thicknessandthe desiredboronlayer thickness.
Dependingon the chemicalstructureof the material,the boronizing
method and conditions, the boron layer on the surfa@ of the
boronizedmaterialcanhavea hardnes®f approximately2000HV.
Dependingon the layer phaseobtained,the materialsurfacegains
wearresistance In thisway, theservicelife of machinepartscanbe
extended Shivakoti,Kibria, Cep,Pradhan& Sharmaz021).

Wear is a significant problem for materialsthat work in
contactwith eachother. It is possibleto increasethe life of the
material by reducingwear with boronizing. For this purpose the
surfaceof the coatedmaterialis coatedwith ceramicferro-boron.
This alsoreducesadhesivevear.The boronatomhasa high affinity
for oxygen.Thereforea protectivethin oxidelayeris formedonthe
surface during the boronizing process. This layer creates a
lubricatingeffect,reduceghe coefficientof friction and ensuresghat
thematerialweardess.It is possibleto obtaina structurethatis both
hard and has a low coefficient of friction (equivalentto the
coefficientof friction) with theboronizingprocesgfMoskal,Martan,
& Honner,2023 Vilhenaetal., 2009 .
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2. Boroning Method Procedures.

Today,engineeringpartsare processedvith manyboriding
methodssuchasbox or pasteboriding, boridingin liquid or molten
salt,electrochemicaboriding, plasmaassistedoriding, etc. Oneof
themostimportantdisadvantagesf boriding processesuchasbox
boriding, which is widely used,is the use of expensivepowder
mixturesand the necessityof long processingimes. On the other
hand, electrochemicalboriding appearsas a much more cost
effective methodin boriding iron-basedmaterials,considerimg that
the costof the chemicalsusedin the systemis muchlower andthe
processindime is muchshorter(Cunhaetal., 2016.

It is the most commonboronizingtechniquebecauset is
easyto apply, requiressimple equipment,s economical safeand
canbe changedn the chemicalcompositionof the powdermixture
used.Box boronizingis performedby keepingthe materialto be
boronizedin the powdermixture, which is a borondonormedium,
atcertaintemperatureandfor certainperiodsof time. Pasteboriding
is a method used in caseswhere box boriding is difficult or
expensiveln this method,45% B4C and55%cryolite areusedor a
traditionalboridingpowdermixtureis usedin agoodbindingagent.
With this method,the boriding mixture is createdby sprayingor
brushingon the surfaceof the material(Obilor, PacellaWilson, &
Silberschmidt2022).

Internal stresse®ccurringin materialsto which boronizing
processis appliedare of critical importance.Therefore,the ideal
structureof theboronlayeris asinglephaseandrecessegbrotruding
structure.If the structureis doublephasethesephaseswill create

compressivandtensilestressesn eachother,thuscrackswill form
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betweerthetwo phasesandasaresult,separatiorandruptureswill
occur from the material surfaceover time due to the mechanical
stresqEtsion,2010.

3. Literature studies on wear performance of materials
hardened by boronizing method

F e r n 8Vvhadl edr@®. mvestigatedhewearbehaviorof the
iron boridelayerobtainedonthesurfaceof thesampleby boronizing
disk-shapedAlS| 316L steelsamplesat 900  for 2 and6 hours
using the box boronizing method.According to the experimental
results, wear in boronized samplesdecreasedapproximately 10
times comparedto nonboronizedsamples.In addition, under a
normalloadof 5 N, thewearsurfaceof boronizedsamplesxhibited
elasticbehavior,while the wear surfaceof non-boronizedsampes
exhibited plastic behavior (F e r n 8\hadl edk®BesesAmador,
L. pleiz®v&@campeR a m?2 2081 ,

Krelling et al. appliedbox boronizingprocesdo AISI 1020
steelat 1000 for 4 hours.Fe2B phasewas determinedon the
surfaceof the boronizedsamplein XRD analysis.The thicknessof
the boronizedlayer formed on the surfacewas 177 ¢ mand the
surfacehardnessvasmeasures2100HKO0.01. Sincethehardness
of theabrasiveparticleswascloseto the hardnes®f the Fe2Blayer
in microabrasivavearexperimentsit reducedhewearresistancef
theboronizedsamplgKrelling, DaCostaMilan, & Almeida,2017).

Shinde and Dhokey investigatedthe relationshipbetween
carbide density and surface roughnessand dry sliding wear of
subzerareatmentbon AISI H13 hot work tool steels.Oil quenching
atl 0 2 0dAubletemperingat5 0 0 ahdifferentsubzercholding
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times from 8 to 32 hoursat -1 8 5 WeZe appliedto AISI H13
samplesDry sliding wearbehaviorof pin on disk wasinvestigated
under40N load,3 m/sspeedf000m slidingdistanceA relationship
was establishedetweencarbidedensityand surfaceroughnessit
wasfound that the subzeratreatmenttime for AISI H13 steelwas
optimized and carbidedensity affectedthe surfaceroughnessand
hencethe wearratein subzerareatedsamplegShinde& Dhokey,
2017).

4. Conclusions

T

It has been concluded that further research is needed to
optimize boronizing parameters (such as temperature, time,
environment, etc.) for greater efficiency.

It has been observed that the boron layer thickness increases
with increasing time andemperature as a result of the
boronizing process.

It has been observed that the development of the boron layer

is negatively affected by the increase in alloying elements.
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CHAPTER XI

Contributions of Laser SurfaceModification to Wear
Resistance: A Literature Review

Turgay ©AKI |
Emre ABTAK

1. Introduction

Advancementsn industrial technologyhaveincreasedhe
need to enhance the mechanical and surface properties of
engineeringnaterials Specifically,thedurability of surfacesubject
to weardirectly impactsthe reliability andlifespanof components
in use.Consequentlythereis a growingdemandor materialswith
high wear performance across industries such as machinery,
automotive,aerospaceand defense(Ayers, Schaefer,& Robey,
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1981). Wearresistanceefersto a component'sbility to withstand
environmentsnvolving hightemperaturediigh pressureor intense
friction. Strengtheninghis property not only reducesapplication
costsbut also enhancesustainabilityand energyefficiency (Tian,
Chen,Li, & Huo, 2005

Today, machineelementsare expectedto perform certain
functions.However,while performingthesefunctions,the surfaces
of the elementsare exposedto more effects such as stressand
abrasiornthantheir internalparts.If the material'sresistancdimit is
exceededsa resultof theseeffects,damagebeginsto occuronthe
surfaceof the material.For this reasonsomesurfacetreatmentsare
performedto increasethe resistancen the surfaceof the material.
Developmentsn surfaceengineeringn recer yearshaveled to the
emergenceof new and different surface modifications (Gachot,
Rosenkranzisu,& Costa2017 Kaur,Ghadirinejad& H. Oskouei,
2019.

Oneof the mostimportantcausesof damageo machinery
and constructionelementsis wear. In factories, aircraft, rocket
systems and many other advanced technology systems, the
parameterthatform thebasisof tribology suchasfriction, wearand
lubricationareacceptedsthe mostimportantdesigncriteria (Tian,
Chen, Wang, & Lei, 2005. Statistical studies conducted in
industrializedcountriesshowthata largeportion of theenergyused
in the world is usedto overcomefriction resistance.Therefore,
studiesto be conductedon friction indicatethat significantenergy
savingswill be achieved Becausamostof the energyis relatedto
friction, and a significantportion of the materialis relatedto wear
(Chi, Gu, Yu, & Chen,2018 De Damboreneal 999.
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2. Laser processing methods

Due to the widespread use of advanced engineering
materialscomplexdesigngeometriegndhigh surfaceprecisiondue
to low dimensional performanceslimit the use of traditional
processingnethodslt is understoodhatlaserprocessindhasmany
advantagesover traditional methods (plasma, oxygen cutting,
sawing).It hasthe ability to processmaterialswithout contact,and
it offerstheopportunityto cutbrittle, softor hard,thin materialghat
aredifficult to cutin cuttinganddrilling processesguickly andwith
high precision(Salter& Booth,2019. Laserprocessings athermal
processand thermal effects can be kept in a very limited areain
materialssensitiveto thermalwork. Other advantagesre narrow
cutting trace (kerf) that gives minimum material loss, very flat
cutting edge, minimum metallurgical and surface defects, high
cutting speed, easy integration into computeraided numerical
controlmachinegor complexcuts(Duley,2012).

Laseris auniquetypeof light andis muchmoreintensethan
otherlights in naturedueto its focusability. Laserbeamdoesnot
show dispersion and exhibits monochromaticproperties. Laser
beam,which canbe focusedto a point smallerthan0.001inchesin
diameter,canbe usedin medicine,welding manufacturingcutting
high-hardnesanetals, processingjoining and cutting micro-sized
electronicparts,andin addition,laserbeamhasvariousapplications
in differentareasof industry(Dutta Majumdar& Manna,2011). In
surfacemodificationwith the help of laserbeam,therearechanges
in the propertiesof the metallic materialinteractingwith the beam.
In particular,the crystal structureof the materialin the interaction
areacanchangeandsurfacehardnesandwearresistancencrease
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with therapidcoolingeffect.In addition,thereareimprovementsn

the tribological performanceof the material. Thesechangesn the
propertiesand behaviorof the materialinteractingwith the laser
beamhavesignificanteffectson changinghemechanicaproperties
and performanceof the surface.As it is known, by changingthe
chemical composition of a material surface, surface properties,
mechanical properties of the surface and performancecan be
changedNarayanBiunno, Singh,Holland,& Auciello, 1987).

In laser processingapplications,the type of laser has an
impacton the processingesults.In addition,critical factorssuchas
laseroutputpower,frequencyand pulsewidth, which areeffective
in the transformationson the material, are affectedby the type of
laser.High-power lasersprovide faster processingand enablethe
beamgo reachdeepethanthe surface(Malinauskasetal., 2016.

3. Literature review of wear performance of laser surface
modification

Leeetal. & the lasersurfacehardeningstudy of AISI H13
steel,studieswere carriedout to improve the surfacehardnessand
wear performancepropertiesof tool steelby usinga 200 W fiber
laser for solution hardeningand heating of microstructuresThe
hardnessof the laser melted region was investigatedand the
scanningconditionswere controlledto determinethe effect of heat
input on the laser melting region. As a result of the tests,it was
determinedhatthe hardnes®f AISI H13 steelwasHV 240andthe
hardnessfterlasersurfacehardeningvasaroundHV 480-510(Jae
Ho, JeongHwan, ByeongDon, YoungMyung, & YoungHoon,
2009.
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Tani, et al. conducteda studycalledlasersurfacehardening
of martensiticstainlessteelhollow parts.In this study,lasersurface
hardeningprocesswas applied to hollow cylindrical martensitic
stainlesssteel (AISI 420) component.The processwvas appliedby
changingonly the peripheralspeedfrom the processparameters
without changingthe workpiecedimensions As a result of these
processest waspossibleto confirmthepreviouslyestimatedesults
numerically(Tani, Fortunato Ascari,& Campana2010.

Min Ji et al. producedmicro-texturesby laser ablation of
zirconium ceramic surfacesand investigatedthe effects of these
textureson tribological performanceThe testswere carriedout by
measuringthe surfaceat different depthsand widths. The results
showedthat the best friction coefficient was 11 microns at the
highestdepthand 20 micronsat the smallestwidth. They reported
that the small groovewidth is importantfor wear performancegJi,

Xu, Chen,& EI Mansori,2020.
4. Conclusions
1 As the laser power increases, surface microhardness and wear
resistance increase,
9 Laser pulse number and scanning speed affect the surface
quality,
1 Surface pattern density reduces the frictoefficient and

wear rate,

Patterns and pattern shifts have significant effects on friction,

The results have determined that processing geometries have

an effect on tribological properties.
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CHAPTER XI|I

From Ideas to Implementation: A Roadmap for
Mechanical Engineering Students

Onat Halis TOTUK?!

1. Introduction

Engineeringlesignis acomplex,iterativeprocesghatforms
the core of mechanical engineering practice. As technology
advancesand systemsbecome more sophisticated,there is an
increasingheedfor structurecapproaches guideengineershrough
the designprocessfrom initial conceptto final product(Dieter &
Schmidt, 2021). This chapter aims to provide mechanical
engineeringstudentswith a comprehensiveoverview of modern
design methodologiesand tools to tackle complex engineering
challengesystematicallyandeffectively.

1 Asst. Prof. Dr, Cankaya University Engineering Faculty, Mechanical Engiri2epagment.
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The engineeringdesign processencompasseseveralkey
phases, including problem definition, conceptual design,
embodimentesign,and detaileddesign(Pahl et al., 2007). While
the specific stepsmay vary acrossdifferent methodologiesthe
overall goals remain consistentto developinnovative, optimized
solutionsthat meetcustomemeedsand engineeringrequirements.
By following a structuredapproach engineerscan bettermanage
complexity, reducedevelopmentime and costs,and improve the
guality andreliability of their designgUllman, 2015).

In recent years, there has been growing emphasison
integratingconsiderationdeyondpure technicalperformanceanto
thedesignprocessFactorssuchassustainabilitymanufacturability,
and user experienceare now recognizedas critical elementsthat
mustbe addresseffom the earlieststagesf design(Chakrabarti&
Blessing, 2014). Modern design methodologiesaim to provide
frameworks for holistically considering these multifaceted
requirementghroughoutthe developmentycle. Additionally, the
incressing use of computeraided design, simulation, and
optimization tools has dramatically expandedthe capabilities of
engineersto rapidly explore design alternatives and predict
performancéChandrasegaragt al., 2013).

For mechanicalengineeringstudents, developing strong
designskills is essentialfor future careersuccess.The ability to
applysystematidesignapproachew solveopenendedoroblemss
highly valuedby employersacrossndustriegDym etal., 2005).By
masteringoundationadesignmethodologiesstudentancultivate
critical thinking, creativity,andtechnicalskills thatwill servethem
well asthey transitioninto professionapractice.This chapteraims
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to providestudentswvith boththeoreticaunderstandingndpractical
guidanceor implementingengineeringlesignprocesses.

As engineeringchallengescontinueto grow in scale and
complexity theimportanceof robustdesignmethodologiesvill only
increaseFromdevelopingsustainablenergysystemso advancing
medicaltechnologiesmechanicalengineersplay a crucial role in
addressingsociety'smost pressingissues(National Academy of
Engineering2004).By equippingthe next generatiorof engineers
with powerful design approachesand tools, we can accelerate
innovationanddevelopsolutionsto improvelives aroundtheworld.
The following sectionswill explorekey designmethodologiesn
detail, providing studentswith a comprehensiveoolkit to tackle
diverseengineeringproblems.

2. Engineering Design Process Overview

The engineeringdesign processis a systematic,iterative
approachused by engineersto develop innovative solutions to
complex problems. This structured methodology provides a
frameworkfor transformingabstracideasinto tangibleproductsor
systemdhat meetspecificneedsandrequirementsWhile the exact
stepsmay vary dependingon the project scopeor engineering
discipline, the core principles remain consistentacrossdifferent
fields,emphasizingreativity,critical thinking,andproblemsolving
skills (Dieter& Schmidt,2021).

The engineering design process begins with problem
identificationand definition, whereengineer<learly articulatethe
issue,identify stakeholdemeeds,and establishproject objectives
andconstraintsThis crucialfirst stepinvolvesgatheringnformation

-202-



from various sourcesto createa well-defined problem statement.
Following this, the researchand investigationphasecommences,
during which engineersollect relevantinformation aboutexisting
technologiesmaterialsandmethodghatcouldpotentiallysolvethe
problem. This phaseincludesliterature reviews, patentanalyses,
competitorproductstudiesandexpertconsultationsaimingto build
a strong knowledgebasefor the subsequenstagesof the design
process.

The processthen progresseshroughideationand concept
generation,where creativity is emphasizedto develop multiple
potential solutions. This is followed by evaluationand selection,
whereconceptarecritically assessedgainspredeterminedriteria.
The chosen concept then undergoes detailed design and
developmentiransformingit into a comprehensivamplementable
design. Prototype testing and iteration allow for realworld
validation and refinementof the design.The final stagesinvolve
documening the final design,implementingproductionprocesses,
conducting quality assurance,and establishing proceduresfor
maintenancandcontinuousmprovementThroughouthis process,
engineersemploy various tools and techniquesto ensure the
resultingproductmeetsall specificationsandperformsoptimally in
realworld conditions.

2.1. Problem Identification and Definition:

The first crucial stepin the engineeringdesignprocessis
problem identification and definition. This stageinvolves clearly
articulatingthe issueat hand,identifying the needsof endusersor
stakeholders, and establishing the project's objectives and

constraints. Engineers must gather information from various
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sources, including customer feedback, market research, and
technicalrequirementsto gain a comprehensiveinderstandingf
the problem(Pahletal., 2007).The goal of this phaseis to createa
well-definedproblemstatementhatoutlinesthe specificchallenges
to be addressedthe desired outcomes,and any limitations or
constraintsthat may impact the solution. A clear and concise
problem definition servesas the foundationfor the entire design
processguiding all subsequenstagesand ensuringthat the final
solutioneffectivelyaddressethe coreissueqDym etal., 2005).

2.2. Research and Investigation:

Oncetheproblemis defined,engineerembarkonathorough
researchand investigation phase. This step involves gathering
relevant information about existing technologies,materials, and
methodghatcould potentiallybe appliedto the problem.Engineers
conduct literature reviews, analyze patents, study competitor
products,and consult with expertsin the field to build a strong
knowledgebasethatwill inform andinspiresubsequergtagef the
designprocesgChakrabarti& Blessing,2014).During this phase,
marketanalysisand feasibility studiesmay also be carried out to
assestheviability of potentialsolutions Engineersxplorenotonly
technical aspectsbut also economic, social, and environmental
factorsthatmayinfluencethedesign.This comprehensivapproach
ensureshattheresultingsolutionsarenotonly technicallysoundout
alsocommerciallyiableandsustainabléUIrich & Eppinger2020).

2.3. Ideation and Concept Generation:

The ideation and concept generation phase is where
creativity takescenterstage Engineerausevarioustechniquesuch
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as brainstorming,mind mapping, and morphologicalanalysisto
generatea wide rangeof potentialsolutionsto the definedproblem.
This stage emphasizesquantity over quality, encouragingthe
exploration of diverse and innovative ideas that may challenge
conventionatlthinking (Cross,2008). During this phase,engineers
may sketchconceptscreateroughprototypespr usedigital toolsto
visualize their ideas. The goal is to develop multiple conceptual
solutionsthat addresghe problemfrom differentangles, providing
arich pool of optionsfor furtherevaluation.This divergentthinking
approachhelpsto ensurethat potentially groundbreakingsolutions
are not overlookedand that the designteamhasa comprehensive
view of possibleapproachegKelley & Littman, 2001).

2.4. Evaluation and Selection:

Followingthegeneratiorof multiple conceptstheevaluation
and selection phaseinvolves critically assessingeach potential
solution against predeterminedcriteria. These criteria typically
include factors such as feasibility, performance, cost,
manufacturabilityandalignmentwith projectobjectives Engineers
may usedecisionmatrices,Pughcharts,or otheranalyticaltoolsto
compareand rank the conceptsobjectively (Ulrich & Eppinger,
2020). Through this systematic evaluation process, the most
promisingconcepior conceptsaareselectedor furtherdevelopment.
This stageis crucial in ensuringthat resourcesare focusedon
solutiors with the highest potential for success.The evaluation
processoften involves input from various stakeholdersincluding
endusersmanufacturingexpertsandmarketingteamsto ensurea
holistic assessmertdf eachconcept'sviability and potentialimpact
(Dieter& Schmidt,2021).
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2.5. Detailed Design and Development:

Once a concept is chosen, the detailed design and
developmentphasebegins. This stageinvolves transformingthe
selectedconceptinto a comprehensivejmplementabledesign.
Engineers create detailed specifications, develop 3D models,
performengineeringcalculationsandconductsimulationsto refine
andoptimizethe design.Material selection,componensizing, and
manufacturingprocessconsiderationsre all addressediuring this
phase(Pahl et al., 2007). The goal of this stageis to producea
complete set of design documentationthat fully describesthe
product or system, including all necessarytechnical drawings,
specifications,and manufacturing instructions. Engineers must
considemotonly thefunctionalityof thedesignbutalsofactorssuch
as reliability, safety, maintainability, and costeffectivenessThis
phaseoften involves collaboration betweenvarious engineering
disciplines to ensureall aspectsof the design are thoroughly
addresse@Uliman, 2015).

2.6. Prototype Testing and Iteration:

Prototyping is a critical step in the engineeringdesign
processallowing engineerso testandvalidatetheir designan real
world conditions.This phaseinvolves creatingphysicalor virtual
prototypesof the productor system,which are then subjectedto
rigorous testing to assessperformance, reliability, and user
interaction.Engineersanalyzethe testresultsto identify any flaws,
limitations, or areasfor improvementin the design (Ulrich &
Eppinger, 2020). Basedon thesefindings, engineersiterae and
refine the design, making necessaryadjustmentsto enhance
functionality, usability, or manufacturability This iterative process
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of prototyping,testing, and refinementcontinuesuntil the design
meets all specified requirements and performance criteria.
Prototyping not only helps in validating the design but also in
identifying unforeseenssuesand opportunitiesfor innovationthat
may not havebeenapparentn earlierstageof the procesqOtto &
Wood,2001).

2.7. Final Design and Documentation:

After multiple iterationsandrefinementsthe designreaches
its final form. In this phaseengineergompleteall remainingdesign
detailsandpreparecomprehensiveocumentatiotior the productor
system. This documentationtypically includesfinal engineering
drawings 3D models materialspecificationsassemblynstructions,
and any other information necessaryfor manufacturing and
implementation (Dieter & Schmidt, 2021). The final design
documentatiorservesasa completeandauthoritativereferencefor
all aspect®f theproduct,ensuringhatit canbeaccuratelyproduced
and maintainedthroughoutits lifecycle. This phasealso often
includesthecreationof usermanualsmaintenancguidesandother
supportingdocumentatiorto ensureproperuse and upkeepof the
product. The thoroughnessand clarity of this documentationare
crucial for successfulmanufacturing,assembly,and long-term
supportof the product(Pahletal., 2007).

2.8. Implementation and Production:

The implementation and production phase marks the
transition from design to reality. Engineerswork closely with
manufacturingeamsto translatethe final designinto a producible
productor system.This stageinvolvessettingup productionlines,
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developing manufacturing processes,and establishing quality
controlproceduresEngineersmay needto refine the designfurther
to optimize it for manufacturingefficiency or to addressany
unforeseenproduction challenges(Groover, 2010). During this
phase,engineeramust considerfactors such as material sourcing,
productionscalability,andsupplychainlogistics. They mayalsobe
involved in training productionstaff, setting up quality assurance
protocols, and establishing procedures for handling any
manufacturingvariationsor defects.The goal is to ensurethat the
productcanbe consistentlyandefficiently producedat the required
quality level andscale,while alsoconsideringfactorssuchascost
effectivenessindsustainability(Ulrich & Eppinger,2020).

2.9. Testing and Quality Assurance:

Once production begins, rigorous testing and quality
assurance processes are implemented to ensure that the
manufacturedoroduct meetsall designspecificationsand quality
standards. This phase involves developing and executing
comprehensiveest plans that cover all aspectsof the product's
functionality, performanceand reliability. Engineersmay conduct
varioustypesof tests,including functional tests, stresstests,and
environmentatests,to verify thatthe productperformsasintended
underdifferent conditions(Juran& De Feo,2010).Quality control
measuresare put in placeto monitor the productionprocessand
catch any deviations from the design specifications.This may
involve statistical processcontrol, automatedinspectionsystems,
and regular audits of the manufacturingprocess.The goal is to
identify and addressany quality issuesearly in the production
processensuringthatonly productameetingthe specifiedstandards
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reachthe endusers.This phases crucial for maintainingcustomer
satisfaction, brand reputation, and regulatory compliance
(Montgomery,2019).

2.10. Maintenance and Continuous Improvement:

The engineeringdesign processdoesn'tend with product
launch. The maintenanceand continuous improvement phase
focuseson monitoringthe product'sperformancen reatworld use,
gatheringfeedbackfrom users,and identifying opportunitiesfor
enhancemenkEngineersanalyzedatafrom productusagecustomer
feedback,and servicereportsto inform future designiterationsor
new product development(Blanchard & Fabrycky, 2011). This
phase may also involve developing maintenanceprocedures,
creating user maruals, and providing technical support. By
maintaininga cycle of continuousimprovement.engineersensure
that the product remainscompetitive, reliable, and aligned with
evolvinguserneedsandtechnologicaldvancements his ongoing
processnot only extendsthe life cycle of the product but also
providesvaluableinsightsthatcandriveinnovationin futuredesigns
andcontributeto theoveralladvancemertdf engineeringknowledge
andpractice(Ulrich & Eppinger,2020).

At its heart, the engineeringdesign processis a cycle of
continuousimprovementand refinement.It beginswith problem
identification and progresseshrough stagesof researchjdeation,
evaluation detaileddesign,prototyping,andimplementationEach
stagebuildsuponthepreviousone,with feedbackoopsallowing for
iterative improvements based on new insights or changing
requirementsThis approachot only ensureghatthefinal product

meets its intended purpose but also promotesinnovation and
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efficiency in the developmentprocess(Ullman, 2015). General
EngineeringDesignstepsareshownin Figurel.

Problem Definitio Prototyping and |
/ Identification Testing
. . Final Design and

Figure 1. General Engineering Design Steps

The engineering design process provides a structured
framework for developing innovative solutions to complex
problems As we transitionfrom the overviewto the specificphases
of design,we delve deeperinto the practical applicationof these
principles.Phasd: ConceptuaDesignmarksthe beginningof the
handson designwork, whereengineersiefinethe problem,gather
information, plan the project, generateconcepts,and evaluate
potentialsolutions.This phasdaysthefoundationfor all subsequent
design activities. Phasell: EmbodimentDesign builds upon the
selected concept, refining it through product architecture,
configuration design, and parametricdesign. Finally, Phaselll:
Detail Designtransformsthe refined conceptinto a fully specified
productreadyfor manufacturingEachof thesephasesncorporates
the iterative natureof the designprocessallowing for continuous
refinemenandimprovementByY following this structurecapproach,
engineerscan systematicallynavigatethe complexitiesof design,
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from initial ideato final product,ensuringthat all aspectsof the
problemarethoroughlyaddresse@ndthe resultingsolution meets
or exceedsheidentified needsandrequirements.

3. Phase I: Conceptual Design

Conceptual design is the foundational phase of the
engineeringdesign process,where creativity and innovation take
centerstage.This critical stageinvolvestranslatingcustomemeeds
and project requirementsinto potential solutions, setting the
trajectory for the entire product developmentourney (Ulrich &
Eppinger,2020).During this phaseengineersinddesignerexplore
awide rangeof ideas focusingon the corefunctionalityandoverall
structureof the productwithout getting boggeddown in specfic
details. The goal is to generatemultiple conceptsthat addresshe
identified problemor opportunity providingasolid basisfor further
developmenandrefinement.

Theconceptuatlesignphasas characterizetby its emphasis
on divergentthinking and the explorationof diversesolutions.It
typically involvesactivitiessuchasproblemdefinition, information
gathering, idea generation,and concept evaluation (Dieter &
Schmidt,2021).This stageis crucialfor innovation,asit allowsfor
the consideratiorof novel approachesndtechnologieghat might
lead to breakthroughsolutions. By investing time and effort in
conceptuatiesign engineeringeamscansignificanty influencethe
final product'sperformancecosteffectivenessandmarketsuccess,
while alsoreducingthe likelihood of costly changesn later stages
of developmen{Pahletal., 2007).
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3.1.Problem Definition

Problemdefinitionis the critical first stepin the engineering
designprocessservingasthefoundationuponwhich all subsequent
stagesarebuilt. It involvesclearlyarticulatingtheissueor needthat
the projectaims to addressgnsuringthat all stakeholderdavea
sharedunderstandingf the challengeat hand.Accordingto Dieter
and Schmidt (2021), a well-defined problem statementnot only
guidestheentiredesignprocessut alsosignificantlyinfluencesthe
guality andeffectivenes®f thefinal solution.

The procesf problemdefinition encompasseseveralkey
components:identifying customerneeds,gathering information,
generatingengineeringspecifications,and developinga Product
DesignSpecification(PDS).Theseelementsvork togethetto create
a comprehensiveframework that guides engineersthrough the
designprocesshelping themto focus their efforts on developing
solutionsthattruly meetthe needf endusersandstakeholdersis
Ullman (2015) notes, a clear and concise problem definition
minimizesthe potentialfor misinterpretationand ensuresthat all
teammembersreworking towardsthe samegoal.

3.1.1 Identifying Customer Needs

Identifying customerneedsis a crucial step in problem
definition, ensuringthat the final productor solutionaddressethe
actualrequirementsof endusers.This processinvolves engaging
with variousstakeholderdo understandheir explicit andimplicit
needspreferencesandpain points,which canleadto productsthat
aremorelikely to succeedn themarketandprovidehighercustomer
satisfaction. Engineers can employ various methods such as
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interviews focusgroups,surveysandobservatiorof productusein

realworld settingsto gatherthis information. For example,when
designinganewelectricvehicle,engineersnightconductinterviews
with potential users to understandtheir concernsabout range
anxiety,chargingtime, andperformancesxpectationspbservehow
currentelectric vehicle ownersinteractwith their carsto identify

pain points in the user experience,and use surveysto gather
guantitativedataon preference$or specificfeauresor price points.
Theultimategoalis to createacomprehensivést of customeneeds
thatcanbetranslatednto actionabledesignrequirementsensuring
thatthefinal productmeetsthe actualneedsandexpectation®f its

intendedusers.

3.1.2.Collecting Information

Oncecustomemneedsareidentified,the nextstepis to gather
relevant information to inform the design process, involving
thorough research on existing technologies, market trends,
competitor products,and relevantregulationsor standards.This
comprehensive information gathering helps engineers avoid
reinventing the wheel and allows them to build upon existing
knowledgeand bestpractices.The processcan take many forms,
includingliteraturereviews,patentsearcheshenchmarkingtudies,
and consultaibns with subjectmatterexperts.For instance,in the
electric vehicle example,engineerganight review academigapers
on battery technology advancementsanalyze patentsrelated to
chargingsystemspenchmarkcompetitorvehiclesfor performance
andfeaturesconsultwith materialsscientistdo understandhelatest
developmentsin lightweight materials for improved vehicle
efficiency, and review industry standards and government
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regulationsto ensure compliance and identify potential design
constraints. This thorough approachto information gathering
ensuresthat engineershave a solid foundation of knowledgeto
inform their designdecisionsandultimately createmoreinnovative
andeffectivesolutions.

3.1.3.Generating Engineering Specifications

Generatingengineeringspecificationsinvolves translating
customer needs and gathered information into measurable,
guantifiableparametershatwill guidethedesignprocessThis step
bridges the gap betweenqualitative customerrequirementsand
concretedesigntargets.Accordingto Otto andWood (2001),well-
definedengineeringspecificationgrovide a clearsetof objectives
for the designteam and serve as criteria for evaluating design
concepts.

Engineeringspecificationsshould be specific, measurable,
achievable relevant,and time-bound (SMART). For the electric
vehicleexample engineeringspecificationsnightinclude:

- Range:Minimum 500km on asinglecharge

- Chargingtime: 80%chargein 30 minutesor less
- Acceleration0-100kphin under5 seconds

- Energyefficiency: At least7 km perkWh

- Safetyrating: 5-starNCAP rating

Thesespecificationsprovide clear, quantifiabletargetsfor
the designteam to work towards. Tools like Quality Function
Deployment{QFD) canbeusedto systematicallyranslatecustomer

needs into engineering specifications, ensuring that each
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specifications directly linked to oneor morecustomerequirements
(Hauser& Clausing,1988).

3.1.4.Developing Product Design Specification (PDS)

The ProductDesignSpecification(PDS)is a comprehensive
documentthat consolidatesall the information gatheredin the
previousstepsinto a single, authoritativereferencefor the design
project, serving as a "contract" betweenthe design team and
stakeholderdy clearly definingwhatthe productmustachieveand
within what constraints A well-developedPDS typically includes
sectionssuchasproductidentificationanddescription performance
requirementsenvironmentalconditionsand constraintsJife cycle
considerationssafetyand regulatoryrequirementsergonomicand
aesthetiaconsiderationsand costand scheduleconstraints For an
electricvehicle project,the PDS might include specificdetailslike
targetmarketsegmentindprice point, expectecproductionvolume
and manufacturingconstraints,sustainabilitygoals, compatibility
with existingcharginginfrastructurenoiseandvibrationlimits, and
expectegroductlifespanandwarrantyterms.As aliving document,
thePDSshouldbeupdatedasnewinformationbecomesvailableor
asprojectrequirement®volve,servingasa centralreferencepoint
throughoutthe designprocesgo ensurethatall teammembersand
stakeholderdavea sharedunderstandingf the projectgoalsand
constraintgDieter& Schmidt,2021).

3.2.Research- Information Gathering

Information gatheringis a critical stepin the engineering
designprocess,serving as the foundationfor informed decision
making and innovative problemsolving. This phase involves
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