
i 

 

WEAR AND FRICTION ASSESSMENT OF  

ABS SAMPLE  

FABRICATED USING FUSED DEPOSITION MODELLING 

 

A DISSERTATION  

  SUBMITTED IN PARTIAL FULFILLMENT OF THE REQUIREMENT 

FOR THE AWARD OF THE DEGREE  

OF  

 

MASTER OF TECHNOLOGY 

IN 

 PRODUCTION ENGINEERING 

 

Submitted by 

 GULSHAN KAUR 

 ROLL NO.: 2K19/PIE/03  

Under the supervision of 

 PROF. RANGANATH M. SINGARI 

PROF. HARISH KUMAR 

 

DEPARTMENT OF PRODUCTION ENGINEERING 

DELHI TECHNOLOGICAL UNIVERSITY 

(Formerly Delhi College of Engineering) 

   Bawana road, Delhi-110042 

JULY,2021

M
.T

ech
 (P

ro
d

u
ctio

n
 E

n
g

in
eerin

a
g

)                                [G
u

lsh
a

n
 k

a
u

r]                                             2
0

2
1
 

       

      



ii 

 

DELHI TECHNOLOGICAL UNIVERSITY 

(Formerly Delhi College of Engineering) 

                Bawana road, Delhi-110042 

 

CANDIDATE’S DECLARATION 

 

I, GULSHAN KAUR (Roll No. 2K19/PIE/03), hereby certify that the work which is being 

presented in this report titled “Wear  iAnd  iFriction  iAssessment  iOf  iABS  iSample  iFabricated  iUsing  

iFused  iDeposition  iModelling”  iis  isubmitted  iin  ithe  ipartial  ifulfilment  iof  ithe  irequirement  ifor  

idegree  iof  iMaster  iof  iTechnology  i(Production  iEngineering)  iin  iDepartment  iof  iMechanical  

iEngineering  iat  iDelhi  iTechnological  iUniversity  iis  ian  iauthentic  irecord  iof  imy  iown  iwork carried 

out under the supervision of PROF. RANGANATH M. SINGARI. (HOD, Department of Design, 

Delhi Technological University, Delhi) AND PROF. HARISH KUMAR (Associate professor, 

Department of Mechanical Engineering, National Institute of Technology, Delhi) The matter 

presented in this report has not been submitted in any other University/Institute for the award of 

Master of Technology Degree. Also,  iit  ihas  inot  ibeen  idirectly  icopied  ifrom  iany  isource  iwithout  

igiving  iits  iproper  ireference. 

                                                                                                                      

Place: Delhi                                                                                               Signature of Student 

Date:                                                                                                          (Gulshan kaur) 

 

 

 



iii 

 

 

DELHI TECHNOLOGICAL UNIVERSITY 

(Formerly Delhi College of Engineering) 

                 Bawana road, Delhi-110042  

 

CERTIFICATE 

 

This is to certify that this report titled, “3d Printing: A review of Material, Properties and 

Applications” being submitted by Gulshan Kaur (Roll No. 2K19/PIE/03) at Delhi Technological 

University, Delhi for partial fulfilment of the Degree of Master of Technology as per academic 

curriculum. It is a record of Bonafede research work carried out by the student under my 

supervision and guidance, towards partial fulfilment of the requirement for the award of Master of 

Technology degree in Production Engineering. The work is original as it has not been submitted 

earlier in part or full for any purpose before. 

 

Place: Delhi                                                                       PROF. RANGANATH M. SINGARI 

Date:                                                                                  Department of Design 

                                                                                           Delhi technological University 

                                                                                           Delhi-110042 

                                                                                                 

Place: Delhi                                                                       PROF. HARISH KUMAR 

Date:                                                                                  Department of Mechanical Engineering 

 



iv 

 

                                                                                         National Institute of Technology, Delhi 

                                                Delhi-110040 

 

 

  



v 

 

ABSTRACT 

 

The current review is focuses on a comprehensive investigation of the process parameters such as 

height of layer, orientation, speed of printing, Air  igap,  ifill  idensity,  iInfill  istructure,  iRaster  iangle,  

iWidth  iof  iraster,  itemperature  iof  ibed  iand  ihow  ithey  iinfluence  ithe  itribological  ibehavior  iof  ithe  

iABS  ispecimens  ifabricated  iusing  ithe  iFused  iDeposition  iModelling  i(FDM),  iThe tribological 

properties lof lFDM lbuild lparts lare lhighly laffected lby lthese lprocess lparameters. lDue lto lthis, 

lresearchers lhave lexplained loptimum lvalues lof lthese lparameters lto lenhance lthe ltribological 

lbehavior. lAccording lto lthe lapplication, lfor lwhich lthe lpart lis lproduced, lthese lprocess lparameters 

lshould lbe lchosen lcautiously. lFor la lparticular ldemand, lsome lof lprocess lparameters lare limportant 

lthan lrest, lso lthere lis lneed lto lbe lidentify land loptimize lthese limportant lparameters lfor lthese 

lresearchers lhave linvestigated land lemployed ldifferent lDesign lof lExperiments l(DOE) lwhich lare 

ldiscussed lin lthis lpaper. l lAnother lway lof limproving ltribological lbehavior lof lABS lis lthe laddition 

lof lmaterial lsuch las, lsuch las lgraphite, lPTFE, lZirconia, lCaCO3, land, lcarbon lfiber letc. lThe laddition 

lof lmaterials lto lpolymers lhas la lsignificant limpact lon lthe lwear lresistance lquality. lThis lnot lonly 

laffect lwear lbut lalso limprove lthe lfriction lcoefficient las lcompare lto lthe lpure lpolymer. lThis lpaper 

laims lat lreviewing lrecent lresearch lon limproving ltribological lbehavior lof lABS lparts lproduced 

lusing lFDM lprocess. 
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CHAPTER 1 

ADDITIVE MANUFACTURING: A BRIEF INTRODUCTION 

 

 

1.1 Fused Filament Fabrication (FFF): 

FDM lfacilitates llike lease lof lprocess, llow ltooling land lmachinery lcost, land llong-term ldurability lof 

lbuild lparts, lbecause lof lthese lfacilities lit lis lregarded las lthe lbest lrapid lprototyping ltechnique lamong 

lother lmethods[1, l2]. lInstead lof lusing lpowder, larray lof llasers land lresins, lit lutilizes lfilament lof 

lthermoplastic lwhich lis lfed linto lthe lextruder, lwhere lit lis lheated lat ltemperature lknown las lextruder 

ltemperature, lhigh lenough lto lmelt lthe lfilament. lThen lit lis lextruded lfrom lthe lnozzle ltip l[3] lformation 

lof llayer lon ldeposited llayer lto lfabricate lthe lpart lin llayer-by-layer. lThe lthickness lof llayer lis lalways 

lless lthan lthe ldiameter lof lnozzle ltip lused l[4]. lIn lthis lprocess lfirst llaid ldown lthe lcontour lfor louter 

lboundary lof llayer lthen lfollowed lby linternal lstructure lusing lraster lis lformed l[5] las lrequired 

lstructure lusually lhexagonal lis lused lin lFDM[6]. lBy lthis lmethodology lof llayer lformation lresults lthat 

lthe linternal lstructure, ldimensional laccuracy, ltribological lproperties land lmechanical lproperties lare 

lmainly ldepend lon lthe lprocess lparameters l[5].  

 

Figure 1 Working principle of FDM and classical trajectory deposition [7]. 

1.2 Process lparameters: 

There lare lmany lparameters lof lFDM lprocess lwhich laffect lthe lproperties, lbuild lquality lof lparts land 

lefficiency lof lprocess lalso. lThe limportant lparameters lare lprinting lspeed, lthickness lof llayer, 
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lorientation, lraster langle, lfill lpattern, lfill ldensity, lExtrusion ltemperature land lmany lother l[8]. lThese 

lprocesses lare lclassified linto lthree lcategories[3]. 

Table 1. Classification of Process parameter of FDM [3]. 

S.No. Classification Process parameters 

1. Process lspecific 

lparameter 

Layer lthickness, lBed ltemperature, 

lNozzle ltemperature, ldensity lof 

lstructure, lPrinting lspeed, lInfill lspeed, 

lRetraction ldistance, lRetraction 

lspeed, lInitial llayer lheight, lInitial 

llayer lline lwidth, lRaster langle, lRaster 

lwidth, lAir lgap, lNumber lof lcontours, 

lThickness lof lcontours, lBottom/Top 

lthickness, lOuter lstructure lprinting 

lspeed, lInner lstructure lprinting lspeed. 

2. Machine specific 

parameters 

Diameter lof lnozzle, lSpeed lof 

lmaterial lfeeding lfilament, lThickness 

lof lFilament, lThickness lof llayer, 

lType lof ladhesion, lDiameter lof 

lfilament: 

3. Geometries lspecific 

lparameters 

Orientation lof lbuild lpart: 

The lparameters lmentioned labove lare lsome lof lcontrollable lbut ldepend lon lthe lAM lsystem lwhich lis 

ladopted lfor lmanufacturing lthese lparameters lare lNozzle ldiameter, lBed ltemperature. lSome lof lthe 

limportant lparameters lare ldescribed lbelow: 

Printing lspeed: lThe lspeed lof lprinting lis lpresented las lthe lspeed lof ltravel lof lnozzle lduring 

ldeposition lof lfilament lover lthe lpart lof lbuild lstructure. lPrinting lspeed lis lexactly lproportional lto lthe 

ltime ltaken lin lprinting. lIt lhas ldominating limpact lon lthe lquality lof lbuild lpart l[9], lbut lon lthe lother 

lhand, lthe lprinting lspeed limpact lis linsignificant lin lcase lof lthinner llayer lprinting[10]. 
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Figure 2. Representation of height of layer.[11] 

Layer lheight: l lHeight lof llayer lis lrepresented las lthe lheight lof leach lprinted llayer. lThe lheight lof 

llayer lis lalways lless lthan lthe ldiameter lof lnozzle lof lthe lextruder lthat lmeans lthe lmaximum llayer 

lheight lcan lbe lachieved lis lequal lto lthe lnozzle ltip ldiameter. lThis lparameter lbased lon lthe ldiameter 

lof lextruder lor ltype lof lnozzle lused[4]. 

Fill ldensity: lThe lmaterial lvolume lprinted lon lthe lbuild lcomponent lis lreferred lto las linfill ldensity. 

lThe lpercentage lof linfill lmaterial lhas la ldirect lrelationship lwith ldensity. lThe ltribological lproperties 

lof la lprinted litem lare ldirectly laffected lby linfill ldensity. lLess ldensity lhas la lhuge limpact lon 

lproperties, lalthough lthe ldenser lcomponent lprovides limproved lproperties lbut lIt ltakes lmore ltime, 

lcost, land lmaterial lto lbuild lthe lcomponent l[3]. 

Raster langle: lRaster langle lindicates lthe lx-axis lmaterial ldeposition lpath lin lthe lused lFDM lmachine 

lalong lthe lbuild lfield. lThe lraster langle lcan lbe lanywhere lbetween l0˚ land l90˚ l[12]. lMostly lthe langle 

lof lraster lis ldetermined lin lrespect lof lthe lx-axis. lEs-Siad let lal.[13] lhas lexplained lthat lthe l0˚ 

lorientation lhas lhighest lmechanical lstrength lbecause lof lalignment lof lparticles lparallel lto lthe lstress 

laxis lwhereas lin lcase lof l45˚ land l90˚ lorientation lhas lthe llowest linterlayer lbonding, lwhich lcan llead 

lto llayer ldelamination. 

Build lorientation: lIt lexplains lthe lplacement lof lpart ladjusted lover lthe lplatform lof lbuild lwith 

lrespect lto lthe lmachine ltool’s lthree lmain laxes li.e., lX, lY, lZ l[14]. lAshtankar let lal. l[15] lexplained 

lhow lthe lbuild lorientation laffect lmechanical land lcompressive lproperties lof lABS lparts ldeveloped 

lby lFDM. 
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Figure 3. Graphical representation of FDM process parameter:[16] 

Extrusion ltemperature: lThe ltemperature lwhich lis lheld lwithin lthe lheating lnozzle lof lthe lFDM luntil 

lthe lmaterial lis lextruded, lis lknown las lextrusion ltemperature l[8]. lViscosity lof lmaterial lis lgreatly 

laffected lby lthis lparameter l[17]. lThe lhigher lExtrusion ltemperature lalso limpact lthe lcharacteristics 

lof lthe lpart. lThe lideal ltemperature lmust lbe lpreserved lbecause lit linfluences lthe lfluidity lof lthe 

lfilament lmaterial, lwhich lresults lthe lquality lof lproduct lbeing lmanufactured lcould lbe laffected. lAs 

lthe lmaterial lis lextruded lthrough lthe lnozzle, lthe ltemperature ldrops lfrom lits linitial ltemperature lto 

lthe lchamber ltemperature lwhich lresults linternal lstress. lThis loccurs las la lchange lin lspeed lof 

ldeposition, lthis linternal lstress lcan ltrigger ldeformation lat linter land lintra llayer, lwhich lcan llead lto 

lfailure lof lfabricated lcomponent l[18]. 

In lfill lstructure: lThe linternal lstructure lof lcomponent lrefers las lthe linfill lstructure lof lcomponent 

lbeing lprinted lusing lFDM. lThe lstructure lmay lbe lHexagonal, lRectangular, lHoneycomb, lLinear, 

land lDiamond letc. l[14] lHexagonal lstructure lis lmost lcommonly lused lin lFDM lprocess. l[6] lB. Liseli 

et al.[19] lexplains lthe lcorrelation lbetween lthe linfill lstructure land lproperties lof lbuild lpart. 

 

Figure 4. Types of infill structure as explained by Alafaghani et al. [20]   
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CHAPTER 2 

LITERATURE REVIEW 

 

 

Fused deposition modelling (FDM) is an economical and user-friendly additive manufacturing 

process used by researchers and hobbyist for physical prototyping. Fused deposition modelling is a 

process for producing three dimensional parts by adding material filament directly from a digital 

CAD file. There are many researchers who did experiments and use some techniques for optimize 

their results to observe how the process parameters are affecting Tribological properties of ABS 

printed parts. Some of these researches which are reviewed are as follows: 

Table 2. Notation for Process parameters used in fabrication and testing. 

 

Process Parameter used for fabrication Symbol 

Layer thickness (mm) A 

Fill density (%) B 

Raster angle (˚) C 

Infill pattern D 

Bed temperature (˚C) E 

Raster width (mm) F 

Air gap (mm) G 

Nozzle temperature (˚C) H 

Build Orientation (˚) I 

Number of contours J 

Testing Parameters  

Normal load (N) N 

Sliding Speed (m/s) or rpm S 

Run time (Sec) T 

Wear track Diameter (mm) d 

 

Table 3: Review of various research focused on tribological behavior of ABS 

` Material/  

iFabricatio

n  imethod/  

iTesting 

Process  

iparameter  iand  

ilevel  i 

(See  iTable  i1) 

Optimizatio

n  i 

Technique 

Observation Reference

s 

1. ABS  iP400 A=  i0.127mm,  Quantum  -Wearing  iof  iFDM  [4] 
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 i0.178mm,  

i0.254mm 

ibehaved  

iParticle  

iSwarm  

iOptimization  

i(QPSO),  

iANOVA,  

iand  

iAnderson  

iDarling  

i(AD) 

iprinted  iABS  ipart  iis  

icomplicated  

iphenomenon. 

-Reduction  iof  

idistortion  iin  ipart  

ibuild  istage  iis  

inecessary  ifor  

iimprove  itribological  

iproperties. 

C=  i0˚,  i30˚,  i60˚ 

FDM  i–  

iVantage  

iSE  

iMachine 

F=0.4064mm,  

i0.4564mm,  

i0.5064mm 

G=  i0mm,  

i0.004mm,  

i0.008mm 

DUCOM  

iTR-20LE-

M5 

I=0˚,  i15˚,  i30˚ 

N=25N,  iS=1m/s,  

id=120mm 

2. 

ABS  iP400 A=  i0.127mm,  

i0.178mm,  

i0.254mm 

N/A -Reduction  iin  

idistortion  ieffect  iis  

irequired  ito  iimprove  

ithe  iwear  

icharacteristics. 

-Distortion  ieffect  

idominates  ithe  

iinterfacial  iadhesive  

ibonding. 

[5] 

C=  i0˚,  i30˚,  i60˚ 

FDM  i–  

iVantage  

iSE  

iMachine 

F=0.4064mm,  

i0.4564mm,  

i0.5064mm 

G=  i0mm,  

i0.004mm,  

i0.008mm 

DUCOM  

iTR-20LE-

M5 

I=0˚,  i15˚,  i30˚ 

N=25N,  iS=1m/s,  

id=120mm 

3. 

PC-ABS  

iThermopla

stic 

A=0.127mm,  

i0.254mm,  

i0.3302mm 

Nelder-Mead  

isimplex  

imethod, 

Robust  i 

Setpoint,  irisk  

ianalysis,  iand  

iSEM 

-The  iminimal  iwear  

irate  iwas  iobtained  

iat  ioptimal  iinput  

iparameters  isuch  ias  

ilayer  ithickness  iof  

i0.127mm,  iair  igap  

iis  i0.275mm,  iraster  

iangle  iof  i81˚,  ibuild  

  i[16] 

 

 

 

 

 

 

I=  i0˚,  i45˚,  i90˚ 

Fortus  i400  

i(Stratasys) 

F=0.4572mm,  

i0.5177mm,  

i0.5782mm 

G=0mm,  i0.25mm,  
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i0.5mm iorientation  iof  i9˚,  

iroad  iwidth  iof  

i0.4693mm  iand  i5  

icontours 

I=  i0˚,  i45˚,  i90˚ 

Nanovea  

iT50  

iTribometer 

J=1,  i5,  i10 

N=10N,  

iS=300rpm,  

id=14mm 

4. 

DUCOM  

iTR-20LE-

M5 

A=0.007”,  i0.013” Full  ifactorial  

iDesign  iof  i 

Experiment 

-Wear  irate  iinitially  

iincreases  ithan  

idecreases  ias  

ithickness  iof  ilayer  

iincreases. 

-ABS  ihave  ihigher  

ifrictional  iforce  

iagainst  ian  iabrasive  

isubstance  idue  ito  

iformation  iof  ithe  

itransition  ilayer  

iformation. 

[21] 

B=45%,  i80% 

F170  

iPrinter 

C=45˚,  i90˚ 

D=  iSingle,  iDouble 

Tribometer  

iTR-25  

iDUCOM 

N=  i25N,  

iS=300rpm,  i 

T=600sec 

5. 

Esun’s  

iABS  

ifilament 

A=  i0.06mm,  

i0.13mm,  i0.20mm 

RSM-Box  

iBenkhen  i 

Design  

i(BBD),  iand  

iANOVA 

-Surface  iroughness  

iis  imostly  iimpacted  

iby  ilayer  iheight  iand  

ibed  itemperature. 

-As  ibed  itemperature  

irises  isurface  

iroughness  ialso  

iincreases  idue  ito  

ithermal  idistortion. 

[22] 

B=  i30%,  i65%,  

i100% FDM  

iULT3  

iExtended 
E=  i80˚C,  i95  i˚C,  

i110˚C 

6. 

ABS A=0.1mm,  

i0.15mm,  i0.2mm 

N/A -Triangular  ibehavior  

ican  ibe  iimproved  iby  

iusing  ihigher  ifill  

idensity  iand  ilower  

ilayer  ithickness. 

-Grid  ifill  istructure  

[23] 
FDM-  

iWOLEND

ER  i3 

B=  i10%,  i60%,  

i80% 

D=  iRectilinear,  

iTriangular,  iGrid 
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Pin  ion  

iDisc 

N=  i10N,  iS=1m/s ishowed  iminimum  

iCOF  iand  iWear. T=1200sec,  

id=130mm 

7. 

ABS  iM30 C=  i0˚,  i45˚,  i90˚ Face  

icentered  

icentral  

icomposite  

idesign  

i(FCCCD),  

iand  

iANOVA 

-Surface  iroughness  

iis  ilargely  iaffected  

iby  iair  igap 

  i  i  i  i  i  i  i  i  i  i  

i[24] 

E=  i50˚C,  i60  i˚C,  

i70˚C 

Fortus  

i250mc  

i(stratsys  

iinc.) 

F=0.3556mm,  

i0.5306mm,  

i0.7306mm 

G=0.05mm,  

i0.1mm,  i0.15mm 

For  isurface  

itesting-  

iTaylor  

iHobson  

iSutronic  

i25 

T=  i10  isec,  i20sec,  

i30sec 

Smoothening  

icycle=  i1,  i2,  i3 

8. 

ABS  iPlus  

iand  

iVerogray  

igrade 

C=  i0˚,  i90˚ 

 

Scanning  

iElectron  i 

Microscopy  

i(SEM) 

-At  ilower  iload  

icondition  iABS  

ishowed  ibetter  iwear  

iresistance  icompared  

ito  iVerogray. 

-Surface  iprofile  iof  

iABS  iin  icase  iof  i0˚  

iis  iconsisted  ias  

icompared  ito  i90˚  

i(perpendicular  

iorientation)  ion  

iother  ihand  iit  iis  

ivice  iversa  ifor  

iVerogray. 

[25] 

N=  i1N,  i5N,  i10N 

 

Polyjet  

iprinting_O

bject®  

i1000 

S=  i8mm/s 

 

Ball  ion  

iplate  

iBrunker  i 

Universal  

imaterial  

iTest  

i(UMT) 

T=3600aec 

9. ABS A=0.13mm,  Response  -Tribological  [26] 
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i0.15mm,  i0.17mm iSurface  

iModel  

i(RSM)  iand  

iANOVA 

ibehavior  ican  ibe  

iimprove  iby  

ioptimizing  ilayer  

iheight. 

-Hexagonal  ipattern  

ishows  ilesser  iwear  

irate  icompared  ito  

iline  iand  itriangular  

ipattern. 

D=  iLine,  

iHexagonal,  i 

Triangle 

Flashforge  

icreator  ipr  

i03 H=225˚C,  i230˚C,  

i235˚C 

Pin  ion  

iDisc 

N=39.24N,  

iL=800m 

S=600rpm 

10. 

PC-ABS A=0.127mm,  

i0.2540mm,  

i0.3302mm 

Quadratic  

imodel,  iand  

iScanning  

iElectron  i 

Microscope  

i(SEM) 

-Surface  iquality  iis  

iimproved  iby  

ireducing  ilayer  

ithickness. 

-  iIt  iis  ialso  iobserved  

ithat  iraster  iangle,  

ilayer  ithickness,  

ibuild  iorientation,  

iand  inumber  iof  

icontours  iare  imost  

iaffecting  ithe  iwear  

iperformance. 

-Wear  iresistance  iis  

im  iby  imaximized  

iby  ireducing  ithe  

ilayer  ithickness  iand  

ibuild  iorientation. 

[27] 

C=  i0˚,  i45˚,  i90˚ 

Fortus  i400 F=0.4572mm,  

i0.5177mm,  

i0.5782mm 

G=  i0mm,  i0.25mm,  

i0.50mm 

Nanovea  i 

Tribometer  

iT50 

I=  i0˚,  i45˚,  i90˚ 

J=1,  i5,  i10 

N=10N,  iS=300rpm 

11. 

ABS  

ireinforced  

iwith  inano  

izirconia  

iand  iPTFE 

%wt.  izirconia  i=  i0,  

i1.5,  i3 

RSM-Box  

iBenkhen  i  i  i  i  

i  iapproach,  

iANOVA,  

iFuzzy  

imodel,  

iSEM,  iand  

-Tribological  

iproperties  iare  

iimproved  iby  iadding  

iZirconia  iand  iPTFE  

ito  iABS. 

-Optimum  iwear  iand  

ifriction  ihave  ibeen  

[28] 

%wt.  iPTFE=  i0,  

i1.25,  i2.5 

Twin  

iscrew  

N=  i10N,  i30N,  

i50N 
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iextrusion  

iand  

icompressio

n 

 

S=  i0.5m/s,  

i1.25m/s,  i2m/s 

iXray  i 

diffraction 

ifound  iat  i3%  

iZirconia  iand  i2.5%  

iPTFE  iwith  i10N  

iload  iand  i2m/s  

isliding  ivelocity. 

Pin  ion  

iDisc  

iTribometer 

12. 

3Dx  

iTECH  

iABS  iand  i 

Carbonx  

iABS 

N=  i5N,  i10N,  i15N,  

i20N 

N/A 

-Carbon  ifiber  

ireinforce  iABS  ihave  

ihigher  iload  iand  

ibearing  icapacity  

iwhich  iresults  ihigh  

iwear  iresistance  ias  

icompared  ito  ipure  

iABS. 

[29] 

FDM S=0.63m/s,  i1m/s,  

i1.5m/s 

Pin  ion  

iDisc 

T=  i180sec,  i300sec 

13. 

ABS N=  i5N,  i10N,  i15N Face  

icentered  

icentral  

icomposite  

idesign  

i(FCCCD) 

-Optimum  iwear  

icondition  ihas  ibeen  

iobtained  iat  i5N,  

i1.5m/s,  iand  i45  i˚  

iorientation 

[30] 

FDM S=  i0.5m/s,  i1m/s,  

i1.5m/s 

Pin  ion  

iDisc 

I=  i0˚,  i45˚,  i90˚ 

14. 

ABS  iwith  

iVarying  

icontent  iof  

iCaCO3 

%wt.  iCaCO3=  

i5,10,15  i 

Grey  irelation  

ianalysis  

iTaguchi  

iDOE,  iand  

iANOVA 

-Optimum  ispecific  

iwear  irate  

i(0.00070),  iand  iCOF  

i(0.14360)  ihas  ibeen  

ifound  iat  i5%  iof  

iCaCO3.  i35N  iload,  

iand  i120rpm  ispeed. 

[31] 
Haake  

isingle  

iscrew  

iextruder  

i(Rheocord-

9000) 

N=15N,  i25N,  i35N 
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Multi-

Tribotester  

iBlock  iTR  

i25  

i(DUCOM) 

S=80rpm,  i100rpm,  

i120rpm 

15. 

ABS N=5N,  i10N,  i15N RSM-

FCCCD,  iand  

iANOVA 

-It  iis  iobserved  ithat  

inot  ionly  istrength  

iand  idimensional  

iaccuracy  iare  

iimportant  ibut  iwear  

iand  iCOF  iare  ialso  

iimportant  ifor  

ioptimizing  iFDM  

iprocess. 

[32] 

FDM S=0.5m/s,  i1m/s,  

i1.5m/s 

Pin  ion  

iDisc 

I=  i0˚,  i45˚,  i90˚ 

16. 

ABS  iwith  

iVarying  

icontent  iof  

iCaCO3 

%wt.  iZnO=  

i5,10,15  i 

Taguchi  i 

Design  iof  i  i  i 

Experiment  

iand  iSEM 

-Optimum  iwear  irate  

iis  ifound  iat  ihigh  

iload  iand  ispeed  

iwith  ihigh  icontent  

iof  iZnO. 

-Friction  icoefficient  

iis  ialso  idecreasing  

ias  icontent  i 

 

[33] 

Haake  

isingle  

iscrew  

iextruder  

i(Rheocord-

9000) 

N=15N,  i25N,  i35N 

Multi-

Tribotester  

iBlock  iTR  

i25  

i(DUCOM) 

S=80rpm,  i100rpm,  

i120rpm 

17. 

PC-ABS  

iwith  

icontent  iof  

iGraphite 

%Wt.  iGraphite-  

i2.5%,  i5.0%,  i7.5% 

SEM  

iexamination  

ifor  iwear  

itracks  iand  

-Wear  iscar  iwidth  

idecreases  ias  

igraphite  icontent  

iincreases  ieven  iafter  

[34] 
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YVROUD  

iHE  i25/28  

iSingle  

iscrew  

iextruder 

iworn  isurface  

iexamined  ion  

iPhilips  iXL  

i30  

iMicroscope 

i10000  isliding  

icycle. 

-The  ifriction  

icoefficient  iand  

iwear  iamount  iare  

ilowest  iat  i7.5%  iwt.  

iof  igraphite  icontent. 

N=  i17.16N,  iS=  

i40rpm 

Reciprocati

ng  isliding  

iTribometer 

 

The  ipresent  ichapter  iwas  iclearly  idiscussed  ithe  iRelationship  ibetween  iprocess parameters and 

tribological behavior of FDM fabricated ABS parts It is seen from the  istudy  ithat  ithese  iparameters  

iare  iinfluenced  ithe  iproperties  iof  ibuild  iparts.  iThe  iproperties  imay  ibe  itribological,  imechanical  iand  

isurface  iproperties.  iIn  imost  iof  iresearch  iit  ihas  ibeen  iclearly  iseen  ithat  ithe  itribological  ibehavior  iof  

iFDM  ibuilds  iparts  ican  ibe  iimproved  iby  iaddition  iof  imaterial  ito  ithe  ipolymer  i[28,29,31,33,34]  ior  

iby  isetting  ithe  ivalues  iof  iprocess  iparameter  iat  iits  ioptimum  ivalue  i[21-  i34].  iThe  iwear  ican  ialso  ibe  

ireduced  iby  ireduction  iin  idistortion  iduring  ithe  ipart  ibuilding  istage  ibecause  iit  iweakens  ithe  

iinterfacial  iadhesive  ibonds and increases wear of build parts [4,5].  

Most of researchers analyzed tribological behavior using various methodology including Full 

factorial DOE [21], Response Surface Modeling (RSM)- Box Benkhen Design [22], Face Centered 

Central Composite Design (FCCCD) [24], and Taguchi DOE [33]. To validate the data ANOVA 

[22, 26] and fuzzy logic [28] also used in the study. Surface morphology and worn surfaces are also 

examined by using Scanning Electron Microscopy (SEM) and Xray diffraction techniques (XRD) 

[25,27,28,33,34]. The  igreater  ipart  iof  ithe  ioptimization  itechniques  iis  ibased  ion  istatistical,  iinstead  

iof  ithat  iresearch  ishould  ibe  ioriented  ito  iutilizing  iimage  iprocessing,  imachine  ilearning  iand  iDeep  

ilearning  ito  ioptimize  iprocess  iparameters  iof  iFDM  i[35]. 
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CHAPTER 3 

TEST SPECIMEN FABRICATION 

 

 

3.1  FUSEBOT 250+ 

The  ispecimen  iis  ifabricated  iby FUSEBOT 250+
  i3D  iprinter which  iis  ibased  ion  ithe  ifused  

ideposition  imodelling  itechnique. This machine is a portable device used anywhere when there is 

demand for printing. This is a FDM based printer. The cube pro printer can be used for print different 

material parts. All the materials have their own specific properties and application. 

3.1.1 Features of FUSEBOT 250+ 

1. Single Head Direct Drive Extruder:  iDirect  idrive  ihigh  iperformance  iall  imetal  iextruder.  

iWhich  iprevent  ifilament  iclogging. 

2. Close and Rigid body: FUSEBOT Series 3D  iprinters  ihas  icompletely  ienclosed  ibody  iand  

iis  imade  iup  iof  isheet  imetal  ibody.  iEnclosed  ibody  ihelps  ichamber  itemperature  istabilized  

iand  iprinting  iwon’t  iget  iaffected  iby  isurrounding  itemperature. 

3. Bed  iLeveling:  i4  iPoint  ieasy  ibed  ileveling  iusing  iknobs. 

4. Multi  iMaterial  iCompatibility:  iA  imulti  imaterial  iprinter,  iworks  iwith  ia  iwide  irange  iof  

imodal  imaterials  iso  inow  ican  iHIPS,  iPET-G,  iTPU  iand  iof  icourse  iABS  i&  iPLA. 

5. Unmatched Precision: FUSEBOT series 3D printers are installed  iwith  iHIWIN  iprecision  

iseries  iliner  iguides  iprovide 16-Microns  ipositional  iaccuracy  ialong  ithe  ilength. 

6. Filament Detector Sensor: Prevents failure of parts with the run-out of material. 

3.1.2 Technical Specifications 

Table 4: Technical specifications of FUSEBOT250+ 

Technical Specifications 

Build Size 250mm x 250mm x 250mm 

Nozzle Diameter 0.4mm 

Extruder Single 
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Noise  iLevel <60 dB 

Printing  iSpeed 200mm/s 

Max  iExtruder  iTemperature 275˚C 

Accuracy 80-150 Micron 

Build Material PLA,  iABS,  iHIPS,  iPET-G,  iCarbon  iFiber,  

iFlexible  iFilament,  iWoodfill,  iMetalfill,  

iPolycarbonate,  ietc. 

 

 

Figure 5: Diagram of FUSEBOT250+ 

 

3.1.3 Material of specimens: 

 ABS  i(Acrylonitrile  iButadiene  iStyrene)  iis  ian  iopaque  ithermoplastic  iamorphous  ipolymer.  iABS  iis  

ia  ipolymer  imade  iby  ipolymerizing  istyrene  iand  iacrylonitrile  iin  ithe  ipresence  iof  ipolybutadiene.  

iThe  icomposition  imay  ivary  ifrom  i15  ito  i35%  iacrylonitrile,  i5–30%  ibutadiene  iand  i40–60%  istyrene.  

iThey  ican  ibe  iheated  ito  ian  iextrusion  itemperature  iof  i225˚C-235˚C.  iIt  ican  ibe  icooled  iand  isolidified  

iwithout  iany  isignificant  idegradation  iwhich  imakes  iit  ipractically  isuitable  ifor  i3D  iprinting. ABS is 

a thermoplastic material which can be heated to their melting temperature, cooled and reheated again 

without the significant changes [35]. 
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Table 5 Specific property of ABS polymer material [35] 

S.No. Specific property Value 

1. Material  itechnical  iname ABS 

2. Melting temperature 220-270˚C 

3. Tensile strength 46MPa 

4. Density 1.06g/c 

3.1.4 Selection of printing parameters: 

To  iobtain  ia  iprofound  iset  iof  iresults  iRSM Design of Experiment  iphilosophy  iwas  iused  ito design statistical 

set of experiments.  iIn  ithis  iphilosophy  ivalues  iof  ia  iparameter  ior  iparameters  iare  ichanged  iin  ia  isystematic  

imanner  ito  iobserve  ithe  iresponse  iof  idesired  ioutput. 

• Layer thickness: One  iof  ithe  imajor  ireasons  ibehind  ipoor  itribological  iand  imechanical  

ibehavior  iof  iFDM  iprinted  iparts  iis,  ithe  ipresence  iof  ivoids  iand  iother  iis  ithe  ibonding  iwithin  

ilayers  ias  iwell  ias  iin  ibetween  ithe  ilayers.  iVoids  iand  iimperfectly  ibonded  ifilaments  imake  

ithe  ifinal  iprinted  ipart  ihighly  ianisotropic  iin  inature  iso the layer thickness taken in range of 

100-200microns. 

• Nozzle temperature: ABS have melting temperature limit of 220-270˚C, that’s why Nozzle 

temperature 220-240˚C have been selected for printing wear test specimens. 

• Printing Speed: Creating  ihigh  iresolution  iprint  ijobs  irequires  ia  idecent  iamount  iof  itime  ito  

iproduce  ia  iprint.  iIt is obvious that the speed of printing is inversely proportional to the time 

to produce parts. speed of printing selected in the range of 30-50mm/sec because at high 

printing speed ABS might be melted because of heating effect between the wear pin and 

moving plate  

• Orientation: The orientations  iare  ivaried  iin  isuch  ia  iway  ithat  ithe  iraster  iangles  iare  ikept  iat  

ia  iconstant  imagnitude.  iTo  ido  iso,  ithe  iobject  iis  irotated  ialong  iany  iof  ithe  ione  iaxis  ifixed  ion  

ithe  ibuild  iplate  ii.e.  ix-axis  ior  iy-axis. 

Generally, in fabricating a print with default settings, a combination of entities such as  itop  isurface,  

ibottom  isurface,  iouter  iwalls,  iinfill, etc. is used to create a product with acceptable quality. Selecting 

inputs of a layer, is another interesting area for optimization. For the purpose of fabrication, the 

below tabulated data shows the values of inputs. 

Table 6: Input  iparameters  iand  itheir  ilevels 

S.No. Process parameters Level  i1 Level  i2 Level  i3 

1 Layer  ithickness  i(microns) 100 150 200 
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2 Nozzle Temperature (˚C) 220 230 240 

3 Printing speed (mm/sec) 30 40 50 

4 Orientation (˚) 0 45 90 

 

3.2 Design of experiments: RSM 

The printing of samples is performed by the instruction given to the 3D printer. Over all 27 

specimens are printed which is relying on RSM Box Behnken design. This is used for reducing the 

number of data inputs instead of fabricating 81 designs set only 27 set are fabricated. The 

combination of control factors is overcome by using the MINITAB 2018. The table 3.4 shows 

combination of control factors with their levels. 

Table 7: DOE: RSM for abs based 3d printed specimens 

StdOrde

r 

RunOrde

r 

PtTyp

e 

Blocks Layer 

Thickness 

Nozzle 

Temperatur

e 

Printin

g speed 

orientatio

n 

26 1 2 3 150 240 40 90 

22 2 2 3 200 230 50 45 

24 3 2 3 150 240 40 0 

21 4 2 3 100 230 50 45 

23 5 2 3 150 220 40 0 

25 6 2 3 150 220 40 90 

20 7 2 3 200 230 30 45 

27 8 0 3 150 230 40 45 

19 9 2 3 100 230 30 45 

17 10 2 2 150 240 50 45 

18 11 0 2 150 230 40 45 

11 12 2 2 200 230 40 0 

10 13 2 2 100 230 40 0 

16 14 2 2 150 220 50 45 

15 15 2 2 150 240 30 45 

12 16 2 2 100 230 40 90 

14 17 2 2 150 220 30 45 

13 18 2 2 200 230 40 90 

7 19 2 1 150 230 30 90 
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9 20 0 1 150 230 40 45 

6 21 2 1 150 230 50 0 

4 22 2 1 200 240 40 45 

8 23 2 1 150 230 50 90 

5 24 2 1 150 230 30 0 

3 25 2 1 100 240 40 45 

1 26 2 1 100 220 40 45 

2 27 2 1 200 220 40 45 

 

3.3 Fabrication of Wear Testing Specimens: 

Wear testing samples were fabricated using FUSEBOT250+. The dimensions of sample were 

according to ASTM Standards for wear samples of metals and polymers. 

3.4 Dimensions of specimens: ASTM G99 Standards 

ASTM G99 test standard specification used for calculating the wear of metals and polymers under 

the dry sliding condition with the help of Pin-on-Disc machine set-up. The following table 3.5 gives 

the description of pin over which Pin-on-Disc test is performed. According to this standard diameter 

of the sample is 6.00 to 8.00 mm and the height of the specimen is 30.0mm. Physical aspects used 

in the fabrication of wear sample are as follows.  

Table 8: Physical Aspects of Pin Specimen  

Dimensions Value 

Diameter 8mm 

Height 30mm 
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Figure 6 3D Printed Specimens For PoD 
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CHAPTER 4 

TESTING AND ANALYZING RESULTS 

 

 

4.1 Pin on Disc Experimental setup: 

Ducom specialists proposed a special design equipment wear and friction monitor TR-20L E in field 

of tribology. The Pin on Disc machine set-up used in design and development of tribological 

property of metals, polymer plastics. It is also used to determine the  iwear  iand  ico-efficient  iof  

ifriction  iof  imetals  iand polymers under  isliding  icontact.  iThe  idifferent  inumber  iof  imetals  iand  

ipolymer  iplastics is tested by PoD machine in order to predict the rate of wear in dry sliding 

conditions. 

   

Figure 7 Front view to PoD experimental setup 
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Figure 8 Top view of PoD experimental setup 

The  itester  iis  ioperated  iwith  ithe  ipin  ipositioned  iperpendicular  ito  ithe  iflat  icircular  idisc.  iThe  itest  

imachine  icauses  ithe  idisc  ispecimen  ito  irevolve  iabout  ithe  idisc  icenter,  ithe  isliding  ipath  iis  icircular  

ion  ithe  idisc  isurface.  iThe pin sample was fixed against the rotating disc. The disc may be composed 

of mild steel, aluminium and brass etc. The test is conducted for dry sliding wear there is no use of 

lubricant. A counter weight is applied  ion  ithe  ipin  iwhich  iin  iturn  iexerted  ion  ithe  idisc. All the 

information such  ias  iload,  itime speed  iof  irevolution  iand wear  itrack  idiameters related to test 

procedure is fed into the controller. The WINDCOM 2008-computer software is used to generate 

the experimental data for wear rate and the frictional force. The mild steel disc diameter is 165.0 

mm and the thickness is 8.0 mm. The surface of disc and pin specimen was clean by sand paper 

before testing, so there is a good contact between pin sample and the mild steel disc surface 

Table 9  Experimental setup details 
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Material of pin ABS 

Pin Specifications Diameter-8mm, Height-30mm 

Material for disc EN8 steel, Hardened to 64Hrc 

Diemnsion of Disc Diameter-160mm, Thickness-6mm  

Applied load 3.5kg 

Wear track diameter 80mm 

Duration of test  10Min 

Rotational speed 250rpm 

The present experiment is conducted to improve the parameters of 3D printer machine. The machine 

setting details are shown in above table 4. During the test, machine setting parameters kept constant 

for each experimental run. The test is performed by using the following  

• Applied force for wear  

• Diameter of wear track  

• Duration of test 

• Rotational speed of disc  

it is important to weigh every sample Before and after testing with accuracy level up to 0.0001 gram. 

The PoD test method was conducted is used to predict the rate of wear, fictional force, and 

coefficient of friction of pin sample. For the current study, the steel disc rotated with constant speed. 

During the test, machine setting parameters kept constant for each experimental run. The test is 

performed by using the following parameters. Applied force for wear Diameter of wear track 

Rotational speed of disc important to weigh every sample with digital weighing 0.0001 gram. PoD 

test method was conducted for tribological properties. In this experiment is used to predict the rate 

of wear, fictional force, and coefficient of friction of pin sample. For the current study, the steel disc 

rotated with constant speed. 
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4.2 Experimental Results: 

 

Specimen 1 
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TIME 
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(m/sec) 

WEAR TRACK 

DIA. (mm) 

150 240 40 90 35 600 1.04 80 

 

Graph 1 Figure 4 Variation of wear rate with duration of test for specimen 1 

 

Graph 2  Variation of friction force with duration of test for specimen 1 

• Maximum Wear- 195.662 µm 

• Maximum friction force-12.43N 
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SPECIMEN 2. 
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Graph 3  Variation of wear rate with duration of test for specimen 2 

 

Graph 4  Variation of friction force with duration of test for specimen 2. 

•   wear- 231.707µm 

• Maximum friction force-12.93N 
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SPECIMEN 3. 
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Graph 5 Variation of wear rate with duration of test for specimen 3 

 

Graph 6  Variation of friction force with duration of test for specimen 3. 

• Maximum Wear-232.314µm 

• Maximum friction force-13.736N 
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SPECIMEN 4. 
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Graph 7  Variation of wear rate with duration of test for specimen 3 

 

Graph 8  Variation of friction force with duration of test for specimen 4 

• Maximum Wear-211.421 µm 

• Maximum friction force-13.171N 
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SPECIMEN 5. 
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Graph 9  Variation of wear rate with duration of test for specimen 5 

 

Graph 10 Variation of friction force with duration of test for specimen 5 

• Maximum Wear- 235.745µm 

• Maximum friction force-13.569N 
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SPECIMEN 6. 
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Graph 11  Variation of wear rate with duration of test for specimen 6 

 

Graph 12  Variation of friction force with duration of test for specimen 6. 

• Maximum Wear-183.488 µm 

• Maximum friction force-12.937N 
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SPECIMEN 7. 
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Graph 13  Variation of wear rate with duration of test for specimen 7 

 

Graph 14 Variation of friction force with duration of test for specimen 7. 

• Maximum Wear-151.046 µm 

• Maximum friction force-12.616N 

 

 

 

0

20

40

60

80

100

120

140

160

0 100 200 300 400 500 600 700

W
E

A
R

 (
IN

 M
IC

R
O

M
E

T
E

R
)

TIME (IN SECONDS)

SPECIMEN 7

0

2

4

6

8

10

12

14

0 100 200 300 400 500 600 700

F
R

IC
T

IO
N

 F
O

R
C

E
 (

IN
 N

)

TIME (IN SECONDS)

SPECIMEN 7



29 

 

SPECIMEN 8. 

 

LAYER 

THICKNESS 

(mm) 

 

NOZZLE 

TEMPEATURE 

(˚C) 

PRINTING 

SPEED 

(rpm) 

ORIENTATION 

( ˚ ) 

LOAD 

(N) 

TIME 

(sec.) 

SLIDING 

VELOCITY 

(m/sec) 

WEAR 

TRACK 

DIA. 

(mm) 

150 230 40 45 35 600 1.04 80 

 

Graph 15 Variation of wear rate with duration of test for specimen 8 

 

Graph 16 Variation of friction force with duration of test for specimen 8 

• Maximum Wear-155.076 µm 

• Maximum friction force-12.386N 
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SPECIMEN 9. 
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Graph 17 Variation of wear rate with duration of test for specimen 9 

 

Graph 18 Variation of friction force with duration of test for specimen 9. 

• Maximum Wear- 125.367 µm 

• Maximum friction force- 12.109N 
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SPECIMEN 10. 
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Graph 19 Variation of wear rate with duration of test for specimen 10 

 

Graph 20 Variation of friction force with duration of test for specimen 10. 

• Maximum Wear-225.111 µm 

• Maximum friction force- 12.23N 
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SPECIMEN 11. 
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Graph 21 Variation of wear rate with duration of test for specimen 11. 

 

Graph 22 Variation of friction force with duration of test for specimen 11. 

• Maximum Wear- 209.279 µm 

• Maximum friction force- 15.134N 
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SPECIMEN 12. 
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Graph 23 Variation of wear rate with duration of test for specimen 12. 

 

Graph 24 Variation of friction force with duration of test for specimen 12. 

• Maximum Wear- 213.137 µm 

• Maximum friction force- 14.211N 

 

 

0

50

100

150

200

250

0 100 200 300 400 500 600 700

W
E

A
R

 (
IN

 M
IC

R
O

M
E

T
E

R
)

TIME (IN SECONDS)

SPECIMEN 12

0

2

4

6

8

10

12

14

16

0 100 200 300 400 500 600 700

F
R

IC
T

IO
N

 F
O

R
C

E
 (

IN
 N

)

TIME (IN SECONDS)

SPECIMEN 12



34 

 

SPECIMEN 13. 
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Graph 25 Variation of wear rate with duration of test for specimen 13. 

 

Graph 26 Variation of friction force with duration of test for specimen 13. 

• Maximum Wear- 200.537 µm 

• Maximum friction force- 13.608N 

 

 

0

50

100

150

200

250

0 100 200 300 400 500 600 700

W
E

A
R

 (
IN

 M
IC

R
O

M
E

T
E

R
)

TIME (IN SECONDS)

SPECIMEN 13

0

2

4

6

8

10

12

14

16

0 100 200 300 400 500 600 700

F
R

IC
T

IO
N

 F
O

R
C

E
 (

IN
 N

)

TIME (IN SECONDS)

SPECIMEN 13



35 

 

SPECIMEN 14. 
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Graph 27 Variation of wear rate with duration of test for specimen 14. 

 

Graph 28 Variation of friction force with duration of test for specimen 14. 

• Maximum Wear- 146.116 µm 

• Maximum friction force- 13.044N 

 

 

0

20

40

60

80

100

120

140

160

0 100 200 300 400 500 600 700

W
E

A
R

 (
IN

 M
IC

R
O

M
E

T
E

R
)

TIME (IN SECONDS)

SPECIMEN 14

0

2

4

6

8

10

12

14

0 100 200 300 400 500 600 700

F
R

IC
T

IO
N

 F
O

R
C

E
 (

IN
 N

)

TIME (IN SECONDS)

SPECIMEN 14



36 

 

SPECIMEN 15. 
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Graph 29 Variation of wear rate with duration of test for specimen 15. 

 

Graph 30 Variation of friction force with duration of test for specimen 15. 

• Maximum Wear- 152.373 µm 

• Maximum friction force-13.209N 
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SPECIMEN 16. 
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Graph 31 Variation of wear rate with duration of test for specimen 16. 

 

Graph 32 Variation of friction force with duration of test for specimen 16. 

• Maximum Wear- 160.292 µm 

• Maximum friction force- 13.218N 
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SPECIMEN 17. 
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Graph 33 Variation of wear rate with duration of test for specimen 17. 

 

Graph 34 Variation of friction force with duration of test for specimen 17. 

• Maximum Wear- 156.743 µm 

• Maximum friction force- 13.432N 
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SPECIMEN 18. 
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Graph 35 Variation of wear rate with duration of test for specimen 18. 

 

Graph 36 Variation of friction force with duration of test for specimen 18. 

• Maximum Wear- 139.092 µm 

• Maximum friction force- 12.916N 
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SPECIMEN 19. 

 

LAYER 

THICKNESS 

(mm) 

 

NOZZLE 

TEMPEATURE 

(˚C) 

PRINTING 

SPEED 

(rpm) 

ORIENTATION 

( ˚ ) 

LOAD 

(N) 

TIME 

(sec.) 

SLIDING 

VELOCITY 

(m/sec) 

WEAR 

TRACK 

DIA. (mm) 

150 230 30 90 35 600 1.04 80 

 

Graph 37 Variation of wear rate with duration of test for specimen 19. 

 

Graph 38 Variation of friction force with duration of test for specimen 19. 

• Maximum Wear- 144.548 µm 

• Maximum friction force- 13.158N 
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SPECIMEN 20. 
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Graph 39 Variation of wear rate with duration of test for specimen 20 

 

Graph 40 Variation of friction force with duration of test for specimen 20. 

• Maximum Wear- 167.971 µm 

• Maximum friction force- 12.737N 
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SPECIMEN 21 
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Graph 41 Variation of wear rate with duration of test for specimen 21. 

 

Graph 42 Variation of friction force with duration of test for specimen 21. 

• Maximum Wear- 296.898 µm 

• Maximum friction force- 13.229N 
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SPECIMEN 22. 
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Graph 43 Variation of wear rate with duration of test for specimen 22. 

 

Graph 44 Variation of friction force with duration of test for specimen 22. 

• Maximum Wear- 69.98 µm 

• Maximum friction force- 12.119N 
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SPECIMEN 23. 
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Graph 45 Variation of wear rate with duration of test for specimen 23 

 

Graph 46 Variation of friction force with duration of test for specimen 23. 

• Maximum Wear- 341.086 µm 

• Maximum friction force- 12.466N 

 

 

0

50

100

150

200

250

300

350

400

0 100 200 300 400 500 600 700

W
EA

R
 (

IN
 M

IC
R

O
M

ET
ER

)

TIME (IN SEONDS)

SPECIMEN 23

0

2

4

6

8

10

12

14

0 100 200 300 400 500 600 700

F
R

IC
T

IO
N

 F
O

R
C

E
 (

IN
 N

)

TIME (IN SEONDS)

SPECIMEN 23



45 

 

SPECIMEN 24. 
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Graph 47 Variation of wear rate with duration of test for specimen 24. 

 

Graph 48 Variation of friction force with duration of test for specimen 24. 

• Maximum Wear-360.848 µm 

• Maximum friction force- 12.759N 
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SPECIMEN 25. 
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Graph 49 Variation of wear rate with duration of test for specimen 25. 

 

Graph 50 Variation of friction force with duration of test for specimen 25. 

• Maximum Wear- 348.524 µm 

• Maximum friction force- 12.528N 
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SPECIMEN 26. 
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Graph 51 Variation of wear rate with duration of test for specimen 26. 

 

Graph 52 Variation of friction force with duration of test for specimen 26. 

• Maximum Wear- 354.02 µm 

• Maximum friction force- 12.999N 
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SPECIMEN 27. 
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Graph 53 Variation of wear rate with duration of test for specimen 27. 

 

Graph 54  Variation of friction force with duration of test for specimen 27. 

• Maximum Wear- 345.844 µm 

• Maximum friction force- 12.45N 
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Table 10 Results obtained from the experiments 

SPECIMEN 

NO. 

INITIAL 

MASS (g) 

FINAL MASS 

(g) 

MASS 

LOSS 

WEAR RATE 

(µm) 

FRICTION 

FORCE 

(N) 

1. 1.3551 1.3437 0.0114 195.662 12.43 

2. 1.2884 1.2761 0.0123 231.707 12.93 

3. 1.3710 1.3585 0.0125 232.314 13.736 

4. 1.3471 1.3380 0.0091 211.421 13.171 

5. 1.3778 1.3687 0.0091 235.745 13.569 

6. 1.3797 1.3715 0.0082 183.488 12.937 

7. 1.3714 1.3632 0.0082 151.046 12.616 

8. 1.3697  1.3629 0.0068 155.076 12.386 

9. 1.3518 1.3460 0.0058 125.367 12.109 

10. 1.3413 1.3275 0.0138 225.111 12.23 

11. 1.3542 1.3425 0.0117 209.279 15.134 

12. 1.3763 1.3635 0.0128 213.137 14.211 

13. 1.3508 1.3418 0.0090 200.137 13.608 

14. 1.3500 1.3426 0.0074 146.116 13.044 

15. 1.3690 1.3624 0.0066 152.373 13.209 

16. 1.3462 1.3398 0.0064 160.292 13.218 

17. 1.3586 1.3518 0.0068 156.743 13.432 

18. 1.3604 1.3544 0.0060 139.092 12.916 

19. 1.3639 1.3574 0.0065 144.548 13.158 

20. 1.3407 1.3341 0.0066 1677.971 12.737 

21. 1.3327 1.3108 0.0219 296.898 13.229 

22. 1.2868 1.2759 0.0109 69.98 12.119 

23. 1.3000 1.2762 0.0237 341.086 12.466 

24. 1.2005 1.1771 0.0234 360.848 12.759 

25. 1.1896 1.1670 0.0226 348.524 12.528 

26. 1.2011 1.1775 0.0236 354.02 12.999 

27. 1.3206 1.2959 0.0247 345.844 12.45 

 

 



50 

 

4.3 Analysis of Specific wear rate and co-efficient of Friction  

The experimental WINDCOM-2008 software gives the value of wear rate and Friction force at 

applied machining condition. To calculate the value of Specific Wear rate and Co-efficient of friction 

consider following formula.  

𝑊 =
∆𝑚

𝐹 ∗ 𝐿 ∗ ⍴
 

𝑐𝑜𝑓 =
𝑓

𝐹
 

Where 

W= Specific wear rate 

∆m= Mass loss 

F, Applied load = 3.5*9.81 = 35N 

L, Sliding distance 𝐿 =
𝜋𝐷𝑁

60
 

⍴, Density of ABS material= 1.06g/cm3 

f = Friction force in N 

Using above formula, we will be calculated specific wear rate and cof for all specimens these are as 

followed: 

Table 11 Analysis for Specific wear rate and Co-efficient of friction. 

Layer 

Thickness 

 Nozzle 

Temperature 

Spee

d 

Orientatio

n 

Specific wear 

rate 

Coefficient of 

friction 

150 240 40 90 0.000299 0.3551 

200 230 50 45 0.000322 0.3694 

150 240 40 0 0.000327 0.3924 

100 230 50 45 0.000238 0.3763 

150 220 40 0 0.000238 0.3876 

150 220 40 90 0.000215 0.3696 

200 230 30 45 0.000215 0.3604 

150 230 40 45 0.000178 0.3538 

100 230 30 45 0.000152 0.3459 

150 240 50 45 0.000362 0.3494 

150 230 40 45 0.000306 0.4324 

200 230 40 0 0.000335 0.4060 

100 230 40 0 0.000236 0.3888 

150 220 50 45 0.000194 0.3726 
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All the calculated values are analyzing and optimizing using RSM and ANOVA techniques that 

will be discussed in next chapter 

  

150 240 30 45 0.000173 0.3774 

100 230 40 90 0.000167 0.3776 

150 220 30 45 0.000178 0.3837 

200 230 40 90 0.000157 0.3690 

150 230 30 90 0.000170 0.3759 

150 230 40 45 0.000173 0.3639 

150 230 50 0 0.000574 0.3779 

200 240 40 45 0.000285 0.3462 

150 230 50 90 0.000621 0.3561 

150 230 30 0 0.000613 0.3645 

100 240 40 45 0.000592 0.3577 

100 220 40 45 0.000619 0.3714 

200 220 40 45 0.000648 0.3557 
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CHAPTER 5 

OPTIMIZATION OF RESULTS 

 

 

5.1 Introduction:  

Design of experiment is a statistical methodology to conduct experiments in a statistical manner so 

that the uncontrollable factors which influence the end result of the study are minimized. The results 

obtained from statically designed experiments are easy to analyze and a clear and sound conclusion 

is inferred from the results. The test was performed on the specimens which are fabricated using the 

ASTM G99 test standard as a reference. The process parameters chosen for study are concluded 

from the literature survey and capabilities of the FUSEBOT250+. The study employs RSM 

philosophy to conduct experiments. Samples prepared with different combinations of FDM machine 

parameters are prepared and tested for the wear rate. The experimental results are examined 

thoroughly using the statistical techniques in the following section. 

5.2 RSM-Box Behnken Design: 

Response Surface Regression: wear rate versus layer thickness, temperature, speed, orientation 

 

Figure 9 Surface Plot of specific wear rate vs Nozzle temperature, Layer thickness 
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Figure 10 Surface Plot of specific wear rate vs Printing speed, Layer thickness 

 

Figure 11 Surface Plot of specific wear rate vs Orientation, Layer thickness 
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Figure 12 Surface Plot of specific wear rate vs Printing speed, Nozzle temperature 

 

Figure 13 Surface Plot of specific wear rate vs Orientation, Nozzle temperature 
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Figure 14 Surface Plot of specific wear rate vs Orientation, speed 

 

Figure 15 Contours plots of specific wear rate 
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Figure 16 Surface Plot of Co-efficient of friction vs Printing speed, Nozzle temperature 

 

Figure 17 Surface Plot of Co-efficient of friction vs Orientation, Layer thickness 

Layer Thickness150
Orientation 45

Hold Values

0. 53

360.

73.0

022

230

50

40

30
240

0.38

COF

Speed gnitnirP

eT elzzo aperN turem

S rface Plot of COF vs Printing Speed, Nozzle Temperatureu

Nozzle Temperature230
Printing Speed 40

Hold Values

63.0
100

73.0

150

200
0

25

75
05

25

0.38

93.0

FOC

ssenkcihT reyaL

noitatneirO

urfaceS Plot of COF vs Orientation, Layer Thickness 



57 

 

 

Figure 18 Surface Plot of Co-efficient of friction vs Printing speed, Layer thickness 

 

Figure 19 Surface Plot of Co-efficient of friction vs Nozzle temperature, Layer thickness 
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Figure 20 Surface Plot of Co-efficient of friction vs Orientation, Nozzle temperature 

: 

Figure 21 Contours Plot of Co-efficient of Friction 
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wear rate             Minimum           0.000178              0.000619        1               1 

Our goal is to minimization of wear rate for this RSM gave following predicted value based on the 

experimental data. 

Table 13 Multiple Response Prediction 

Variable                        Setting 

layer thickness             185.859 

temperature                  220 

speed                            30 

orientation                   39.0909 

 

Table 14 Response fit for Wear Rate 

Response                 Fit                         SE Fit   5% CI                                95% PI 

wear rate             0.000102                 0.000027           (0.000044, 0.000160)          (0.000017, 0.000187) 

 

 

Figure 22 Optimization Plot for wear rate 

5.3 Analysis of Variance (ANOVA): 

ANOVA is a set of statistically models which judges the significance of factors under study and also 

acts as a confirmatory test to validate the experimental data. A general linear regression model is 

used analyses the experimental data in MINITAB. The results obtained are tabulated in the following 

content. 

Table 15 ANOVA results of Wear rate 

Source F-Value P-Value 
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Model 67.14 0.000 

Linear 0.89 0.000 

Layer thickness 1.87 0.000 

Temperature 1.59 0.231 

Speed 0.00 1.000 

Orientation 0.08 0.779 

Square 2.83 0.000 

Layer thickness*layer 

thickness 

6.02 0.000 

Temperature*temperature 0.00 0.984 

Speed*speed 1.54 0.238 

Orientation*orientation 2.34 0.152 

2-Way Interaction 0.84 0.564 

Layer 

thickness*temperature 

0.23 0.640 

Layer thickness*speed 0.00 1.000 

Layer 

thickness*orientation 

0.00 1.000 

Temperature*speed 4.55 0.054 

Temperature*orientation 0.25 0.628 

Speed*orientation 0.00 1.000 

We will analyze in the P-Value column, in this look for value <0.05 because the default confidence 

level that is 95%. Then the layer thickness is significant as the corresponding P-value <0.05.  

Table 16 Model Summary for wear rate 

S R-sq R-sq(adj) R-sq(pred) 

0.0000281 98.74% 97.27% 92.74% 

In the model summary table, S indicates the standard deviation of residuals and that is 2.81x10-5. 

R-Sq value indicates how much variation in response can be explained with the model and is 

98.74%. which is good. The balanced 1.26% variation cannot be explained by the model and is 

random. 

R-Sq(adj) is modified R-Sq value. There is not large difference between these two values. Large 

difference between the R-Sq and R-Sq(adj) shows presence of insignificant factors in the model. 

R-Sq(pred) is 92.74% and shows predictability of the model for new observations. 
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5.4 Regression Equation: 

Specific wear rate

= 0.000345 +  0.000271(layer thickness100) −  0.000105 (layer thickness150)

−  0.000166 (layer thickness200) −  0.000010 (temperature220)

−  0.000000 (temperature230) +  0.000010 (temperature240)

−  0.000005 (speed30) +  0.000010 (speed40) −  0.000005 (speed50)

+  0.000009 (orientation0) −  0.000012 (orientation45)

+  0.000004 (orientation90) 

5.5 Prediction for wear rate:  

General Linear Model Information 

Table 17 Factor Setting 

Variable Setting 

Layer thickness 200 

Temperature 240 

Speed 40 

Orientation 45 

Table 18 Predicted results 

      Fit    SE Fit            95% CI            95% PI 

0.0001873 0.0000158 (0.0001541, 0.0002204) (0.0001209, 0.0002536) 

Table 19 ANOVA results for Co-efficient of friction 

Source F-Value P-Value 

Model 4.84 0.005 

Linear 6.57 0.005 

Layer thickness 6.93 0.001 

Temperature 4.75 0.050 

Speed 1.79 0.205 

Orientation 2.79 0.121 

Square 7.66 0.003 

Layer thickness*Layer thickness 25.15 0.000 

Temperature*Temperature 1.02 0.332 

Speed*Speed 0.03 0.868 
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Orientation*Orientation 0.08 0.786 

2-Way Interaction 1.81 0.179 

Layer thickness*Temperature 1.13 0.309 

Layer thickness*Speed 0.00 1.000 

Layer thickness*Orientation 0.00 1.000 

Temperature*Speed 1.37 0.264 

Temperature*Orientation  8.37 0.014 

Speed*Orientation 0.00 1.000 

Similarly, as we discussed above, we will analyze in the P-Value column, in this look for value 

<0.05 because the default confidence level that is 95%. Then the layer thickness and nozzle 

temperature are most significant as the corresponding P-value <0.05. 

Table 20 Model Summary 

        S R-sq R-sq(adj) R-sq(pred) 

0.0064471 84.96% 79.42% 83.38% 

In the model summary table, S indicates the standard deviation of residuals and that is 6.44x10-3. 

R-Sq value indicates how much variation in response can be explained with the model and is 

84.96%. which is not bad. The balanced 15.04% variation cannot be explained by the model and is 

random. 

R-Sq(adj) is modified R-Sq value. There is difference of 05.54 between these two values. Large 

difference between the R-Sq and R-Sq(adj) shows presence of insignificant factors in the model. 

R-Sq(pred) is 83.38% and shows predictability of the model for new observations. 

Table 21 Predicted values for wear rate, coefficient of friction using ANOVA and absolute 

percentage error in predicted and experimental results 

layer 

thick

ness 

Tem

pera

ture 

Speed Orie

ntati

on 

wear rate COF Predic

ted 

COF 

Predicted 

wear rate 

Absolute 

percentag

e error in 

wear 

Absolute 

percenta

ge error 

in cof 

150 240 50 45 0.000178 0.3538 0.3664 0.000183 3.019663 3.575466 

150 220 30 45 0.000178 0.3837 0.3795 0.000192 8.356742 1.081574 

150 230 40 45 0.000238 0.3763 0.3763 0.000238 2.28E-14 2.95E-14 

200 240 40 45 0.000178 0.3538 0.3477 0.000187 5.196629 1.70765 

100 220 40 45 0.000619 0.3714 0.3711 0.000603 2.544426 0.056094 
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150 230 40 45 0.000238 0.3763 0.3763 0.000238 2.28E-14 2.95E-14 

100 230 40 90 0.000619 0.3714 0.3676 0.000629 1.703016 1.016424 

150 240 40 90 0.000299 0.3551 0.3670 0.000264 1.4409 3.374636 

200 230 40 0 0.000178 0.3538 0.3585 0.000187 1.0721 1.3355 

150 230 50 90 0.000238 0.3763 0.3710 0.000239 0.49019 1.408451 

150 240 40 0 0.000327 0.3924 0.3733 0.000219 7.59684 4.867482 

100 230 40 0 0.000619 0.3714 0.3738 0.000634 2.45692 0.657422 

150 220 50 45 0.000238 0.3763 0.3745 0.000221 0.5567 0.460625 

150 220 40 0 0.000238 0.3763 0.3814 0.000248 4.60434 1.359731 

150 230 50 0 0.000238 0.3763 0.3772 0.000243 2.45098 0.2436 

200 220 40 45 0.000178 0.3538 0.3558 0.000166 6.32022 0.58649 

150 230 40 45 0.000238 0.3763 0.3763 0.000238 2.28E-14 2.95E-14 

100 230 30 45 0.000619 0.3714 0.3719 0.000598 3.372375 0.15482 

100 230 50 45 0.000619 0.3714 0.3669 0.000598 3.372375 1.18695 

150 230 30 90 0.000238 0.3763 0.3759 0.000239 0.490196 0.084153 

100 240 40 45 0.000592 0.3577 0.3630 0.000623 5.363176 1.502656 

200 230 50 45 0.000178 0.3538 0.3516 0.000161 9.199438 0.600622 

150 220 40 90 0.000238 0.3763 0.3752 0.000244 2.643557 0.29232 

150 240 30 45 0.000238 0.3763 0.3714 0.000233 1.943277 1.293294 

200 230 40 90 0.000178 0.3538 0.3523 0.000193 8.450375 0.421613 

150 230 30 0 0.000238 0.3763 0.3822 0.000243 2.45098 1.567898 

200 230 30 45 0.000178 0.3538 0.3566 0.000161 9.199438 0.807895 

 

• Average absolute percentage error in wear rate= 4.9738% 

• Average absolute percentage error in Coefficient of friction=1.0979% 

Table 22 All possible sets (81) value and their predicted wear rate and cof using ANOVA. 

S.No. Layer 

thickness 

Temperature Speed Orientation Predicted 

wear 

Predicted 

cof 

1 100 220 30 45 0.000588 0.3732 

2 200 220 30 45 0.000152 0.3579 

3 100 220 50 45 0.000588 0.3682 

4 200 230 40 90 0.000193 0.3523 
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5 100 240 40 90 0.000640 0.3607 

6 150 240 50 0 0.000254 0.3703 

7 200 220 50 0 0.000173 0.3568 

8 200 240 50 90 0.000188 0.3425 

9 150 220 30 90 0.000229 0.3772 

10 100 240 30 0 0.000630 0.3690 

11 150 230 50 45 0.000223 0.3733 

12 100 220 40 90 0.000620 0.3689 

13 200 240 30 45 0.000172 0.3498 

14 200 240 40 0 0.000208 0.3516 

15 100 220 50 0 0.000609 0.3721 

16 100 240 50 45 0.000609 0.3601 

17 100 220 30 0 0.000609 0.3771 

18 200 240 50 45 0.000172 0.3448 

19 100 240 40 0 0.000645 0.3670 

20 100 230 40 0 0.000634 0.3738 

21 100 240 30 90 0.000625 0.3628 

22 200 220 40 45 0.000167 0.3559 

23 100 230 30 0 0.000619 0.3759 

24 200 230 30 45 0.000162 0.3567 

25 150 220 40 45 0.000228 0.3775 

26 150 230 30 45 0.000223 0.3783 

27 150 240 40 45 0.000249 0.3694 

28 150 240 30 0 0.000254 0.3753 

26 150 240 30 45 0.000233 0.3714 

30 200 220 50 45 0.000152 0.3529 

31 200 230 40 0 0.000198 0.3585 

32 100 230 50 90 0.000614 0.3647 

33 100 220 40 45 0.000603 0.3712 

34 200 230 50 0 0.000183 0.3556 

35 200 230 50 90 0.000178 0.3493 

36 100 230 30 90 0.000614 0.3696 

37 200 240 40 45 0.000187 0.3478 
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38 100 230 30 45 0.000598 0.3720 

39 150 230 30 0 0.000244 0.3822 

40 100 230 40 90 0.000630 0.3676 

41 200 230 50 45 0.000162 0.3517 

42 150 220 50 0 0.000234 0.3785 

43 200 240 50 0 0.000193 0.3487 

44 100 230 40 45 0.000613 0.3700 

45 150 220 30 0 0.000234 0.3834 

46 200 240 40 90 0.000204 0.3454 

47 150 230 40 45 0.000238 0.3763 

48 150 230 30 90 0.000239 0.3760 

49 100 230 50 45 0.000598 0.3670 

50 200 220 30 90 0.000168 0.3556 

51 150 240 50 45 0.000233 0.3665 

52 200 220 40 90 0.000183 0.3535 

53 150 240 40 0 0.000269 0.3733 

54 200 220 40 0 0.000188 0.3598 

55 150 240 50 90 0.000250 0.3641 

56 100 240 50 0 0.000630 0.3640 

57 150 240 30 90 0.000250 0.3691 

58 150 230 50 0 0.000244 0.3772 

59 100 240 50 90 0.000625 0.3578 

60 150 220 50 90 0.000229 0.3722 

61 150 220 40 90 0.000244 0.3752 

62 100 230 50 0 0.000619 0.3709 

63 100 220 50 90 0.000604 0.3659 

64 100 220 40 0 0.000624 0.3751 

65 200 240 30 90 0.000188 0.3474 

66 150 230 40 0 0.000259 0.3802 

67 150 240 40 90 0.000265 0.3671 

68 150 230 50 90 0.000239 0.3710 

69 150 230 40 90 0.000254 0.3740 

70 150 220 30 45 0.000213 0.3796 
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71 200 220 50 90 0.000168 0.3506 

72 200 220 30 0 0.000173 0.3618 

73 100 240 40 45 0.000624 0.3631 

74 150 220 50 45 0.000213 0.3746 

75 200 230 30 0 0.000183 0.3605 

76 150 220 40 0 0.000249 0.3814 

77 200 240 30 0 0.000193 0.3537 

78 100 240 30 45 0.000609 0.3651 

79 200 230 30 90 0.000178 0.3543 

80 100 220 30 90 0.000604 0.3709 

81 200 230 40 45 0.000177 0.3546 

• Average wear rate=0.000341567 

• Average co-efficient of friction=0.36528333 

5.6 Results and discussion:  

At the current scenario, additive manufacturing process is a most focusing area in the industry. 

Among all the AM process Fused deposition modelling process parts provides many advantages to 

the day to day industrial requirements. The present thesis emphasizes the understanding of 3D 

printing process parameters, which is prime importance to understand the tribological properties like 

wear rate, loss of mass, and coefficient of friction has been investigated. In this experimental study, 

a pin (ASTM G99) fabricated through FDM process is tested against the steel disc. RSM and 

ANOVA optimization techniques used to investigate the optimum process parameters of 3D printing 

at which the wear of specimen pin is very less. The following conclusion was drawn while analyzing 

the data obtained from Pin on Disc experiment.  

1. From the investigation it has been seen that layer thickness is most significant parameter for 

improving wear rate. 

2. The samples which are fabricated using FDM process, in this case maximum wear has been 

seen in sample fabricated at lower layer thickness (100microns), and the minimum wear rate 

seen at the layer thickness of 200microns.  

3. The optimum value for minimum wear rate was obtained using optimization of parameters 

using RSM are: Layer thickness- 185.859microns, Nozzle temperature-220˚C, Printing 

Speed-30mm/sec, Orientation-39.0909˚. 

4. The value of wear rate and Cof for all possible sets (81) of process parameters were predicted 

using ANOVA. 

5. Experimental and predicted values were compared and calculate the absolute percentage 
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error for both wear rate and cof. Average absolute percentage error in wear rate is 4.9738%, 

Average absolute percentage error in Coefficient of friction in 1.0979%. 
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