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Abstract

Fishing net industry is an important business for Thailand economy. Fishing net weaving
machine is used to produce quality fishing net. A fishing net weaving machine uses two types of
hooks called upper and lower hooks to perform net weaving operation. The costs of the hooks
contribute a high fishing net production cost. These hooks must be frequently replaced due to
rapid dry sliding wear occurred at non-lubricated contacts between the hooks and high-tension
nets during weaving operation. Therefore, this research aimed to improve surface quality of the
hooks. Wear resistance of the hooks was investigated in order to increase lifetime and the net
product quality, and to reduce the number of hooks required in weaving operation. The wear
resistance of lower hook was improved by systematically investigating the influence of hard-
chrome plating process factors on the weight loss values and the mechanical properties of the
lower hook using design of experiments (DOE) and response surface methodology (RSM). The
results proved that the lower hook operating at the optimal operating condition of the hard-
chrome plating process factors provided lower weight loss value than that operating at the non-
optimal operating conditions. For wear resistance of upper hook improvement, the performances
of cast stainless steel, hard-chrome plated cast stainless steel, and TiN, TiAISIN and TiCrAlSiN
hard coating deposited on the hard-chrome plated cast stainless steel were evaluated using
analysis of variance (ANOVA) and multiple comparisons based on the experimental results of
hardness, surface roughness and wear tests. The results showed that Ti-based coatings displayed
better wear resistance improvement than hard-chrome plating cast stainless steel whereas
TIAISIN coating exhibited the best dry sliding wear resistance with the lowest weight loss value.
Moreover, experimental analysis was performed to evaluate the performances of cast stainless
steel, hard-chrome plated cast stainless steel, and MoN, MoC and MoCN hard coating deposited
on the hard-chrome plated cast stainless steel. The results showed that MoN hard coating
deposited on the hard-chrome plated cast stainless steel revealed the best wear resistance while
the cast stainless steel exhibited the worst. The scanning electron microscope (SEM) for sliding
wear analysis and energy dispersive x-ray spectrometer (EDX) for film coating confirmation were

also examined.

Keywords: fishing-net hook, wear, hard coating, design of experiments, analysis of variance
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a7 (fishing net) 1undndamiuszaadildannszuiunmmedulenarafnduasmziussnnly
dou (polyamide) Wildnvusduiiundredmiulddonivdniih nqudldfedemneniugaamnssy
Uszas nspuaunssBnoiutduanmsdadendludeudifinanm anduiidignisuiunmsdnle
vidomsthumaeu lneifinludeugndadiaiostiuvasy udwihnisdaniuide wagidn (drawing) Lile
wanIudulosdndusnieisoniduleluluilansuy (monofilament fiver) fauanslugud 1.1 1duy
Todunilsgnasludsnszurunsindedaandunsiuduleviaduenifematsy dundadunien
detulaglfiatesiinden luduneuiiduloasBeudnuusndudusmingy (multifilament fiber) i
fauudausety mndudulowiasUssnnazgniuivluununsssdeifieserdgnsuiunisvesiu
(weaving) feLATeamenIL (fishing-net weaving machine) %auamﬁqgﬂﬁ 1.2 aauﬁmam%wé’a%gﬂ
hludesduazeutiteWilinSeuuazazvhnisasiasuiteliiirnuudanss nunu avguuassiunnds
Julumuanesgiunsuussyiturededmiesely

JUn 1.1 dulsedaluluilanuuilddmiunesiu

PEU8N88IU (weaving hook) Lﬁuﬁudauﬁﬁmmﬁﬁ@ﬁm%m%wamu PLUDNODIUNAD
LUUAD nzaans (lower hook) Fauanasissud 1.3(n) wagnzaauY (Upper hook) Bauansfsgudl 1.3()
AEYOENHANINWMENNTAUTS JIS G 3522-1991 SWP-A (C = 0.60-0.95% wt, Si = 0.12-0.32% wt, Mn
= 0.3-0.9% wt) uagsunszUINMIYUEIialasy luvazfingueuundnanmanndladundenaziiu
nszvIuMsYUBsalasufeuty  Iedeaeeiuldaziadesinzvouulayarveasluduuiiniy
Tngiade 460-700 %u%uag’ﬁwmmﬁuaam%'awamu Jagduduyumsudnnsvouulssanas 80 Unsie
FunazmevoaaUszan 5 Umsoty
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1.1 NuwazaudIAyvasdym

nsdudaszniaduleludeunazinduluresnzvoneliiinnisdnvseiiuinaiivems veds
dwansznuAonMANYBINAAAST U MIAaeveadulaidesannmsyavessesdnuseuunze 113
ﬁﬂmaeuaamzﬁuaLﬁm%uﬁu'%nmahuﬂmadauiﬁwawzﬁual,ﬁaamﬂgﬂLmﬂﬁzﬁ’mﬂwé’muﬂaLLazwé’mu
mnufeuluvizinmedsdamaliuinadiuiatefinaifinnisiasunlasgusisusdiuiifinnauuman
au lenszurunismesiudududeluizesy anuauvessesdnusevunzveazyaiuidulonazda
nsgnusenmnmssnIMakaryilviorenisliruresnsveduasing Feuansidudeaiinadsy
pzvelymiiavun maUAsunzredemyaieios lneldwinamudsussrediui 3 euuarldianluns
WasulnetadeUssunn 2 $alus Sulumnugydefifintulunssuiunssdesislududugunissde
waznafldlunsiasusnzve (andssududouitymnsinusevesnzye
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Suq FmansznuveadumaiiliRandeuiirumuiuariiaudeuunnineiy e1adwanonay
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og1an nanfeasaranedlilunisyuanialasuliun nadan3nuaznsanesiindnaressuumaiiu
melavesfufifeu Snisdilandouwararsusznovlasdioufidusunsededeidinge

mMsiadeuRaTaniiingUsrasdiiieasullatuay Ui ssaniRiBanaiinvesTan i dulunud
feansltanu AFnmsuivlssganminanisnileifanudifyde maluladninadeuilduuia (thin
film) Fadismsiifianuanmsolumsaisduiedeuiiviannlussdulunsould mandeufintusy
dndlngifenldiBmand wu maedeudelii winnedeuisiidedefennnmussiuadousiuay
muANAAIIastuRedeuldrautneen SnitadalidymmneduAndondnde Feinsiteuas
Wunnadanisiadeulndvaunulaun nswedeulugeayeinia (vacuum coating) nsadeutingzsilu
annelaglildansainegyilifaigmdwndoulunssuiunisiedey nmsedoulugyninie
annsawdslailu 2 nqulvalg Ae (1) nsiedeuRudandl (chemical vapor deposition, CVD) Feonde
msuandvesasadluanmuiawaziinujisenediluasindndovuuiantaguas (2) msedauilags
#and (physical vapor deposition, PVD) Fadenisiilreymenansindeuvianoenaininaisiadouse
ANNTaUMTENISAEMIUFULA N SEETURa EARATURITaR5095U (substrate)

1.2 gaUszenA

WwUszasivensnniiteusulssnmniniavesnsvenseiuassuuuliiiaiuaiuise
Aununsanvselag AnwinansenuvelateveInTEuIUNIYUEISALATUABNITANNTOVRINEUDANS
fhen1sAnwIN1sanuseaIniedemesiudie drunsuiuussmzveuuiunsfnyvinansenuvesnis
WMABUMIBE5AABYU TiN, TIASIN, TICrALSIN, MoN, MoC wag MoCN Giamiﬁﬂmal,l,azauﬁ'aﬁ'uq WU
ANLLIILAZ AUV U

1.3 YaUIYNITANEI

nsfnunidudunilwesnsfinwnsinusenuuiulon isanmsdesdtusewieTaniuds
THuA zU0a1uAATIULTDUATEMERIUTIHIUNTEUIUNSIARDURILUUAY fudulelugeu
dnwarvesnisideadiiunuvaulaaluaniizusi lnedwiidunsveazegdetuiivavidulens
Ivarupzveisefuusifnazanuilunisivariunsd

- Jan wu szveneniukasduleludouldainlssnunsdlfing

- mIvegeunisdnuseveingveaidiaiomeniuaitlulsanunsdlfnw daunismageunisdn

nsovesmevouLliiniemadeunisinuseiesnuuuuasUseAvgtumlval
- mstrnmsvageunisinuseldiminiimelusmauanmiminvemzvereunazndan

NISNAFDUNITANNTD



1.4 kUINNISANLUNIFIAY

HYDH N

WLAEvIaTNIUNTEUILNS TR Ay TyUa alasuudwihnsageun Ll wazns
nagoUNIANVTMeLATemMenIUTslngU fURM NN INAABILU VALY STANNANY (central
composite design)

AATIEARNANITNAADIANILNITIATIERAIULUTUTIU (analysis of variance, ANOVA) Lagn1s
3Lﬂswﬁﬁuﬁamamauauaq (response surface methodology, RSM) Wemanneilmunzauves
Tadglunsyuiunmsyuaninlasy
ANYILATIATININTANIAVBINLYDA NN DUKAENAININATUNTNAFBUNITANNTD

AN IUTIUEUAUANAIMNAATYEAERS

JUDUU

WSHUASVOUUNDLARDUAIE TIN LAWININISNAADUAMULTY BAZNISNAFBUNITANNTOAILLATDY

foonuuukazysziuvslgu fURnuumunmaaoILUUdLUTTALINANS
ARSIZITNANNTNARBIRIINTIATIZRAULUTUTILLAE NSRS UR I NAR e U AU BN
anmeiimnzauvesiladeivilinsveiinnuauisaluanuduniunisdnuseldegaumnzay
AnwlAT9ai 19N N9ANIAYBINEVBUUNBULALNAIIINHIUNITNAGOUNNTANYITE

AN IUIEULTIEUAUANAINIUATYTAIENS

w3suRzvoULLiaIndaUsIe TIN, TIAISIN waz TICrAISIN wadvnisvageununds Anumeu
RuaznInadeuNTanvTemelAInieanLuuLarUsEAvslagU fURMLLINUNTIARBIDE
Neld

AATzNaNIINRaewRENT AT IZRANLLUSUTIUEBs U aies (one-way ANOVA)
Wiguiigunyam (multiple comparisons) L RIITAUIAULANAITBIALLES ARUMETURY
warAmiinimelulnewnde
ANYILATIATINITANIAVBINLVDUUNBULALIGIIINNIUNITNAHBUNITANNTE
AnwIUSEULTEUANMUANAINIATYATER S

WSEUAZTBULLBLARE UMY MoN, MoC Wag MoCN Wdavinn1snaaeuanuwds aAnumenuia
LLazmﬁwﬂaaumﬁﬁﬂ‘maéhm’%laﬂﬁaammuLLazUszawﬁﬁum
AATIEANANITNARDIAIINTIATIEATEDR

AnwlAT9a 19N NTANIAYBINLVBUUNBULALNAIIINHIUNITNAZOUNNTANYITE

AN IUTUIEUAUANAIINLATYSANENS

L9 SNEasBEaRLINIINIIALTUNTIdEaglanafisluunn 3 siald

1.5 wanAn319zlasu

919N 3IINUVDINL VIR AL ALVBUUL1IUIUTY

HANAUTUTEANUMEIUTRANAINENLATFIY
a0 lUUsEgnAldAUIuduY [ieann1sENTaTRITUEILLASEIINING



= A v
UNN 2 IFTUNTIUNLNYIVDY

[ o
Aav a a ¥ v

UNENeANUINUg UL NEITe NN UAINAINN T lUANUAUNIUNTANYTBYRINE

YONODIUUUUALVDOUULAALVOAY A uiNUg Nt nauslaun sULUUY0InIsdnnTe NIeUIUNTT

ey nsesilefldlunisusuussnunnlunsyuiunndnuasnansio

21 gﬂl,wmjaam'sﬁnma

nsanusenanefenisgydsilloatsdtuiunilsesnluainFuau Gl JUnuunaneysenisuas

o

|
Y v v Y a aA o =

finvginsiuiu Msdnuseiinaniiiaamilaedeundudaiuiviidniaguilasawlufmalasugy

1 a o = = ° a Y U a o . . N
amﬂmaimmmaaaLuaﬂmnmmemw]ﬂummqmmumm‘umaaa (Rabinowicz, 1995) Tuveuzi

=)

Stachowiak and Batchelor (2006) nan1331n1s@nusaidunisvgavesiadanainnisgnusenssinne

'
LYY [y v

Huedeunduraiudniyfasnil@avihliide Taaiansindeudediaudssleganns  nsdnnseasdn

#301590U0g I UNa18IAUTENOU WU dnvaENITAAOUNYBTan AUEITRINTEUNETEWINRY

[ a

anuEYRTINNINTEY lassaineganiavesiiaTan vilnvesian eungiinarnsiiau]isemiuad

q

duUsrAvdusadenniu Anune Ui sesnaTunsdulasEnIaRy Wudu  Kalin et al. (2002) nd17
Tifleanuveuiiuazatlunisnageun1sdnuse (sreglanlun1sduRaTEnINeRd) Wndudnavili
USunaunisdnuseiingelume Tuvaed Kellermann et al. (2010) lAANWINANTENUVBIAIUNETURY

YOIFUUNANAADAMUATUNIUNITANNTD NITENNTOULAZN1TMEDAY (tribology) Votlanenuausou

a A

lngnudniurnaznsivigusuneemanuinaiilignsnsdnvseunnsneiu eianveiunineedl

4

[ i

nsanuseunninilesaniiiverunilivinadudaiudesniuaziivsainsyyideiundudaganinaa

ilmfian1sdnusennndl  wineunIAinINsanusedegluusnaduiaazdwmaliouniatuyii

Y a v o

‘VI‘NWILﬂumdsﬂﬂwﬂﬁﬂ’]iﬁﬂﬂi@lﬁﬂL%’JLL@%EULLNQQ%U Pena et al. (2006) ANWINANTENUVDILITINUN
NILALAINIISIVBINSIUNETY IR N TNas N SENUSoUUUALAEAWR (dry sliding wear) vadlany
Nay CuZnAl Tagnua dnninfimeld (NSsannse) AULSINUINTEYNTAMUEUNUS A ULUULAUATILAY
fulsednsussdonyuianuduiusAuussnuInsEyiuuy exponential usnandiilefansunuimini

[y I3 a 1 ?:' v [y @ a =1 [y 1y '3
melunuausivesnisauloanuin dmdninieldduanusiveanisaulaadimnudunuswuy
exponential

SULUUYBINITANTTOANINTATMUNAUA NN vRINISAAlA 3 Ussimivglq Ao

= 2 a . a a Y = o a ]

n15ENUsaLUUEARAA (adhesive wear) Aina1NN15MRIT0TRNWESATY wazinn1svanTou

sonundusunmavuindneysenineiiduda Weliaudounazanuduimungauasinioy navaey
< a o Qy qy ) Y = a [ Qy dld < 1 d' a [ 1 Yo

wazdnAnNUTUINULATUNUNTS TnelUasindal U RUNTAMULTIINAIN  WaUsSueInalasu

[

LSINAUTUSINTTUMNAIzgReanuazyh litlovetiuaurgaeanuisig


http://as.wiley.com/WileyCDA/Section/id-302477.html?query=Ernest+Rabinowicz

n1sAnvsauuutad (abrasive wear) inannsfifduduresdwuadnuaninraadluly
'U%L’Jmﬁaé’uﬁaLLazﬂgmlmiﬂuuﬁmﬁwaa%mm%ﬂs?}lumﬁa nsAnusefiAnansuaniinvestusuLesl
38071 two-body abrasive wear  Wwidvosudsvuadniinnainatsusniazvaaitiluluudnududa
wasvinliiAamsanuse axdenmsanusetiindu three-body abrasive wear

msanuuuwansin (fatigue wear) WHinanMsAsueuluusanssunnludnuvarnduldnduan
maneass wagrlftunuuinaduuandn  msdamsenuuidaneldain vinaiiansdnrseandy

FOUANLAZIANTOELANUUIAINEY  NITENUTBLUULANTNTIzdINalATuIULANAINLES I BLINNIINTS

AnMsouuUaY (Costa et al, 2010)

Ao o a

wanaINNANTIelY 3 JUkuutsuLg Sadlsuuureinisdnnsendrfydnguuuunilede n1s

dnnseniinainnisivariu (sliding wear) n1sdnusewvutineliifinaiuidemenetusnunsudiegs

'
a aa

nsnsivaeun1sanuseviliein wazdnazidunisdnuseiiiaannisidendiuvesian 2 ydafianig

[y

wisldwindulaeJannfienuudalosninazluaniuianniianundni  Weszezvaansidendiiaiuin
2 = = o § Yo A | = Y = & a Y]

WIesTEEANTINTdsnduIne agviiiannudnininisdnuseld  nalnnsdnnsewuuiiiinaindan
2 gfadnsiedeunaiuiy  wsanunnsevinlususiinaaunivasslululfmin (normal force ) uay
wssluwuansiedeud (tangential force) GadunavilminnainuAu (stress) NRIEUNE wazausoun
AnANLsudenNIUTENINTagnsaes  ANMAULAEANUTaUTAnTUAzdwaYliAnNdnvse fatu
asUlaanalnnisdnnse (wear mechanism) vaansanusawuuiifie Tusang (pressure) waz AILSY

[

Y24n15kmar1U (sliding speed) nsgviviatiue viliAnANUALUTMENNE sumginyndulaiiuyy

q

warnaliinn1sdnuse  n1sdnnsanuulnar uiini1ugulse 2 58AU SEAULINEENIT N15ANNTD

@ntey (mild wear)  Msdnusewuuiauinveseyniavgnoeni@ediawindnndi 1 tm lnafiiaves

FUNUNAANTANNTBNANYULITEU  NTENNTOTLAUNARIABNITANNTBUUUTULIA (severe wear) N3

dnnseuuuil euniaivigeesniniivuia 10 Wm-100 m viseRdemediauin 1 mm? n1sdnnse
wuvduloatusuussaznsdnusenuvduleatudndesiidnuvauznmsiefindeudufeiinanmslaaves
lanzuulane Janeliinaulansvaneenannds Teasdenvessukuunisanuseaiunsadnuilaain

Utlnnuagany (2547)
nsllasfunsdnuseuasifinorgnislénuvesiudniesdnsnaanusanseyinldnansds

msifiveznensineneg adluasazaiouds uagnislifanlul (Santecchia et al, 2015) wildlu3s

feulitoatumsinuseuaziiuorgnisldiuvesiudueiosinanafenisindouuds

2.2 N3ZUIUNISARDU

nsadeulunisdesiunisdnuseuasiivongnisldiuvesdudiuniosdnsnaiiosainiusede
\Neeg1amileIkuusEnINaTsInGaUkaL TR Nd U IARANeInluNsge A laansdnuaumnils



santUanFuduasosdnina  ludmiaznaniinsyuindouiamgliin nsiedouludaa@nd wu

Talawmesse maadeusgleanmseninluszuugyaniauuuilawmesalsan

n75°qUtﬂ§'aUﬁ?ﬁ"JElZWﬁ7 (electroplating)

a N & ad a a a Y ' = & ad at'

nmsyudeuiamgliiiduismsiedevialanedeuduwnsvaregaduisnisnaunsaaiuny
Aunuedlaveniouliluegned Ruafoulinnuseuainane winlangaunsadaelilagly
wnn3y laneideudwadeusmedsilaun lasdey uandey nowns dnifa nes [ Ayn deinyd

a a a aadg v P o o d‘ I S v &
wazdu  nsedeuRileeIsildrununziilangduuedoulu cathode @uIndaidntIaues
waendialnil) daudlansiiazgnindevasilu anode (Trausdewdnfiutivinveunasinialni)
drwansazaneneziiindovedansiiug azateey Welswimsyuwedsuil arsazansazuandieandu
2 du drufiniavziivszgliinduuin uwasBndruniasiivssglninduau dunduszqluinduuin
sudnluviufAseniulansivn cathode vivbiAnRalmidunn wavdruniivszgluinduavasdnlui
Uizeiulaneftl anode Fevinlilszuinvgaeenuiegluaisazalsuazyinlininuidudues
a1savateAfiediaue  n1smvAunsadsuidlanelvlanafazdesililansiindeouinuuunaz
asaualangazfoiniuauAInuaNAnglniiuazauduvesnseualiinniveswuauliiaiy
Al aNenasnIzeriIaIYeINITANIUNY UBNIINTUADIAIUANHAGIUYBINUT anode FoiuTl
cathode Lia#ldlun1siafauids sawsgumaiivedasazateme  lagniluudainnuvuivedansi
Ao URazuaNa AUl 1wy nswedsumelasdlauaziinnunuiussana 0.25-1.25 Um Tususiinis
wasudlednifassdianunuilssuia 7.5-50 m 1w ety ATusgiunisuszandldlu
& : = vl = Y =

gRamINIIULUY WU NMsyulaslleugaamnssuazyulviianununyszana 50 m tiedesiunisén
wsanazinANULTwsiiuRavesTa

n15ipdavAuTiNEnd (physical vapor deposition, PVD)

nsindeuialaidandilunisinliesneuansiedeungaesnainiiaisindeuiienuiounse
nsaemliuuRnLaITanTEenTuLasEnAni U1 Tan 5895V (substrate)  NTEUIUNTITIARBURLTS
Handuuau 3 nqudae nisvililulelnearudeu (thermal evaporation) allnines3s (sputtering)
waznsndeusigleainnisesn (arc vapor deposition) Tufidaznarnanizisaldnimesswaznis
wasusiglovainnisensnlussuugaainiawuuilamasailsdn (filttered cathodic vacuum arc

deposition)
- atlmasii

atlnnesis (sputtering) 1unszurumsivilsieymenndonguussezmenieguinaiiniives
faquosudwaaoonudenstuveseynefiindsugy  eynafildidusivudenndunaroslii
viofuszafld Hosnlunsieuniaiidunansndluinliiindsnugadeldlunszuaunisivils
Aoutsenn FsdenliiBiseoyniaifivszameldauny Inihdsssannsomuauszdundanuveslosoy
Iudeans  eynendsnugetasdosgnudniuegiwaideiielinssuiuninadevarsifintuld
ogsraiilesaunsyisldauvunildunudesniseannsaildnanes wu lnenslddroyninainiu
looau (ion gun) ‘1'7iﬁﬂ%mmmiwamlaaau“lué’quw’%@mﬁGﬂ,m81%ﬂizuauﬂ151ﬂéaaa%w%ﬁ] (glow discharge)



Fah Ul lunszuiunsedouiidusieds 7.3 wunilnseuatnnesss (DC maenetron sputtering) 1y
fu  nszviunsatiamesienlvluszdugramnssuilonldnszuiunisindrfanisannniilesainiu
laaausuaamﬂ%ﬁwaumﬂmﬂﬂulaaauﬁﬁmﬁawﬁwmLLaﬂﬁlaaauiuﬁuﬁLmU
Hadefidrdyueinseuiunsalnnedsafie & amwaqmiLﬂaaummammmwaamLﬂaaULLav
auUAnenavesfinadeu  Snsinisiadevfenisiinarunuivesiuadeudendmiienal e
fasanainnalnuazanmuindonvesnsadeu shsnsndeusieitalnmesselituiusunames
ozneufingaoonaniiiaisiadeu (target) LLazamwmiLﬂ?{auﬁmmawauﬁﬁqmaaﬂmlﬂé’ﬁumu
(substrate) 5ﬂazmamauﬂwgﬂa{]mma%%qaaﬂmmmmzmmsam?iauﬁlﬂé’ﬁmmlﬁazmn az1u
navilismsnaiedougs  tufesasnisiadeutufunszualni arwsiiednd audufsesnis
w159 SnvarresTruuNInedeuilduun ndsnunarinavedlessudildvuii dnuaelasiadiondn
voshansiedeu yuannsznuvadlossuvuirasindou TaspeziesEiafugusessy

- nsedaudielevinnisersnlussuugyyimauuuiamesaIlean

MsindouRasensrulunsenialusruvayyIMaLuuilamesanlsiniiunisannzneuiie
fupsziasvideafenaedeufnmensldleflinnniseriauddsuanmianiitauelnalinaedu
lonanaun Tnglowatazmuudunaneifungnourosmsdnnmeiiadulnadouunauuinvestunuy
Bnserdaluszuvanyinmawvuilamesalsinaiunsaldndnarsdunginazinadeuidulany
wsiin uazTagdaseney  nszuauNIEudusIsnInsEdulnAnnse1fauuRavealra (Gand
Wnansiadeunse target) mimiﬂmmummwmmmmﬂamLmumvLLaaamauwﬂmﬂmummm
iane) mmmmmwwawmwaN"LaJﬂhﬂmLuml,mwmmwmﬂamﬂaaaaaﬂmmmnm Li&mﬁmmwm
915A W30 cathode spot  audriifgumnTawndieragannds 15,000 ssrieaidea Liemaeiiay
yluelnananedulonaauuazritoonunduaedeaudigs  deualvassivesenluudaiiui
Uinaniugnaeanmiduvquuny (target avdinnsouly)  egndlsfniugnoninazasagifivstangifen
Mntuazaansliuaziingrensalmituanluuinuilndifesiumauiiingneniateunth  wefinssy
wianilagvilfgualiouingnonsaiinaedeuilulnesouualng  nsdeulmuesaenirausnniuny
Iaenawieniluauuuivdnlwihideingeoiiafedniliiii - Hdarldifionunulianms
anselulnevhiwmaonfninues target
nsorinasdamududuremdsnugsdeninuardsmaliszdunisunndaudulossuluniinuiy
geunn feildldlessuiiiuszeistuineymaiidunarsslilih nqudeusynianiesyniavuia
1‘1/1& (macro-particle %30 droplet) ‘mfmmﬂ%m%mhmamimﬂgﬂiaﬂuﬁuumaumsmiﬂﬁuaaLmi‘mﬂu
msuaalaaaumﬂmimﬁmvmmuimmmaaﬂgﬂﬁmuuu,mmﬂmaamwmulaaauua NILAUTE FiU
wiauresiedailiimmatuannsovhuiisensulonanauvesalinauduinduiiadeuiidu
’JJ?{QL%QﬂizﬂaUVLﬁ (Paldey and Deevi, 2003)
mandeufinieiinnsorinvewalneiinlilunisiedouidlfiauudgaiedumunisin
nsauazifinongnisldeureaaiosdiednsuiadudiuaiosdnina  Aundeuiiamisondnldlag
nszvannsualsinerdnduiiuining wu Tndenlulased (Ti) nodeuesgfdelulase (TIAN)

ﬂl

lasleululase (CN) egilleulasleulnmdeululasa (ACTIN) nnillewesgiidenddneululase

Y

(TIAISIN) wazazalidoulasdloylmndouddnaululase (ACITISINY Wudu

Y


https://th.wikipedia.org/wiki/%E0%B9%82%E0%B8%A5%E0%B8%AB%E0%B8%B0
https://th.wikipedia.org/wiki/%E0%B9%80%E0%B8%8B%E0%B8%A3%E0%B8%B2%E0%B8%A1%E0%B8%B4%E0%B8%81
https://th.wikipedia.org/wiki/%E0%B8%AA%E0%B8%99%E0%B8%B2%E0%B8%A1%E0%B9%81%E0%B8%A1%E0%B9%88%E0%B9%80%E0%B8%AB%E0%B8%A5%E0%B9%87%E0%B8%81
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IMYTYMNYIVIIAUNITIAADUAD

NMUITeIuLINNYsEgndldnisimfeviiniedesiunisdnuseanazdneignisidaiuly
PRANMNTTUANNY MAKA 9RaINITTUNITAAREUIANEAIEIATEITNTNATUANAIETEUUADNNILADS

(computer numerical control) LsﬁuLﬂif‘]\‘Iﬂaﬂ Lﬂi@\iﬂﬂ Lﬂi@ﬂlﬁﬂ’?u L‘U‘HWLJ ‘L!’e]ﬂ‘ﬂ'm‘u NSLARBURIUY
%umumsaqaﬂmanamLﬂums{]mﬂumsaﬂmaLLauEJmmamﬂﬁmmmawumu ms%maaumms

Iwilhelasideunionisyuanialasufunuimmiledildlunistesiunisdnnsounagnisdnvseves
Fudruedosinana iy magulandeslulasduadlandoumslusuumsnndresamulufin (austenitic
Fe-30.6Mn-6.8A1-0.9C) (Lee, 2005) n1sdeefunisdnnsouvssriodetidu (il casting tube) A8
TasdsululasauazlasifiouaslusuuRaman P110 (Lin et al, 2012) sipuaiunsatiosiunisan
nsoulspniniliildqueninlasuusendla  mnumuvesnsyuaialasufiiinansznudenuamnsaly
AUAUIUNITENNTOU ﬁa%’aﬁﬁmaﬂiwwiamwwmsuaama%aﬁmimm LU ORI IUVDINTAYS
Wanuaznsalasiin valunisyuesalasy uwargamailunisyu (Bayramosglu et al,, 2008) {Wusu

thidevanengulsvinnsiedeuiniesilesmdousne TN Chatterjee (1992) naniisifauinis
N13IAdaUMe3Tn13e199 van1siadey TIN vwadesdedmidoulunszuiunisnds i l1suas
NPUIUNTIUY  nisedeu TN vuiedesiledaideutiedaeignisldaureniaedionn Usuuse
frtusu aanslindsnulunsdnideulasfidununinadou TN fsaliunsanntdn (Hanafi et al,
2012; Saravanan et al,, 2015) TiN faflautRfiamunudadefoindunailumuaiuansadiunu

nsdnnse  Auedeuves TN axfinuudegs dniusgfuiafenarsegislunssuiunisindeu Wy
ANNMUILULYDINTEUE (current density) Wasudildluntsisdidanseulsingnesnainezneuvio
lutana (ion energy) aungilunisiadeu Snsdruveniailvadluienndou (Wolfe and Singh,
1999) Anuudavesiagiigniadou (Polok-Rubiniec et al, 2007) Wudu  muudeves TiN fidrgads
37 GPa lovihmaiedeusenszuiunisendalussuuayainauuuilawes esanuduiadeu TiN 4
ANMLALSAYEAALALLIINA (compressive stress) getadunasnanmsniadhilfiAanisunsnszane
MsuANIDULATTITAIALE UL LAY (fracture toughness) YasuNULARBURTY (Martin et al.,
1999) WawSeuflsuauansaluanunmusienisdnuse anuaansaluauAmuRenIsAnnTou
wazauURnIeeuTINIsLmMguaadan Ti wag TN uan Uddin et al. (2019) na1vdn TiN daduaiunsaly
AINAIIUAENISANTSE 4 Wihwes Ti luvagiifianuaunsalupnuamudenisdnnseuds 8 wihwes Ti
uonaInANULTsazinanssnuaeauaunsaluaui unIunIsd@nusenan Stallard et al. (2006)
nanadnautiniuauudssdunisdauuuia (adhesion strength) se%3ng TiN wasfnveduruii
ANdRglitey  Gerth and Wiklund (2008) wuanURsuanudusdunsiauuuiatuiuay

=% a

WesznITandadia wu Ti, W, Mo, Cr 1wy wazauulswas@uanuiiiainmanndiseugs ASP

d! Y A I Y a o o Y a wva ¥ < = a = 1 v
2060 Fegniiauudelndifgsiu aginlrandaniuauudusslunisdauuuinfuinuazdmaly
ANNANNTOLUANNAUNIUNTANUTEATUMIY Tuuaie?l Shah et al. (2017) s1enudnoensldnures
Faneudinisunndald TiN Joge1ituainnisdnnse f1auwdasslunsdauuuiniangiiuiaena

\NnannmsmuAseumgivestunulurmgyinmsiadeuliegluseiuniminga
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[

Yaquadiou TIN gninanldegaunsnanglumsiedevfintunuiiosununisinuseuasBaoy
nslurestuay Wy uUss (Vera et al, 2008) ifesluvaizsouvenvestudiuniasiu (Costa et al.,
2010) iedesataueniiTusynen Bahr et al, 2015) Wugy us TiN fvadninlunislesiuufizenis
5IUF98998nTLAU (Paldey and Deevi, 2003; Sun et al., 2003) AAzaU TIAIN Qﬂﬁ@um%ﬂﬁﬁmi
oafuUiio1nsnusiuesoandiauiiguvniig (Rodriguez-Baracaldoa et al,, 2007) wagnsiiiu Si
Az lRIeaaU TIAISIN Hausuniunisannsefniidiedsu TIAIN wag TiN (Faga et al,, 2007); Yu
et al., 2009; Caliskan et al., 2013) wBNAINE Sun and Vinh (2010) nandmalulagaainaiiinlug
nMsfawIAAdeu TISIN uag TIAWSIN WelrinsdesiulfAzensnufveseontiaunazaudidna

7t Tuvas?t Veprek et al. (2008) nan3nAAdau TIASIN lngnisindeuluagyainiavinliauds
Banauaviadosnmniannudeusisunay Paldey and Deevi (2003) Anwinaunaznuiiminidunis
\aeuiuuuranedudwinlfaudununsinusenasauudwesinedeudiniy  Chi-Lung and
Ming-Don (2009) Ainwlassasiaganiauazaudfivig tribology ¥09RaAGoU TIAISIN uuvisamuastua
(WO) shedsnisensanuuilaweasanlsin JamuinRawdeu TIASIN faudRidenanaranudumunisin
nsoufinninfaadou TiN way TiSIN - dmSuniswadeu TICrAISIN Ty Sun et al. (2003) lé@nwinis
wasuTduulagdsnseialussuugyInAkuuilawasalsAnwaznudl Bnsnavesauduiig
Tulnsiau ArnszLavesnnIa1sATiTauAIng (cathode arc current) uazAuswuluda (bias voltage) i
naseautinnaualasaiweiuadeu Inefiduiuanusuiglulasaulasenssuaveinisenind
Fualnalurasiiviuandusiuluda azdemaliruudaes TICASIN Wiy iewinautiniena
fid maindeuiinansznusestgnisldiurestunusuinaiesiiodaideu Tng Zhang et al. (2015)
Anwnsie@aau ALCIN, ALTISIN wag ALCITISIN Uuﬁmﬁmﬁﬁﬂﬁwmﬁﬂﬂé’ﬁauqq Tnenuin dadafipdou

al

Ay AICITISIN Ho1gnisldauiienuiunitdedafiiniaume AICIN Tuvugiiongnisldanuvesdiadai

o w

WABUAIY ALTISIN waz ALCITISIN 83liiusinganuwanaeiuagelitudfny

[ 1

519 uAUATYN (molybdenum: Mo) tlusialangfidarrudrdyegranlunislduiulse
ANENINTa AN UUNSAnTseRazn s Annsouvenannd¥aduuarlavenandug  maadeu
#28 MoN 52u9ta MoC Wunuamenieiildiiiuauanunsalunnudununisanuse Wuauuds diy
AnuAsiivesantAnanalurueldauionvgiigs (Zhang et al, 2013) Perry et al. (1992) Anwn
TAsaasenBEnuuUsngg ves MoN fiiunisiadeudiedinisensaveualnalaenuiinisiisy3unames
frelulasiaulunssuiunsndevdwadneauUinudumunsanvsonnndunulde Tuvasi
Yang et al. (2014) §3ldAnwilaseadne audfane wu auuds Poisson’s ratio wazauvATid1fymng
woslulaufinduos MoN fiflassadrendnuuuingg  nsUszgndldnisindeudae MoN LileLdix
AUANNNTAIUAIIUATUNIUNITANNTOVRITAAUTELANAI FaudTern99 1 Urgen et al. (1997)
Anwidnsnavestadelunisindou MoN vuRamanna1seuas (high speed steel) faedsn15015AU04

LAWMANIINANTENUABAINLTY ADIUVUILAE 1AT9E31aNENTDY MON Fanu31AUUTa8s MoN gelii
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doduviinalulasiou uenanidssnenudn MoN findevuufiumdnnédrsougsdanuannsnly
Anugununsanuseldfnds TIN Aledeuuumanndiseugefieainnismaaeunisanuse ball-on-
disk feagiuiuea (alumina balls) Suszko et al. (2005) viMn15tAGBU Mo,N ULHIWMENNET AIS|
440C FeBunnilnsoualinmesiudiinmaaeunisdnvsefeegiiunueafigumgiisingg wednw
ANUANNTALUAINAIUNIUNITANNTE ANUATUNIUNITUANSIT UagAUAUNIUNSAANTeY  Hazar
(2010) ¥imsUFuUssEvesgnauIAdsseudAwaTiiadausie MoN seisnsenadenuiniavegngudl
amnuudannnitvesgnguiililiiadeuifiou 20 wiwazlinnmannsaluanudumunisanvseld
Andene  Iduuazragliinnisnydnsnavesdadusngg Tunsvuiuniseiou MoN uungvaULmIY
nsEvIuNIs A.8uunilnseuadane $399amuinalugadageanegfiszdunszualiiiviifu 0.35 A
WSIAUAIENIAY 0.01 mbar WazdnsINISaIUAY Ar/N, Wiy 1.5 wazAiminazaedimely (113
neaeunsAnuse) shanagiseiutladedell nseualuilvity 0.45 A ussiufewiniy 0.01 mbar uas

Y

9RIINITAIUNY Ar/N, 1W1AU 0.5 (Srisattayakul et al., 2014, 2016)

MoC dauianuszinmmulil TnedaudAfididnsineg wnme léun AVADILNAIET AU
uazthlileR  anaudafiuiaulamanideilian MoC luflseusuiustrsunsuanslunisiun
Usegynaldausingg  Danroc et al. (1987) na1vi1 N1siAdauiiaan MoC wag MoN me35n13n.3.5uen

Aadamssirsiaimnundanududy 30 GPa wag 35 GPa ANUAIFULAZAILISOAUNIUNITANUTDLA

'
=

fndnfanfiguendalasy Tusaed Liu et al (2006) ldduduinnisiinans C adliewndoutduans
MoCN ¥il¥dusufinuufeanndedu  Novak et al. (2010) atfuayunisnuiiofigaiaudilnilula
figaunMaiAuaueulunszuuMIAGoU MoC Tnsnsidusinansueuluuunudiningt 10% lag
dmitn vinldarduussansanudeaniu (u) #nd 0.1 wazensINIsANTNSERINTT 5 x107 mm>/Nm
Deng et al. (2013) AnwBvEwaves Mo was MoC fianunsoiadaudlululassadsszivlilaslunsyuau
nswdeuinlanssineg Paeliiauuduazauanansalunnufununisinvseves TiN Wadusn

Taee MoC Nl luTulassas F99zanIan1sniiies Mo a81ahen

2.3 N1992NLLUUNITNAADY

NsPBNLUULAEIAILINARSMILazNTEUIUNSNEALAg YN ToRNKUUN IR IR UTEaIALINE
gy (factors, x) Naunsanruaulatunisl JUANINasafdnanauaUed (responses, y) lnganAIy
AuUsvesranauauadlviioenanluvae i lvinansuaussegluidmungvesniseeniuuanniign 113
Avualadouazseivvesladudeseglussduinmuzan Snvaiailunisananuiuulsvesiiuys
sunmuvisemuUsilianunsamuaulalunislfiivieonsazamuaududsillaluragyiinismeass o1
finnseaniuukATRLINEASMILaENTEUIUNTHEA AL INANTEN UL UREANUMA I DIALILUTUTIY

= g 1% a oA A - &~ ]
naeuen sudunalinanisnaasdaiiuiiiedeniniian nseuiuni1silisendn robust process

(Montgomery, 1999)
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2.3.1 N154AT1eAINBUSUSIUTD T UNN1AED

AUUAINTIUNITNAARINTITNTIUITULALIIUIUTEAU a SEAUNHIINISNARIRBINITNIY

Y

¥ o o

a a ! A dou vy ] Y} o v °
LUiEJ‘ULVlEJUﬂ']W@‘Uau@\TI@IEJLaaﬂwjﬂlﬂﬂjﬂLLY”]@% a enu aﬂUm%Vl')VLTJGU@QGUaﬂJaa']VﬁUV]']ﬂ'ﬁVlﬂa@QIu

Y
nisladeuansfnisned 2.1 ardldaslulunisnan 2.1 Wy y) wnuardanagiil j 1ialaainns

j
1A N I1UIU

naaesluseiui i vesdadedy  laeiluuds nisveaeslusedud /i vesladuduay
msvaaedtuuiazassazfeninelinsduadunisvaaes dululumungileiuvesniseenwuunis
NARBY  AIUU N15NAARINANITYNIIWNUNITNAGBILU LB ANy Tal (completely randomized

design, CRD) (Montgomery, 2001)

M19199 2.1 dnwaiiluresoyadmiurinisvaaedunisdadowasinunuseiu a seiu

J¥AU 1 2 n NATIU ARt
1 y11 y12 yln y1. yl.
2 Y21 yzz y2n yz. yz.
a yal ya2 o yan yao yao
y.. y..
Tneil
Yie = Z Yijs i=12,..,a
j=1
Z Yii
_i-: = y | = 1,2,.. ,a
n
22
Vo= —
an

= a 'S 1% & a = 1
A15ANWINITIATIZINAIUBUTUSINEILTLTRSINAD WIsusuauklsUsuneluwnay
s¥mU (within each treatment) kaziUToUMBUAINULUTUSIUTENINLGAALSEAU (between each
treatment) NINAABUANURFIVVBINITIATILVANNBUTUTIU (formal test of ANOVA) wanslanae

Ho oy =1t = ...=

H, @ u # w;, for at least one pair (i, j) @.1)

Tnedl g AoARAsURIAIERNAlULABZIZAU Y30
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Hy:z,=7,=..=7,=0
H,:z, #0, foratleastonei 2.2)
Toedl T; WunansznulienInAuLANA1IYesIEsiu (treatment effect)
anpnlglunisAunfe
F = MSTreatments _ SSTreatments /a_l
= -
I\/ISE SSError /an —a (2.3)

1089 SSpeamens AONATIUANAIADULDIIINAMURANANTENINTEAUVRITITENTONTNUUA (sum of

squares due to treatments) SSg,, ABNAITIUAIGIHOULBIIINAIAIIUAGIALATBUGY (sum of

squares due to error) MS ADALRAYNNAIADLLDIIINALLANAINTEII NN TEAUTRI T8I N

Treatments

FLUUA (mean square due to treatments) MS., . A9ALAAINAIADILLDININAIAIILAAIALARDY

du (mean square due to error) A1 SS AUINIDN

Treatments

1 a 5 y2
SS e E AL
Treatments n e yla an

2.4
wagA1 SSg,,, AUIUIIN
SSError = SST - SSTreatments (2_5)
Tae? SS; AN
a n y2
2 (1]
$S; =22 “an
= (2.6)
2zlARN5 19N IATIERANULUTUSIUFINNGN 2.2
AN5199 2.2 ANSI9NNFIATIERANULUTUTIU
LAAIVDIAINY NATINNAIEDY 99ANDATY ANLRRYNIAIEDY F,
wUsUsIU
331/7'3"]\‘1539?1% SSTreatments a-1 SSTreatments = MS MSTreatments
_1 - Treatments MS
a Error
' SS
ANAITUAATR SSError an—a Error _ MSError
4 an—a
RRURRRI
S¥AU
WY SSTotal an-1
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- msguilgunygas

ndRINyINTIATEinanflagldnsieseiaunlsusiu wazasurainAaieveen

Funalukdazszauwand1aiy  dude Jadsiinansenudenanavausd J93ndudeamaasusaliin

o [ d'

ALadevesrdunavessEavalaiinuuaniesiusgalteddny wethnansinseinlaluldusylovd
sy

=)

AvnaedaIunsawWeuiisuAnaisvesAdunnsenineganeg 1aan o = pji #j 33

| = a

j
TAsUN1sEaUsUKALAIL150YINNSNAdaUlAENSHUS s UIBUALRALUBIANELNNTERINeA B3 4 35A8 35

Y
the least significant difference method (LSD) 75 Duncann’s multiple range test 75 Newman-
Keuls test Lagd Tukey’s test luilaznaawizisusn
AneaesaIu1savinnIsnaaeuALwAnasuatAadsvasidunaluiarseaulug laeld ¢

aa A

test FIANARANINAADUVDIIDY A

b 2.7)

ol |7ie — 3.

> ta/Z,an—aJMSE[(l/ni)+ (1/n)] 2gldinpvesaade w4 uaz u; danuunnateiy

a o (% 1

ogeildud1Ay AN t,, ., /MSe [@/n)+(Wn, )| wiern LD (least significant difference) o

! I Ao o o aw N PN o § ¥ a 1% _ _
ANuuaNeseEsliteddg o ianniagyiiu s Hy 01 |7 — 3.

q

> LSD agUf)ues H, wagasuin

o w

AT 4y UAS M LRNAINNUDYINNUYAALY

2.3.2 nmﬁmmwmaﬂu 2X unAnaiSgalazn150anUUNISNAABNUUAINUTZAUNAIN

N153AILRHANISTNARBIIINNITADALUUNITNAABILUY 2¢ wilanaiFeafinuindiaruldly
sUnuvaunsannesdndudeiindeyannnnisesniuunismaaefivanzay  N159ENLUUNNTNARDS
wuu 2¢ winpeiduasgraiisanddiismeriorifaunsiufinansvaussiidusunuiiniaseld sl
Jedndudeaifingannassuenmiieainnisesnuuunisnaasuuy 2 ulaneliea  N7599AUUYNTT
NAADNLUUAIUUTEZAUNAIN (central composite design, CCD) Juniseenwuunisvaasmiilésu
mmﬁauﬁ'mmmLLﬁﬂﬁgwﬂu'gﬂLLuuaumﬁamasJﬁWU’jwﬁehuIﬁﬂuﬁuﬁmamauauaq N1500NLUY
msmaaqﬂfgﬂ%ﬁﬂm Box and Wilson (1951)

nseBnLUUMINAaBskULduUsraunarsdumaianislumsinseiseiaiuinanauaues
(response surface methodology) 7il#¥uainuenluniseenuuukazn ISR UINARSuTuay
AS¥UIUNTIHAR (Myers and Montgomery, 2002) n1588NWUUNISNARBIRUUHUTZNOURIY 2¢ Wil
nevanioudioganenasweusiazady saufugaluLuIunu (axial point) n3eluuuaguan (stan)

JUT 2.1 wag JUT 2.2 ULanIn1598nkuun1saaedwuudulssaunatauuy 2 uianaisvalaguuy 2°
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wipnaisea lnafgaifenisitnisneassuuuianaisealisuinunigglinay Tuvuenynifenis
Mn1snnaeanganInatwewdardafullsuunumeuaiumasy wagaaiidenisiinisnaassly
LuINUMe Uk UM AT ULUAIESUAMEALY (Anderson and Whitcomb, 2005)  N1508AKUUNTS
neaBIkUUdINUITANNaIMUY 22 WiAnelsualdnuIuganifewiin1seassme 4 90 (AUN1588NLUY
N1INARBILUY 27 unAnalsea) SIUAUANINa1NveudasdIqedn 4-6 41 wazgaluluINusn 4 qa

I~3 | 1 3 a a o Ql' 4 o
530U 12-14 90 d1UN1T09NKUUNTARBILULAINUTEaNNaUY 2° uilanaiSeatduiugniidedsi
N15VARBIAT 8 A (AUNITOBNKUUNITNARBILUY 2° unARaisea) SIufulanenalaveiazladedn

4-6 91 uazgatukuIunudn 6 9a sy 18-20 9a 1Jusiu

o e el 4]

SUN 2.2 NM1309NKUUNMINARBILUUAINUSTANNA1IDY 2° WARBISEA (Y15YausaA, 2557)

TunU{ua nsesnuuunIseasILuUdIUUTEaNNa9RzIinluIINAITInaILUULTusuAY
(sequential experimentation) NA13IA8 N1FBENKUUNITNARBILUY 2° urlAnatseagniuildiiveils
14 Y o o v v d‘ = . ¢alal [ 1 1 [
UayallNuLUUINaBIdUAUTINL (the first-order model) uagnaundidadesiusyninaaeslale (two-
factor interaction)  ag3lsfigny nsiiiugansnasvesuiardaduanunsatielildsuuuvannisonney
a 1 A A IS a dg” A =] 2/ [ v [
AU etakaziinumInzanIngly lnsanizlunsainaunisonnssivwiliiduidulag ¥
g1aiinadidtaetegiiy  HMHaNITIATIERANLUTUTINYRTBYATIlAAINN 1 TIARB LU 2 uilA
natsaniounigyaninasverazdadewandiiuinaunisanassiivuilduludulds gnaaes

Jndudesinnismaasniinlaesausiuduyaluwuiwny  Tuviwesndudu dmanisimsiziaiy
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wUsusiuveseyaildainnisnaaewuy 2° unanasuanseumegnnnatweusas Jadouandliii
Maunsoneesldladuwldududulas dneassdndudemnszauvesdadelvdauniinanisinsiz

AMuULUsUTINAERanslTiuINaun1sannasiwuldududules  nisuisysiuveatadeind a1uise

=

nsgvildnansds uiisuileidenldde Anstutudenmaiiduiian (steepest ascent) FafiuiBnsiivh
TAnnsindeufiegradususuvudumeiifinrudunnniign lufienefifinsifiutuvesnanauauss
qean  vieIsnstuasiiovnaiiduiian (steepest descent) daduismsiivinlmiAnnsindeuiiegnaiy
Susuuudumaifiamnudusnniian lufiemafifimsanasuesnansuauaisign (Box and Wilson, 1951)

faulan1sonuuun1smeaesuuUdINUTEaINaakar T Tg iR Ts Hufnanouaues
anusafnenfiaduldonn g ased (2557) Myers and Montgomery (2002), Anderson and

Whitcomb (2005) 1dugu

233 NMFIATIZRNAADUAUDINAEA?

MuAteiisatestumsinseiausUsdsinvesiadeiiinansenusonanouaussane
(multiple responses) WU AIAINLLTS AIANURIIURIATBUUUALUD Anvhminfimng lundsannnis
nageunsinuse Wi msuidamiienfunanevausmanesansasnuiunslénaiss wu ns
TdulnsesnvonanavaupIuiarfueoutuiy (overlaid contour plot)  agnslsfinnu 3aiill
wngdmiunsnaaesiifisiuiutadounn Wewinnsldidulasssivemanevaussdoddnsmansia
wazazdosviudsiudodn k - 2 drlseglussdunsi Tned k Aedwautlads  uenaind a8l
Anaugeenuazlisiusulumsnudulassisdoudiy  wanannslddulaTITIveINanaUALDILS
A¥AINMNTOUNTUAULAT N1TITUUINIINTUIANANZELATE constrained optimization problem 38
nonlinear programming methods Aau1saldundgmilauiu  Deringer and Suich (1980) wugiin

(%

Wilsddumudanala (desirability function) Fuduisnlasuanuidenunisnids  uideilayldn

@]}

HanFumuRanelasIuAunsIEEUlATIS19UDINAR D UANDILAAZ AL T D UTUNUY
a 'z ~ & aa a & Al 9 | Alaa aaa
Filsnduaudianeladuisnanadinaiansildlunisuitaymnismanangalunsaing
naneuausIaefidzviouliiuiassiuremanevausunasiilumeuveanavaustosiign U

fananauauesnuIniign Inefaumdndeus 0 89 1 FBdEuINNsuUasAmanavaues y; WJu

I v

Hafdunrrufianalaifen (individual desirability function, d.) 3efid1egludae 0<d, <1 &1

Y
|

Hanauawes Y, agluveuiwniveusulivesvinisvaaswdd At d; agdawriniu 1 luvaeideniu o

v 1 a1 '

Wanauawes Y, Wegluveulnfiseuiulavesfiimmeasud 1 d; aelidwindu 0 lunisudasen

(3

INHanavauadLmazi lmduaA et duauiawalameTuilTnaUseasd 3 Usenisameiufe #aanis

9

TlaAuniian (maximization) Aaan1sANteeiian (minimization) wagdainishalaaimiuiiinue

o

(meeting the target) Deringer and Suich (1980) wugtkuINITluNITWUaIAIAINNARD UAUBILAAY

(%
Y

mlnduanilsidunnuiisnelafenuingusyasaviaanudsgun 2.3-25 903U A1 r vnefedividn



17

voeilsnTunuieswela (desirability weight parameter) FsilAsaua 0.1 59 10 AN ueflen Ty

Anufisnalavziinavihlvilanduanuianelaneuandreiulunuudas ngussas

low high

5UN 2.3 naaavesilanduanuisnelalunsdifdesniseunniian (1syased, 2557)

=

AR TUANU NN D lAREINARINS AL AN AEAAD

q

1 y, >T
y. — Low ' :
di=q|=——|, T<y <high 2.8
i (T—Lowj y g (2.8)
0, y, < Low

lae?l y; FoAmanauaued Low Ardnanavauswinganeausuls uag T Aerndmuigasgaves
HARNDUABY

low high

JUN 2.4 maamvesilanduanuiisnelalunsdinesnisentdosiian (¥gyasen, 2557)

&

AN TUANUNIND LAEINABINS A LAR LD NERAD

q

1, y, <T
high-y. Y .
d=q——=1, T<y <high 2.9
i (high—T] y; =hig (2.9)
0, y; > high

lne#l y; FoAnanauaue high Asdnanavaussgiganuausuld uag T AeAndmuieasgaves
HANDUABY
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low target high

JUN 2.5 neanavesilsiduanuiianelalunsaiidesnsefiimun (¥used, 2557)

wazANTNNTUAMUNIND LAREINABDINTIALAAIAUNAINUARD

rl
Yi —low , low<y <T,
T —low
R r2
d =[N =Yi ) p oy <high, (2.10)
high—T
0, otherwise

Y] | I3 'z = a v 'z = a '
nasanLUasAnanavaustduilanduauianelamendl Handuaiuianelafelnnay
nanouauezgnuladuiledduminuiianelasiu (overall desirability function, D) wda3avinnisnn

AiipTigaves D
_ N Y wi
D=(d"xdx...xd )" 2" =(HdiW‘J (2.11)
i=1

lag?l D feflanduainuiianslasiu d;, Aedleiduanuiionelafed n AsduiunanauausILas w,
A 1 o w ! = n
ADAAUAIAVINANDUALDINNY BeliA1 O<w, <1 uaz Y w, =1

U srasAvasAInuianelasInAen1ITmIAIgeaaes D dernlianuiianelageanae 1

| aa

MIMAANgaves D amnsamlaindane3iy (algorithm) na1eds  danesnuilasumnudeusin
FWndlefe nsmAnAngauuuFumAnd (simplex optimization) Jaiauslay Spendley et al. (1962)

uazli3unsuiuUsssane3iuain Nelder and Mead (1965)

2.3.4  MFIATIZENITUNINTZAUAUAAALARDY

1% ' ' '
[ I aa

av v a ¢l a "’ a
‘U'Nﬁﬁﬂ"ﬂ@ﬁ/lL'Vill']zall‘wvl,@l'ﬂ']ﬂﬂqi'}Lﬂiqgﬂwumﬁmam@UauaqaqﬂlﬂiL‘Uu@@m@m?j@ I@ULQWW%I‘U

NS2UIUNSHANNINaRDUANDI AN IIRaN1SIURULUAI99952AUYRIUATY  UNNNSEUIUNISHARADY

[

nnusednsyislunisususeavveslade wielifanansenuseanuiuwysiuranauausstesiian

a1

NIEUIUNSIANTANanaUaURLUAsuWlaI081959A157 Wiadin1sususeauvestadedniies azvinla

Y

\AnnanTENUAAMANYRINARS NI W InTunzaulviAwanauaustaanilontafsaunila a1l
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[ '
= I

ANUNUBUSIAATUNAUY  NISWIATANZEN Bl AN UIDUNYIN A TNanauauedllRsawnInTodl

a a
4

AnuTuFsuresituinaneuausadudeiivilinssuiunsndnvienun mueanfaridanufunds
toviian Ineflgaiivmnzaniulisniufeaiuangsan  nsliesgimaefivangadludnumzdanuse
ffiunshilnen1sinednisunsnszatenunaInndeu (propagation of error, POE) n153wsnei
nMsunsnszareanuaanndeulduisnsildlunimmiseivvestladeivinlvinszuiunsndnvio
wAnA A mATan Tnevhlienuiuuusvestansvaussiiatesiian daduwufavesisnsind
g1 (six sigma)
MnTgEnsunsnszaeaueamadeutlulilunmslinsessiiuinaneuaueslagende
mMsfumadamans  mM3duiunsiuanmsinsUuuunsanaes B udunuunmlunanisaaes
PINANNTT
Kk [
Y=PBo+ D BX+ D BXi+ DD BixX; +& (2.12)
i=1 i=1 i<j

] A ! ' a . 2 »Ls/
JunausolUfio ®1A1AULUTUTIVIBIAIAIIUARAINAGDY (error variance, ¢7) 19a1NA1919n13

JATIRAMULUIUTIN MnduAwIMAeuwlsUsIWIestate of, o7, ...,07 wandlanaun3ng

ch, 0 - 0
0 2 ...00
= - ‘2 7 213)
0 0 - o
AUIUMIAIAINLUTUTIUTDINAR D UALBI LA INANATT
Var (y) =V'EV+o?’ (2.14)
Towil
oy
0%
oy
V= 8_x2 (2.15)
2y
0 X,

dl‘ | I
FAANANULUTUSIUVDINARNDUAUDILLUU
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oy
o, 0 0 X
0
0 o) - 0| 2Y
Var (y)=| X OOV T o= DS g (2.16)
0% 0X, 0 X, T 2
0 0 o} ay
0 X,
e
6 2 6 2 a 2
Var (y):(a—ij O-fl—i_(a_)ZJ a§2+---+[i] op +07 (2.17)

AU AL LAAINITUNSNTLYANUARIALATDU

POE = Var (y) (2.18)

al

A15ILATIZIAITHNINTZAYAIUARIALAF UL TAAIAINURULUSUDINAN DUAUDIUDENER LAY

9

Anannsdsinuvestadensediudsiainsanivauls  emunzaniildainn1sinssiaagisd
g13vzwanARiulUTuegfuauianelavednsgime Inefdesilinssuiunsnanvsenansdund
aanmduiiseusuld  nistsigrinisunsnszateaiiuaataedsuazliAinnudunysves

4 d‘ a [ % = v ldll L - a
HanaUaUDItBeNgn lnaiinainnisdwiuvesdadensedwlsiliaunsamuaulanme  s1eaziden

aunsadnwilaann Myer and Montgomery (2002), Anderson and Whitcomb (2005)

av dad v 4

2.4 UIYNLNYIVDINUNITDDNLUUNITNAR DY

UnIfenatenquuszenalin1soeniuun1sNARBILUU AN TINTINITOBNKUUNITNARDILUY

drulszaunalawaznIsiATIsRaIedsiuiInanauaues  luilaznananiznisussgnaldluay

Ao

AAINITUNTAALADULANLLALNANTENUVDIUITLNLURDNTANNTOVDILAT DL DAALALIUAIUATDIININA

Aiunisiadeuiadefageag 01 lunudaudsiimdannnsindeulansdadunuiondeainy
azidunilelrilafnanuivanzaniusmsnniian Krajnik et al. (2005) Anwidvswavestladoszogmams
welianstaudeiiy snsnsteu amnaniiseuvesdenazauiilunmstaiinansenuseainumeny
Aaveslang 9SMn28 Tnan1suszyndldnisesnuuunisnaassuuvdinUszaunaisuaz Hui-
nanavauaslagldisfidumuiionela  91u3Teves Aegarwal et al. (2008) AnwinszuIunsuUsIy
Fuaudeiedonds ONC Tnsldniseanuuuntsmanosiagnsiinesiiiufinanauauasaugiunis
Ansgrinanavausaefiieilsiduanufisnelafenansuaussiinsinszindoutue ey
msldauvesiandanaznislimdany luvaziidadeifiarnnd 2 Jadede mnudasevlunisdn uas
ANNANYBINITAR  Rajmohan and Palanikumar (2013) Uszgndn1sesnuuunsnaaasiuudiuyseay
nasuarIEuRInanevauesfiofnudvinavesnniununyy sasdleu wagtvinves SIC id
NANTENUABLIINAN ATUMETURIB UM uLAANgNAsY (burr height) Tumsianetusuiiviiaintan
uasiloiulane (AUSIC + Mica) feiniesanednluliAfidfagaisvhdensluduunduriugudnans



21

6 Tadiuns Wnenuimaiiudnsnisteulunisinzdunuiinay liiAnusHanveATo LU NTULAL
iAnwssUauazauTaugulasinlugnisiiiumnume Uiy

v @

Gl’mﬁﬂ’ﬁl’]’l’j’]ﬂ’]i@@ﬂLL‘U‘Uﬂ’ﬁ‘VI@a’eNLLUUﬂI’Ju‘UigﬁﬁJﬂa’NLﬁﬂ%u‘mﬂﬂﬁi%@ﬁ@ﬂLLU‘UL‘ﬁu@u{ﬂ‘U

=

naFe NMssenLUUNMIMAABILUY 2 ulanaiisagminnldifiefindeyaitrfunuudassduduiinis
naznaiftadesiusyninanstads  mafingeRsnasveausariadvanunsataellaguuuuaunns
annoeiuualdnduduldsmiely deeneflnavidrdeanogde  Rathod and Lalwani (2017) 14
nénnatenanlunsinunavinaresaniiie satou wasUssamvestunuiifinansznusonisin
n30v835iAnda (TIN coated cubic boron nitride) kagAUNENURITBSTUIIL (AISI H1T) nnsAnwil

bing1udn slsvvannsimunzanvesnsdnnsevetianislunvuidunsduvae igusuuaunisn

Y = o 1

winranvesnure UL dudulA s ludesinismasesiinfigauuinny - agalsiony §3deans

I ax = 1Y Ao a = & aa Ao g v a d' A
Tgudnn15v9935n150uaInIeN1SNTUNER (steepest descent) FaluisnisnvinliiAnnisiadeusiogns

q

[ YY) £ aa Y PN a aa ° .
Wuduauvud@unianiianudusiniian Tufian1siin15anasswanoUaueIing (Box and Wilson,

9 9
[

1951) Wileman1isvanganvasdaderisaunvilvidin1sdnvsevesandanign
I3 [ = = a a Y o ' wa
nsguansalasulunszuiunsnilslunisfinydnsnavesdadosneg Ainansenuseautinig
na audAn19anIgAINLaEAINEINITAUAMNAUNIUNTENYTEYRWUAIUATEITNINA  Bayramoglu
et al. (2008) AnwnnanevazanvesladsnsyuainlasuNinansENUABAUNUIY IR AREY
lpgldn1598NkUUNTNARBILUUAINUTLANNALAZNNTIATISAMETTNURINANBUANRY  HANITANK
NUIANUNUITDIR AR UL RUT U LA NNt UYRINTALATINTUNSYU WiAUTNTUNYINlTAR

YY)

ANUNUNGIEABYN 282 ¢/l niduduiinnitiainuvuivesiiazanas luvaziieliugnsdiuves

[y

[ a o a &« v o Aa 1 [ 1 g v aa 1 1
nsadainiunsalasiinfilluladeddgyniinansenuseninuvun lngdnsdunlinadngnodsenin

Lo

0.0005-0.010 lnefidnsaunangneyi 0.0075 wuanni gaumgilusndinansenureudegsaniy

Y 9 Y Y

'
a

MY BT U Ui UlAgAUTUI YRR RRUIEITLT Ul B g un g TTug1un ey Tnugaumgiln

winzalun1Inaaedegi 58 °C

mstadauRaeag TN, TIASIN uasTandus fedsnisndeunuunieg danuddgdusgisn

[
a 1

lunsiiiuengnisidauvesiudiuiasasdnsnawasinsosdiodaloulans  N15ATIERMIEN1IEA

]
aaa a 1

LW@J’]%&@J‘U@Q%Q%&J@’N? NdNINaneauTRNIINa N1IN1EAINLAEAINEINITALU AIUATUNIUNITEN

(v Y

< & av da = 13 = v & = a o Y @ o v
‘Vﬁ@ﬂLUU\WU’J‘R]‘EJ‘VI&Iﬂ’]iﬁﬂ‘lﬁ}’m%ﬂuigﬂgL’Jﬁ’]ﬂ?ﬂﬁ]ﬂﬂﬂﬁﬂ]ﬁ;UUﬂEN?JUﬂ’J‘R]‘EJVLﬂJUEJE’JﬂEN?‘W\‘]I“ULLU’J‘VI’NH’W

a 6 v Qddy a (3
PONLUUNITVNAADILALNITIATIENAILITNUNINANDUAUDY  Saravanan et al. (2016) ‘Ui%‘qmﬂﬂ’ﬁ

¥
aad a v

POALUUNITNAADILUU Box Behnken n1353tAT121A 838 NURINanaUaue s ilanduauianels
waznsLUEUlATITNVDINENDUAUBILAAZAIN1I T UTIUAY (overlaid contour plot) WEME@N1IEH

wingauvesdadunIsnaaeunsanuseninansenusiemiaimelivesianiiunimaaeunisdnnge

[y

(wear mass loss) AENUSEANBLINESANIU (friction coefficient) AYAMUNIIURT (surface roughness)
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A1ALENTB9508ENTT (wear depth) LazAIAULTWDITUINUANIUNITAFRURIAE TIN UuTan

UszammannanlSany AISl 316L

J a

=2 a v A < Y LY [d vl o
I1NNIIANYNIUIVYNTILATBULUINIYIEAR NI llﬂ'J’]llLﬂulﬂlﬂﬂ%%ﬂﬁﬂﬂﬁﬂﬂ’ﬂﬂJﬁ’]ﬂJ’]ﬁﬂIUﬂ’NﬂJ

a1 !

AuvuNsanusevenzeiinaINnsdendvesianiseunit (luaeu) Aren1smaasseInAIme

NEVN

PIULALLATINITBuarAnElARRNLUUkAYaT TN AN YIS BUWIE U Ra ez s e la gLy

PANNITODNLUUNITNAADILALTNINETA
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ada
‘U‘VI‘VI 3 531U8UIDIY

sudeuisidelumsinwiutseenifuaesdiuiio mifeAnwanuannsoluauduniunis
dnnsov09nzr0a1akazuL Tnon15UFUUTIANNMYDIRT YDA 19T AN INaNTENUTDIT AT YR
NIEUALMIYUBNSAlATLABNTANMTOVDINLYRASEIUNTUTUUNANN YR IR YOUUTIRN Y INAN TN
YDINTLARDUAILAITLARDUANNS UUAZVOUU

3.1 52108U358N1TUTUUTIAUNINYRINEVREN

prvedIsvianmanaInaUIe JIS G 3522-1991 SWP-A Fsfldrunaumianiiuszneusie C =
0.60-0.95 wt%, Si = 0.12-0.32 wt%, Mn = 0.3-0.9 wt% %umauﬂﬁﬁﬁwmmadm’%mé}’ué’wmiﬁugﬂ
prroadliiidnuasniunsveioiniesiaimdnuasaiesiamanliidnuundunzee  nstugudoady
nstusUku (cold work ) letlestunisudsuuvadassadunieluresiueu - ndaanldnseild
sUadunzvouds SududeundouialiiianuFeunediaziluyueninlasusiely  nswTeuin
annsanseildainnsdndaed  antu fdmereluguendalaslugimy  dunounisvhaztedi
Lanafagul 3.1 msyuenialasuiigauszasdndnetnamisfetisiununisinusevesnzredns s
aﬂmamawumwmuﬂsvmumﬁwmimimmﬂaaamammﬂa
- aumuvesihyuanialasulaeiiiayuiivunniinrudiununisinnseganil - AvmmUYes
futuegfuanududuresiengu Snsnduseninsausazein nssualnilh gamgiives
S MAEATIINTYY
- mmﬁawmﬁaﬁﬁmmhaﬁmmL‘%&J‘Usuaqﬁwu%uag'ﬁuﬂa@mm%mm 01AUVUIVBINT
YULN mmL‘%ﬁUﬂJaaﬁaﬂguawaﬂﬂﬁﬁuagﬁuﬁaLau wagsilanudununsinuseazifiuann
PuusiFadldinauu
ATt dunmsanudnsnavectadesieg ilnansenuseruansalua wiumunnsan
vsovesnzvoaslnetadeiimsnumleiun
- gampilumstuguiuansnstuoravidliinvesdtunuiiarudeuunndaiy negamgilunisdy
sUAinenTl 5 sedu musULUUTeIMINARBILUVAUUsEauNaNs nsTugUitgumgd 0, 30,
105, 180 way 210 °C  ddusUitgangiaendt 210 °C FuruAanisuandnidusiuiumin
wazshliAnnsdsuuladlassaianieluvesduay
- msdnintunuiewmiluguendalasy Fdutlagtumsdninduanuldldiduledn (Hudediedeu
shenadn) iiesegraden oadunailsildliwomnziunsyuarialasu Jainismaass
dunstatulpelitndnsnduneundslaefmuanarlunsdaiu 2 uiidedu
- natlumisgu Tunsfinsaded fmunnanlunissy 32, 40, 60, 80 waz 88 und Snan1seu
Undirdy 50 luaseudedalus dadudgu 40 unitagldanunuimesinadouniity 35
lumsou warayu 80 wilaglinNurLIveIRIYUWIIAY 65 luaseu
- PpnuUUNMIMAaBLUUdLUsEaunaslneiitedvaestladeMilunuuideUsina (quantitative)
Fogamgilumstuguuararlunisgulusasiidniadodusuilidedes (qualitative) #onis
Infntunuieuiluguaialasy  m1afl 3.1 uansdadouazseduveatiadelunssurumayy
g1inlasuvesnzyoas  M3ell 3.2 wansansetuiinaanismaasslunisesniuunsmaas
wuduszannandlaefnansuaussiermmiuuiwediienialasunagnanisnageunisin
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7®381A8Y11NITTUTINNANITNAADIUINUNVDINLUVDADULALNAINITNAGDUNITANNTDAINAT

PNAADUNISTANNTDUDINLVDANNILLAIDINDDIUITIULTINUNTUANEN

AU TalATEITRAAINULTIEe Galileo, Microscan OD

End of a Upp

| |

7. Clean and p rc;xuc for hnm Lhmmc nl.mn;.. 8. Plate hard chrome to obtain final lower hook.

U 3.1 Fumeumsvhmzwaans (Intanon and Saikaew, 2016)



25

M19197 3.1 Yadeuazseavvesdadelunssuiunisyuansalasuvesnsuoaid

REANY)
Jade fnam (I992) #in nang 4 g3an (399)
gaunQil, A °0) 0 30 105 180 210
138, B (W) 32 40 60 80 88
6]’15'1\‘]‘17; 3.2 N5 1NUUTINNAN1TNAABIUAISERNWUUNSNARBILUUEINUSTANNANS
Uade AMNLDY  WanIvAd@euNISANTTe ()
PN, 18", mMsdamituey,  (HRO) nou (g)  wds (9) Yhoindi
ey A B C mald (g)
1 30 40 Thread
2 180 40 Thread
3 30 80 Thread
4 180 80 Thread
5 0 60 Thread
6 210 60 Thread
7 105 32 Thread
8 105 88 Thread
9 105 60 Thread
10 105 60 Thread
11 105 60 Thread
12 105 60 Thread
13 105 60 Thread
14 30 40 Thread&polished
15 180 40 Thread&polished
16 30 80 Thread&polished
17 180 80 Thread&polished
18 0 60 Thread&polished
19 210 60 Thread&polished
20 105 32  Thread&polished
21 105 88 Thread&polished
22 105 60 Thread&polished
23 105 60 Thread&polished
24 105 60 Thread&polished
25 105 60 Thread&polished
26 105 60 Thread&polished
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a v

UBNIINMTAATIENTOYAAIENANNITNERARET 9138l

[

As1elasaasieaneluaiendag

BlaAnTOULUUADINT A (scanning electron microscope, SEM) NINOULALUAINITNARDUALLTILEAY
ASNAABDUANUAINNTO MUANUAIUNIUNITANNTDARE

3.2 52:08U35398n15UTUUTIRMN YD INZ VB UY
pgrpUUNERIINNIdDIMAnndTlfaiuuuuiiame (ost wax) Tasmzvevuiivuiaduniiu

Audnans 5 Tadiuns wazen 90 fadwns U7 3.2 uansdnwaziaz ez vouUlidmiuAnw

Tunuideiliiteldluniamaasuaunds manaasuauneuindunuiiiunisedeuuduaznis

NAFDUAIUAIUNIUNTANNTD

&
3
2
1
> B R 0
I
1 -9
L 90 {mm) .___

1Y

SUM 3.2 AnuazuAILIATDINEUOUY

[

a ada [ 1 I~ ] = =1 ada o [y
321U8U757998N15UTUUTIAMAINUDINE T VUL UIeRNUU 3 d1UAD S8LU8UI57998N15UI VU

a

nryauuAIenIsiAdounds TiN 53lsudsidunsusulgensuauumenisiadaunis TIASIN uay
TICrALSIN wazsideuisidunisusulsaneg

a v 1 ‘:’ll
eavidunssialull

[
o

BUURINITLATBULYS MoN, MoC wag MoCN Tagdl

3.2.1 53;1’72/U55"7“5’£/n751]§’111/§\1m$7/aUw’i’wmsmﬁawvﬁo TiN

N3AN18NENAaeITATUA99) NANANTENUADAILAILITAIUAIILAIUNIUNITAN N T LA ZAUUR
due vowmgrauulunszuIunsiAdeuldsne TIN  nsiadeundesie TiN @unsanseyinlananeds 33
oblique angle sputtering {u3snisldlunisindou TIN vuRzvauy  JUT 3.3 WAAIUNUAINNTS
\ARaU83T oblique angle sputtering sldsunisatuayuanguimalulagdidnnseiinduas
ADNNIADTUNIYIA (NECTEC) Saikaew (2019) Anwrdndwauesladosiee Nnansznunodniinig
wwapuuuazrauulunszuunsiedaulds TN #2873 oblique angle sputtering lagl szaginesewing
[y PN I~ 1 [ d' I~ 1 . 13 aa a a o o =
Tanngniadeu (WU ngve) wagdanindau (Qu Ti) Wuszezasiie 50 dadwns Jadenldlunisiinw
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Ae yuaadesvesgunsaldmiuimsvauy (0) dnsInsuyuseudivesgunsaldmiumsvauy
nszualiiih Anwsuagsasdunsivafe AN, TagvinseenuuunsvaasauuLisaduiaunne
Seauuu 2 (fractional factorial design)  Wan1sANYINUIIBNTNATINTENINTATyUAALDL VRS
gunsaldmsuinmsrauu (0) warnszua uagdvsnasiuseninladeyuaiadeavesgunsaldmsuing
agvau (0) wavdnsiarunisinading AvN, Tavinasgaditeddysenisdsunlaveadnginig
\deu TIN UuRzveneoIu  8nINsiadeugsgaues TIN agiiszduyuaiaBeswesgunsaldniuang
pguauu (0) Ao 75 e nszualifinegiszdu 0.45 A wazdnsrdrunsinafing AvN, egiseiu 1.33
dudnasstadvegiiszduiiannsoufiinmaedeuldodiumnzaluniveaasugemansuazdug  lu
msfnwll {idedaamsfinudninatesnszua Anudusar Sasdmnsinafing AvN, Alaviwasen
anuufsvesinadou anjminiiveluresmerevuiiiunisvaaeunisdnuse Tnsfienauudld

1A383IAAIAINLTA (nano indenter) 8% UMIS §u UMIS ||

Vacuum chamber

Cathode shield ———1 . | 7

N
// E
-
Cathode (source i
material)
- Anode
|
Argon inlet l /]\
High voltage

To vacuum pump

5UN 3.3 UHUNINNISIARBUAIETT oblique angle sputtering

A1519% 3.3 Yadsuazseauvastadelunssurunisiadaunds TiN

FEAU
Uady Man (39972) i nang @ ean (39a)
(Ardadeluguissiia) (-1.682) (-1) 0) (1) (-1.682)
nszke (A) 0.32 0.35 0.40 0.45 0.48
AL (Pa) 33 50 75 100 117

dms1aunstuanie Ar/N, 0.15 0.50 1.00 1.50 1.84
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M35 3.3 uanstladouarseduvesiadelunszuaunsindounds TN rnas1saziiuindn
taduanslugufuussia (coded variable) warlusufiuusads (natural variable) Taesialuudn
sULuvaNMsoanesazuanslusUf U samIzAne AduUssanseneg aunsaulaniamineuas
dlaldiendn egslsfnm mslinszsinisunsnsznernunanirdeusioddsuuuuanmsnanesly

JUAILUTAT
Anuduiussenindadeneglugusiauasladuneglugudadeasuansadell  dwsulade
nszualiil (A) wansanuduiuslacil
DC - (Dchigh + DC,OW) /2 -
(DCign — )12

Iow
lne# DC Fatadenssualniinfieglugutadease DGy, fosvivgmasladeiiogluzudadease luvaen
DCiow RRTEAUMVDIYaTeogluguladease ey

_ DC-(0.45+035)/2 DC-0.4
(0.45-0.35)/2 0.05

dnsutadeaiusu (B) wanamudunustasall

Pa—(Pa,,, + Pa,,)/2
B= ( high Iow) (32)
(Pahigh - F)alow) /12

lnefl Pa Aeladuaruduneglusudadease Pay, Aoseiugivestdadeneglusudadeats luvaen
Pai PRsiumvesdadenegluguiadeass  datuy
_ Pa-(100+50)/2 Pa-75
(100-50)/2 25

(%
P

dusutaduonsinan s Ar/N, (O) wansanuauwustanail

Ar—(Ar.. +Ar. )2
C _ ( high Iow) (33)
(Arhigh - ArIow) /2

Tnedl Ar Aotlidednsnauves AN, maﬂiuiﬂﬂ%msq Altigh AR muawaq{]%waﬂmﬂﬂ%sﬁm
Tuvnig? A, ﬂaimumﬂaq{]af\]waaiuiﬂﬁﬁmmia Pty
_Ar—-(15+05)/2 Ar-1
(1.5-0.5)/2 05

Auduiussyninaladeeglugsiauarladeeglugutadeasauwandlannnsnen 3.4
N153ATIERANdNTUSsEnIgURUUaNNITanneedndAmIsaniuteyanlnaInnis
nnaeRsselituasa e eilanaeds  lunisdnwilldrndesiduanunainndeuduysal (the

mean absolute percentage error, MAPE) U94A171lA91NN1S1A80LAZNITIUINAINENAITONNDY T

Jeulaann

MAPE — Z lactual — predicted value|

x100 (3.4)
n‘s actual value
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Inefl actual Aeanilaainnsnaasy predicted value AoAMAINNNNTINUIPAINENNITONODY WA N
ADINUIUNTIINITNAADINIDINUIUNT AN UARDUTLUTY (treatment combinations) Tun1snaaes 1w n

=18 mumiwﬁi 3.0 1 Judy  ANUNUNEVDIAN MAPE LLam@ﬁmiNVi 3.5 (Makridakis et al., 1983)

M19197 3.4 anuduiussenineladeedlugusiauasUadeieglusutadeass

Hadoiegluguiladvads Hadeieglugusvia

No. DC current (Amp), A Pressure (Pa), B Ar/N,, C DC current, A Pressure, B Ar/N,, C
1 0.35 50 0.5 -1 -1 -1
2 0.45 50 0.5 1 -1 -1
3 0.35 100 0.5 -1 1 -1
a4 0.45 100 0.5 1 1 -1
5 0.35 50 1.5 -1 -1 1
6 0.45 50 1.5 1 -1 1
7 0.35 100 1.5 -1 1 1
8 0.45 100 1.5 1 1 1
9 0.40 75 1.0 0 0 0
10 0.40 75 1.0 0 0 0
11 0.40 75 1.0 0 0 0
12 0.40 75 1.0 0 0 0
13 0.32 75 1.0 -1.6 0 0
14 0.48 75 1.0 1.6 0 0
15 0.40 33 1.0 0 -1.68 0
16 0.40 117 1.0 0 1.68 0
17 0.40 75 0.16 0 0 -1.68
18 0.45 75 1.84 1 0 1.68

a ] ¢ 4' ) ¢
MA1919N 3.5 ﬂ’]LU@iL%u@]'ﬂqﬂJﬂa’]@Lﬂa@uaﬂiuim

Wesldumnuamaindeudaysal ALY
MAPE < 10% e

10% < MAPE < 20% A

20% < MAPE < 50% annsagausula
MAPE > 50% lalanansasausuls

Lﬁ@lﬁmamm;mﬂszaqﬁsuaaﬂﬁﬁﬂmﬁ mMsmanefivnzatvesadeuaznsuidywiieniu
nanaUALaIAIEi (U Anrmuds Ardwidnimell) Aldldamgauszasdannsanldainnis
Aps1zrReA i uRnanevaue s AUTlsiFunufianels (desirability function) (Deringer and
Suich, 1980) TagfiiinsldidulasisavesmansuausiLiasudouuiu (overlaid contour plot)
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YaNINT TP NTUNITIATIEANITUWNTNTEI8AMUAAIALARDU BUTUATN1TNITIUNTITIMTE AU
a o v & oA A a ° ) ) A Y PN
vilvinsgurunisedau TiN daunmaign IneinlianudullsvemanevaueliA1tosign

Wsunsudnsagy Design Expert® V.7.0 L%‘fJum%aﬁaszjwiumﬁmmzﬁuazmamwﬁmmzauﬁﬁﬂﬁ

mmmsaﬂmauawam Ingldaauiienela (desirability) mmmuam
uenINtuMAnneidnuarresinvemsvedenmitdeanndesganssmisiannsouuuudes

nN377 (scanning electron microscope) ADULASNAINITNAZBUNITANNTE
mMsleseiidaasugamanfiduuummilsunsiansauinisdndulavesiuszneunisiile

WonldanianunsadnengnislinuvemeranazaunsainwinunMateIunnalame

ada o

322 5:;1/5/1/757aem7ﬂlivzlsmmauumaamimaauuw TiAlSIN iag TiCrAlSIN

mATeilEnwmuausaludunnuiuunsinuse wgRnssunisinuse uagAnunaudd
Banavesnzvauuivinanminndildatuvde arveuuivihanminnd laduvaeuastinunisiadouiia
Aae TiN, TIASIN wag TICrAISIN Tagnsguiunisesalussuugyainiakuuilawaiailsan lngy
Wisuidisuiunzveuuiivhanmanndlsadunaerunisyuaialasdalsanldauey

nsafunisndevfitnzvevufivinannmdnnd lfadunaelaenszuiunisensaluse vy
gy nAkuUTiamesAlsANLaTNIUNSIAGEURAIE TN, TIASIN wag TICrAISIN Sudemauny
UdpRaliSeu udriheuazernlasansdnrenluideniessansilela  ntuidunudiaies
wdeulneiaiesiliiluszuvandalussuvanginmanuuilamesalsindiivhdsans 5 Wlasiinnih
AARIsTUY straight duct filter Lﬁas‘f}jumwi’hﬁm%mmﬁauwﬁquummmanmnm%qw%’auﬂu’ﬂﬁ
mwdeuuituay  dennuduluniesanasds 5 x 107 Unamauazgangil 350 a9AYATYALAD
Funuazgminamuareafenaauveslanzanmsnianuuiiawmesalshnlaedinisdeliliduny
(substrate bias) 71 1,000 T2ad ieliAansatanefiondsanusnesnanituny  Tunsdves TIN 22
Twanaunves Ti iiieliAnmsadamesiendianUsnoaninninfunuuasesnonues Ti azgnilsasiuly
Raduay  ndnduimsedeu T dudusesitundaSaadou TiN fimusu 0.5 Uraaa tnedinns
Sellitunud 100 Taad lunsdlves TIASIN agldwanainves Cr ieliAnmsatnmesiondsanysn
DNIINAITUIULAZOZADLYT Cr %QﬂﬁiaaﬂuﬁluﬁﬁumﬂunmLamﬁ’u PntuFwihnsedeu Cr
HutusesiuudiFundeudunes nano-composite TICrASIN 1nifufandauviuduuuandae TIAISIN 7
Ay 2 Uraana Taefinnsdelnlviduau 75 Taad Tunsdives TICrAWSIN axldwanautves Cr uitels
Annsadamesiordiandsnesnaniitununazesnouves Cr %Qﬂﬂaaaiﬂluﬁa%umuiunmLﬁmﬁ’u
nduinsedou Cr iludusesiiuudaFaundeuduves nano-composite TICrAISIN gy 2
Unana Inednisdelalidueu 75 Taad - maedeuisaunsddesinugumnirenndoulii 350
peAATEANADATINTEUIUNT  AUnUIvesTUTldL I douInnsruaIunsiUsrana 3 Tuaseu
Tunsnunzaeiia 5 gﬂufuuf‘j mzmaum’awﬁmgmm%w‘ﬁyumﬁnﬁmaz 5 fadieldlunsnaaeuiauuds

ANAMUNENURD AZNISNAADUANNAIUNIUNISANNTE

N1500ALUUKAZATINA 5@\71’/@57@Uﬂ7§'27ﬂ1’]5’8?]€)\79) /]

NUITBlURAANNITORNLUULAZETNLATDINAAD ULNDTIABIANINNITNUATIEMTUNISANY
NOANITUNITANYTOAU LU Mondal et al. (2005) 8BNKUULAEATILATOIMAABUNITANUTBLUUTAE
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(abrasive wean) \ilefinwmansgnuanmaiiusindangddenganssunsdnuseuvudadiulavguan Al
7Zn Tnemusanngmsnaaeumeusng 1-7 N syeznsiadouiilu-ndu 108 m uazdnunsindeud
1U-ndu 400 cycles/time Tuvaizil Vasquez et al. (2008) ¥innseenuuuLazai1A3e Az Un1san
wsolagUszyndliunnsgiu ASTM G133-02 luguiuy ball-onflat iileAnwingdnssunsdnmsevesian
wanlnawes lnefvuaanznsveaaauionsang 25 N szognsiadoudilu-ndu 10 mm uagvadey
Tuanmzuuuiiansvaedudifinnsmuauenmaiivesaisvasdu  Yousif (2013) vnisesniuunazaing
\SemaaeunsanvseiiieAnmmanmalnsiulad neUszgndldunmsgiusieg Rerfunsmaaeuns
dnnso lawA 11MsgIU ASTM G99, ASTM GT77, G137-953, ASTM G655 uag ASTM G105 tludu Iay
anusaneaeuliinsiafeuiinuuidunsuaznisafouiiuuuiiudl - uenaind annsAnwdiannen
asUldiadeitenuddreganndenisdnnseuazusadenniuie annzifafuidudassninaiu
uardu  uenanil infesnanunisdnuseiieanuuuuarasistuluzuuuy pin-on-disk fifinnsadisiu
pg1aunsa1ednunUne lawA Guicciardi et al. (2002), Cetinkaya (2006), Ferrer et al. (2010) tJusu

NnMsAnunuddesnangiteiahuszgndlflunmeasunisnuseuvuauloauuuusis
(dry sliding wear) msAnnsevesmzveilunsdnusouuvduloauuuwisiidunamnannsivasi-uves
Fulofiflussfaiuuinmae (Uinuiuiugl) vesmzvelnsfivuinvenduls arufmeaduloway
audrvesmsivaiiudienesdl - Fafu suinvesnisinusedeiuiussssudonusnveaduledii
a0 wnsesildlunisnageuidinalnddny Tun desdiniesinussiwandulelunaeiidulelvani
nzae AesaunsausuAmsisaduleld fesaunsauiuamsimeudulels wazdesaunsadn
szogvnaveaduleld 91nuuImefinanieanunsoeenuuuLazaiATemadeUNTANNTOVDINEYD
Fauanafaguil 3.4

ADLANITEYEN

Yasauly

il 2t J Y

A5BIUSUALTIRS

]
=1

gihn 3.4 Lﬂ%wﬂaaumiﬁﬂmamaqmmaﬁLﬂﬁaué’:}a TIAISIN tkag TIiCrALSIN (Intanon and Saikaew,
2016)
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fouflagyinsvedeunsdnuseveaniasiiveniuy fidesowhnismageunisdnvsevednzve
vuAsomesuasdulssnunsafne Tnetmuadoulaluntsnegeulilndidssiunistdaululssy
Tdun Anuisendulowiniu 0.3 fadu (winduauRwendulefintulunismesiuass) AuEIns
Tnarnuvenduly 60 wuiwasaedud (36 was/unil) sseznadeu 72,000 wes waziduledldlunis
NAAOUIVUIAEUHIUAUENATS 0.12 Tadwns

nsvadeunsanuseldnisdaiminuazinnisiunmiminiivgluvewmsveusazsn n1s
Fahminazyinmsdaiminfissosneasuwinfu 72,000 wesTagldindostaiminanuazdoanaioy
5 FULALS

JUNBUNITAN®YT

- feuflagynsnaaeuiadinnuveIuin (Ra) fAianuudeuagyinmeaeuauaiansoly
AruFuTuMsAnTTe ATeisrhmsleseinmeielasadsganiadie SEM/EDX

- thagrevuiivhanwanndl¥aduvde sevevuivhanminndlSatuvdenasinunisindauia
a8 TN, TIAISIN wag TICrAISIN lagnszuiunisonsalussuuguyINaLuuiiawesalsineas
ngvouuiilsanuldlutagiu (m“mauuﬁv‘hmﬂmﬁﬂﬂé’ﬂl%faﬁwa'aLLavmumi%m%mimu) 11
WnsedeuiadInIune Ui (Ra) feladesindIAIune Ui (roughness tester) Ve
Mahr Ju MarSurf PS1 Tagvimsiaidumisineg vesmzreuy 3 udvnaade

- dhazveuwsia 5 JURUU ag 5 mmmmsmaam@mmmmemmaammmmwﬁa (nano
indenter) 88 UMIS $u UMIS Il Ingldimiinng 50 mN wéavinnsindidumisine sosmgae
Ul 3 90 MnFaneede

- dhezweuui 5 JURUUY a¢ 5 fIyiN1snaaeuaLaIdsaluAuAIuNIuAISANITon e
\3emadeunsannsovemselnetaimtnfouLas S IIIndeULE I NaR T sRAe T M
FvlU Tnefivinsuidmininielulutsnatlunismegeuie 60, 120, 180, 240, .., 840
UM

- AATIRNANIINARRINNERRAIENITIATIERANKUTUTINMAE MW BUB UNTANAIETE
LSD wpsdayaramuds Aeumenuia uazatmiingimely

- AR mEnglasainaganiamiy SEM/EDX NouuasnaInIsnagaey

- AATIATLATEFANEARNS

ada o

3.2.3 5% wzlwaawn'm/sw]sm YaUUAIENTITARDULTY MoN, MoC iag MoCN

muAdeidnuaruassaludiueuduniunisinuse waiinssunisdnuse uasnwaulh
\Benavesnzvouy 8 UnuUMhanmanndlFatamdendriunsyuanialasm (HO) wazlinunsyy
g13alasy (UHC) pzusuufivnainmdnnatldatuvasuazi1unisindouianae MoN, MoC uag MoCN
prvevuiianmanndnlatumaefiniunisyusiialasy (HO) uazsiunisiadouiiafe MoN, MoC
waz MoCN lpenszuiunis A8 uuntinsaualamess

nMsfuiunisiadeuinazvedieiinig .8 wniasoualnme $Tusudusenisiauazen
Junumzrereasazatensndainanudrdeandaethunaanlessy (deionized water) antuyily
wisshefglulasiay  lunguiunussveiiuanialasuiufiannzmaindoussasazanensalasdes
funsadaiindnludnsdin 100:1 o gaumgilunisyu 55 °C wazanluyu 80 wnit dsldanumunin



33

\Reutszana 70 pm nduiniFunuszrets 2 nauite dnndliatundeudariunisguenialas
LLazlm'shumiaqums‘miﬂs:umﬁﬁmsLﬂﬁauﬁmsmaﬁ'ﬂ 3 sy oA MoN, MoC uag MoCN #8383
7.3 wuninsouadanesss Insldwiuasindou Mo vuiadusitugudnats 70 mm fifaaauigns
99.999% vhmsfnddliilsrsgisndunuasaeiingshmandeusiaty 80 mm  lunszuaunis A8,
wunilnseuatnmesiafesfulissiugyyimealuieandoufugaanmefisefudszana 1 x 10° Pa
ﬂaummsmaaumLﬂumawnfomzuaUa1ﬂﬁuumumyﬁuammumawmammmmm (radio frequency
plasma: RF-plasma) 75 w fiszduussdufingniinou 0.1 Pa faeszezina 20 unit ludunounis
\douiia Mo lutunsudesndeslisedunssdufitonan 0.5 Pa a seduluiinszuanss 0.4 A laed
sUuuUUFRSsvasinananlulnsiauasfeeisfidulunisadouiin 3 JULUUF e @ faNEn
Ar/N, 19 50:50 dmsuiaeiiay MoN dnsndiufinenay Ar/CH, Ao 50:50 dwmsuilaafey MoC uag
Sadrufinanan Ar/N,/CoH, #950:25:25 dmiuilaadou MoN mudu dansmuiiaedouiildlae
WAgUszann 3 pm dmiuiedeutia 3 suluy

N1500NBUULASATINASINNNEaUNISANNTOYBIN YD

WHIB99INNISNAFBUAINNEINITOLUAIINAUNIUNITENNTBUDINLYD LY LIANARBUUIULATIN
Uszaulgn1A1utnvo999lAT0INAda uLaN1SNAFEU AYUUNNIIUIT8T999NLUULAZASI9LATEY
NAAOUNNTANYTOUDINLVDAREUAIY MoN, MoC Uayg MoCN sty Jauanasiaguin 3.5

anm SiC

ALUVBYNDBIU

‘ZgﬂﬂﬁUﬂllﬂ'ﬁﬁ’N'm

Ul 3.5 iAdowmaaeunsAnusevemzveTiAdeusie MoN, MoC uag MoCN
(Srisattayakul et al., 2017)

Tumsesnuuunazairdsmageumsanusevesnzvaiiiadeusis MoN, MoC uaz MoCN lag
Uszgndunsgiu ASTM sjaiuliidenadesiuan1iznisinauads  esduszneudidnsieg veaios
naaunsAnusslagUszgninasgiu ASTM 4 Jelddinminenaasgiures ASTM Tuudazguuuunld
1 Tnefiunsgiu ASTM G133-05 {un1nsgiumdn 11935378 ASTM G133-05 fiuaulunnseungqy
nsAnwilefigadamamisaluanuduniunisdamseuvuaulaa Tudnwarnisiedeuily-ndu
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o A

(reciprocating) vesianusiin Tanlave wayianndaudflndiAesiu lnelisusuuiadudassnineiu
kuU flat-on flat MuNINTFIU ASTM G132 %qﬁﬁaﬂﬂi’aﬂ%ﬁﬂaumﬂuﬁ (SIO) vuwANUNeIU 1000 grit
IngeanLsing 5 dadu IuLLm&”’qawu%umu‘ﬁ'mqagﬂuumLmuuau wonaniideditaduddasug toun
AMNEITITEEEMTAFeuTilU-nduwiniu 1.8 wasdewit anudaseulunsiadeudilu-nduwiniu 70
sousioun? Srununisindeudilu-ndu 60 seusiewit Yranaiildlunisnaasy 40-240 udl Tnsuvadu
299 i uilaz 40 Uil uaznadeuluanITLUULTS

YUNDUNITANGYT

- reuflazyiinismadeuiadaumeuiy fadanuudaagyiinimageuanuaunsaluaii
Fruynunsinuse snAdedsahmsinnginmdielasadisganiadie SEM/EDX

- thazveuu 8 sULUUvhInmAnndl3adiundeudiniunisyuenialasuuas sikunisyuenin
Tasu azvevufivnanmannailiadunaouaziiun1sindeuingag MoN, MoC way MoCN
pgvouuihanmanndliadumaefiinunsyusinlasuuazsiiunsindouiiafeg MoN, MoC
L8z MoCN u1vnsmageuind1aume1uiia Meiniesindiauve1uiadne Mahr fu
MarSurf PS1 Tagvinmsdaiidumisnineg vesnzreuu 3 9udmaade

~ dhavveuuii 8 sUuuug ag 5 Fruvhnisneaaeuinaimuudiiioniosinainuuieae
UMIS $u UMIS 11 Tagldinniinne 50 mN udavinisindidumisine vesmzueuy 3 9a 910t
Joneiade

- dhegveuuia 8 sULUUY ag 5 duviinmsvaaeunrmaissaluauiumunisinusese
\domadeuNsAnuTeresmzuelnedaiminteuLasudansmaaeundmaarsdsifetmin
Fvnely Tnefivinnsmdwindivelulugisnarlumsmeaeuiie 40, 80, 120, .., 240 U7

- Aerginansveasvnsadivesdeyaninnunds AAURENURY wagAnimindinely

- AR mEnelas@ineganiamiy SEM/EDX NouuasnaInIsnaaey

- ARSRTAATHFANERS
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= aw
UNN 4 WaN1598

unfluanimansideiduasaiidelugfo MsUsuUTIRunmUDINUea N TIRNYINANTENUVRT
Jaduvaenszuiunsyuansnlasusian1sanisevaensveaIazn1TUTUUTIAMA TN DINE YR UUTIFAN Y
NANTENUTOINITARDUAIBAITLARDUANNS UURZTOUY

4.1 NM3UFUUTINUNNVBINLVDANN
4.1.1 n751/%’111/;\1@%77wwamzwaa’wé’wﬂ?7aanéwun75maaq

AEUBANNANINMANAINAUTI (spring wire steel) BuIAEURIUANENAIN 1.39 Tadiuns
mmgmsuaqmﬁﬂmmf:ﬁa JIS G 3522 115A SWP-A dhunasddyveundnainiine C = 0.60-0.95% wt
Si = 0.12-0.32% wt, Mn = 0.3-0.9% wt mﬁﬂmmﬁwaﬂmSﬂizuauﬂﬂiﬁugﬂLﬁuﬁﬁﬂﬁamﬁmﬂméﬁq il
mmﬁmmumuﬂﬁaugﬂga T LRFRERTRL]] a'auwamaam%uauﬁqqmmmﬁﬁ]zﬂizv‘fmizmumi
quLﬁaLﬁmmﬂmL%ﬂlﬁ Fegonndosiuanzmsinuremsvedwenaiemesiu nan1sIsedAnw
Aerfvanifinianavosmzveasuaznansenuvesadsvenszuiunsyuainlasurenisdnnseves
ATUDAN

ANS9T 4.1 WARIHANIINAREIANANLT AN ENT0V8INZYRE 19FIENTEBNKUUNSVIAADS
LuvaILUsTANNaIe (central composite design) Inswanguuuunistneenidugesgunuufe n1sdnia
mtledn (thread) wagnistarimeledanaznisingu (thread and polished) AsENUTOUDINLIDAN
SndenuLAnANesERIs T nveInzTe o uLa T nd NN IAgeUMsANTseduSenintmin
gl (weight loss) wan1snAaadAIAULdmaznsdnrsevesmzveaannsawandlieglugunsm
AUzt du (probability plot) Lﬁam’;aaawmmwmaﬁamﬂa‘ﬁ'ﬁmuﬁmme’mmmamﬂmwuma
vidoli U7 4.1 wansnswinrunihaniduvesteyarauuduiiefiorsanmstainmeledauaziele
Gz"J’mLawz"J’@ﬁu f\]’]ﬂﬂi’]Wﬂ]“LﬁU’jﬂsﬁ@maﬁg\mmwﬁLLu’JIﬁM@EﬂuLLUDLgumiﬂLLa”@SjﬂﬂﬁiuﬁﬁdﬁﬁﬂmL%Qﬁuﬁ
sesuALLTesiu 95% Tnefifien p-value ?Nﬂi)’] 0.05 LﬂJEJ‘I/HMiWﬂﬁ@U@?EJ’Jﬁ Anderson and Darling
ezmLUuﬂwsauﬂummammaawmmsmﬂmemuwvLUuLLUUUﬂm Tufe mamamaaw@mmsa
U’IVLU’JLﬂiﬂuMﬁ’J’mLL‘Ui‘LJi’J‘LlLWEJﬁﬂ@’]@%ﬁwa%a\i{]ﬁ]f\]EJVNﬂWiW]&JNaﬂiuVIUG]@ﬂWﬁ’J’ISJLL"lNIWEJLQaEJ“UEN
ATUDEN  NNINTINADUANLIEINOVRITUMUUNINERRA (model adequacy checking) S1dudpinseii
AouflazlinsizsinuuUsusuvesieya
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No. Temp Time Polishing condition  Hardness Before After Weight

°QO,A (min), B © (HRQO) (9 (9 loss ()
1 30 40 Thread 61.89 1.21510 1.21500 0.00010
2 180 40 Thread 62.25 1.06774 1.06762 0.00012
3 30 80 Thread 62.26 1.25012 1.24988 0.00024
4 180 80 Thread 61.27 1.07426 1.07400 0.00026
5 0 60 Thread 60.78 1.23534 1.23526 0.00008
6 210 60 Thread 62.08 1.07570 1.07566 0.00004
7 105 32 Thread 61.83 1.15510 1.15498 0.00012
8 105 88 Thread 62.71 1.23666 1.23618 0.00048
9 105 60 Thread 61.41 1.21756 1.21746 0.00010
10 105 60 Thread 62.42 1.23640 1.23600 0.00040
11 105 60 Thread 60.87 1.22578 1.22552 0.00026
12 105 60 Thread 61.67 1.21278 1.21262 0.00016
13 105 60 Thread 61.97 1.07600 1.07584 0.00016
14 30 40 Thread & Polished 60.74 1.05378 1.05360 0.00018
15 180 40 Thread & Polished 62.74 1.06604 1.06590 0.00014
16 30 80 Thread & Polished 64.92 1.06500 1.06484 0.00016
17 180 80 Thread & Polished 61.70 1.08076 1.08050 0.00026
18 0 60 Thread & Polished 61.17 1.05316 1.05310 0.00006
19 210 60 Thread & Polished 62.28 1.07586 1.07566 0.00020
20 105 32 Thread & Polished 62.21 1.06328 1.06308 0.00020
21 105 88 Thread & Polished 62.67 1.10030 1.10014 0.00016
22 105 60 Thread & Polished 62.53 1.08168 1.08132 0.00036
23 105 60 Thread & Polished 62.20 1.08064 1.08042 0.00022
24 105 60 Thread & Polished 63.61 1.09284 1.09270 0.00014
25 105 60 Thread & Polished 62.85 1.07678 1.07644 0.00034
26 105 60 Thread & Polished 63.60 1.11032 1.11006 0.00026

JUN 4.2 uanInsiiaszrianileaneveguiuutesnseaniuunmaaesuudulszay

d' v Y 1 [ 1 .«.:4' a 1
AGNNNBLRNNZNUVBLAATATTULUITVDINS VDA E‘U‘VI 4.2(n) LAAINIINNITHLINLLILUUUNAVDIAN

AaaLAdoudl nnsnaziuIteyadulngjeglunuidunss JsualiiuinAeanndeuduiing
LANUAMUUUNA  §UT 4.2(0) wamansmanuduiusseninsinaainiafouduias AU o
dune  a1nnan s lifidyaalevsveniiiuinuinunfvesioyaluesninuiiniuges

ANuwUTUTINRIAdLnalulsiasseiu - JUN 4.2(R) uansnsvianudniussenineaaiandoudy
wavaduiilunisnegey  a1nnsu azviunlifidyaalavavenliiuiaanuiinunfivesdoyaludes
Anududasedoiu UM 4.20) wansnsnenuduiusseninaaaiaedeuduuazdadenailunisyu

gsalasy 91NN aiiuAUszanaduidazszaunattunisyuansalasudaliuvnnaeeine

dunafilaannimeasaasslunsazseaunantunsyuesalasy  INNTIATIERAMNINYeItayaila

IINNTNARDINIENITATIIFRUAILNEINaTaLULagUledn Amdunanlaannisfinuladend
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NansenuseAANklwemrveaiinumnzanlunsieseiauwUsUTiusell tnedldfiaay
Ilusemlasdoya Favhlinamsinseidoyanlatinuwiuguasiniete

99 99

(n)

95 95

€ 60 E 60
8 50 S 50
& 40 & 40
30 30
20
20 Mean 61.80 Mean 62.56
10 StDev 0.5844 10 StDev 1.088
5 N 13 5 N 13
AD 0.230 AD 0.278
P-Value  0.755 P-Value 0.589
1
1 sb 6'1 6'2 6'3 6'4 58 59 60 61 62 63 64 65 66 67
Hardness (HRC) Hardness (HRC)

JUT 4.1 neauazluresdayadinnnunds () Wefinisannistaiimeledawas (1) Wetin1san
nsmsdaRameledanaydndu

157971 4.2 wansnFIAsEsiAuUUsUTIUE M UAIAILT wBIRzYeA 1 9RNINNTERNIUUNNS
yeapsuuUdLUTEaNnaduandifiuiiguuuuannsanaesiif tedesussrisgumnilunisiugy
prvoanaznalunisyueinlasuuardafondnieaudaumuzandmivfeyadiannuuds
uananil A1 p-value w81 lack-of-fit Ssfidunndn 0.05 FudunsBudusrsdniauin suuvuaunis
annesfmumizaniudoyaninuuiegreiidodfyiiszautodify 0.05 anuduiudsenited
arundauaztladosngg uazdvdwasiusenindladvannsonandldfiaunisa @.1)

Hardness = 62.18 + 0.097A + 0.28B + 0.38C - 0.82A8 (4.1)

Tnefl Hardness AanAuuds A Aegamgilumstuguuas 8 Aealunsyueninlasu

Mnaunsi (4.1) handeuduidulasiing (contour plot) vesaaudedisguil 4.5() Fady
mauanadulassisvesanuudensdazvedaiafelotn 9103y awiuindulasesinansmauuds
a9anfio 62.6 HRC agluudneduuuresns i Fuduuinuidwesguunilunstuguniiiu 30 °C
wazalunisyuenialasuindu 80 undl luduflegasedin @uvanduans) Aanuudsiivunliy
duduidledulassiadlndfigumntu fiypendiuanie gumailunistugy 180 °C waganlu
n1sgueialasy 40 w1l nsifengAnssudnsasdanainfunaunandfiuiusvesieferans
(guvinilunistugduaznanlunisyuendalas)  ndulasssmadonnssuaunissdaiidumsiu

JUTgamall 30 °C wagyuwu 80 Ui



9 (n)

Normal % Probability
v
o
]

T T T T T
-1.89 -0.85 0.18 1.21 2.24

Intemally Studentized Residuals

3.0

(m)

Lol
R

-1.5

Internally Studentized Residuals

-3.0

LA B R N B L B B B L L
1 6 11 16 21 26

Run Number

Intemally Studentized Residuals

Intemally Studentized Residuals

-1.5—

-3.0

1.5

-3.0
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3.0

1.5

0.0

3.0

15—

0.0

a a
o
o
o o
o o
a o -
]
o o o
LI o
o =]
L]
(L]
[}

T T T T T
60 61 62 63 64
Predicted
o L]

o
=]

a a
]

o
]
o g
=]
-] 8 a
= o
[ ]
a
T T T T T T T
30 40 50 60 70 80 90

B:Time

JUN 4.2 MTUATIEVATILNEINDYDIFULUUTBINTTORNKUUNTNAR DU LA LU STANNANTIND MY
fudeyarininuuds (n) nsmin1suanuasiuulnfvesAtaaIaaiouds (1) n3mANEuRuSIZNINgAT
AARLARRUENRAEANUTEINYRIANEINA (A) NTIANNENTUSTENI A AR DU NkAZERUTILY

NsNAdeU (3) NI MANNFuRUSIEnINARaInAdaudusardadenalunsguanialasy

A15199 4.2 ﬂ?i"jmiﬂgﬁﬂﬁ’mLLﬂiUi?Uﬁ’]ﬁ%Uﬁ’]ﬂ’lmLL%Q%@Q@S%@ﬁWQ@WNﬂWi@@ﬂLL‘U‘Uﬂ’]i‘VIfﬂﬁENLL"U‘U

duuszaunang

Source of variation Sum of squares df Mean square F-value p-value

Model 10.47 a4 2.62 a.77 0.0068
A-Temperature 0.15 1 0.15 0.28 0.6045
B-Time 1.22 1 1.22 2.23 0.1502
C- Polishing 3.70 1 3.70 6.74 0.0168
AB 5.40 1 5.40 9.83 0.0050

Error 11.52 21 0.55
Lack of fit 8.56 13 0.66 1.78 0.2102
Pure error 2.97 8 0.37

Total 22.00 25
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U7 4.3(v) Wunsuanadulassirsvesamudansdnzvedniameledauazdndu angu 2y
Wi Lauiﬂimwmemmmumuaﬂwmvﬂmaammﬁuimmﬂusﬂm 4.3(n) ﬂanﬁammmumw
muuuu.awmmagmmmumaLﬂuummwmemmmLmewmthLiaa6‘] fadlndyuAianuuded
Budindu veillunauanufduiusvestadeiaes  odlsfnu wiiaemuudwesnsvednaed
ngfnssuimiloutu uddeuudwomgreasiidafindelodauasrdndutuiaignd fouandfifiui
Ufduiusvesdaduiaesluvmeiingredrriunstaimsiuduihliiaudwomevounnig
ulel

(n) (¥) #0

70

60

B: Time
B: Time

50

40
30 60 90 120 150 180 30 60 90 120 150 180

A: Temp. A: Temp.

JUT 4.3 dulasesseanuuiavenzueans (n) Wefintsannmsdaiimeledauay () WeRinnsannis
nstniamelednuazdatiu (Intanon and Saikaew, 2016)

SUTl 4.4 wanansieuasduresdndmiinfmeld definnsannsdeaindelednuasdaele
Tnuazdngu mﬂﬂﬁwq}“Lﬁu’jﬁauaﬁwmﬁLLu’ﬂﬁuasﬂuLLmLﬁumiaLLasaﬂnwaiuﬁziaaﬂawmL%aa‘j’uﬁ
szdumdoiu 95% Taeiifian p-value aafm 0.05 LiJEJVI’lﬂ’lSVIﬂﬂEJ‘UWJEJ’Jﬁ Anderson and Darling
FadunsBusuirfeyaisansyaiinauanuasnruniasfuuuuund  dufe doyarassgnatunn
u'ﬂ,ﬂ:}miwwmmLL‘UiUiaumaﬂﬂmamwammﬂwammammmaﬂﬁsmmmumuﬂwmsﬂ,ﬂimaLaasﬂu
NSMARDUANNANYITEVBIAL YDA WNBLATEMBBILATY  NIATIVADUANLLTINBYBIFULUUTNIATA
Sududesnszihreuiiariiaszianuuususiuvesioya UM 4.5 uanamsilasziauiiosneves
SULUUTBIN138NLUUNTTNARBILU VAL ST AN Tineng Autayadthminfime lvesnzuadns
3111'71' 4.5(n) LLamﬂiWWmsMﬂLml,wuﬂﬂaﬁuawhﬂmmLﬂﬁaudm MnnIaziuIteyadulngedly
wundunss Sededlidiuiamanmndouduiimananuasuutnd - SU 4.5@) uansnsmiamdiiug
iwdwmﬂmmﬂ?{auejuLLameizmmaqmé’qmm 1nnsw agiu lufidygralevsuenliiuds
mmﬁmﬂﬂamaq%’a;ﬂa’lulfémm’mwhﬁ’usuaam'mLLUiUi’Juﬂuaamé’mm’[,ut,wiazszé’u gﬂﬁ 4.5(m) heana
ﬂiﬁWﬂ’J’]&JﬁﬂJﬁﬂﬁi%WﬁNﬂlﬂﬂaﬂmﬂa‘la‘uduLLazﬁ’]ﬁUﬁium’iﬂﬂa@U a5 auinlifidynalaus
venliifiufisauiinunivesioyaluiesaiududasedodu 57 4.5(9) wananswanuduius
spmineaanndsuduuaztadonalumsyuaninlasy 90wl astiiuindvssnalundas sy
natlumsyuanialasuiidlbiwnndanadunaildnnmmessseidulsazszdunailunsyuain
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lasy  nmsiiesesinuanesteyailiainnismaasnensnsiadeunuiiswevesiuuuasy
¢4 Aduneiildannsinuniatefifinansenudeatmiinfimeluvewmsveasdaumanzanluns
Annwianunsunusioly Tneflifianudndufeudastoya duilinansinsziteyaildiinig
uiuduazidede

915197 4.3 uanensiieTeinuuUsUTudmiuartatniinisld vesmgreananiunis
PoNLUUNMIVIRABILUUHINUTEAnaduanslifuiguuuuannisanaeedifidadessgninanaly
N13YUESAlATHLAZJURUUNISTA waﬁﬁné’aaawaaqmmﬁiumﬁugﬂ sastladendniisanudienna
wngaudmsudeyaddmiiniiviely  wenaint A1 p-value 104 lack-of-fit afidnannnd 0.05
HunsBuduegnadmauiiguiuuannmsanaesiienusngausutegatmdniimelUegaiideddy
seautudAgy 0.05 mmé’uﬁuﬁ‘sm’jwaﬁwfwwﬁ’mﬁm&JIULLazﬂﬁwi’m6’] wazdNINAIINITENINNURY
anunsauansléifiaaunisi (4.2)

Loss = 0.000243 + 0.0000151A + 0.0000528 + 0.0000062C- 0.0000466BC — 0.000069A%  (4.2)

lnefl Loss Aaumtiniimely A Avgumgiilunsusy 8 Asiarlunisyusnsalasuuag C Ag
suluuMIdn

99 99
(n)
95 - (V)
901 90 1
80 80
. 70 70 1
g %l £ 60
% 50' g 50.
301 0.0001938 301
201 00001300 201 Mean 0.0002062
101 13 101 StDev 0.00008302
5 0.633 5] N 13
0.076 AD 0.321
1 1 P-Value 0.488
RN RN SN BN G N N N S Q 5 > o
FEFFFPFSLSES &S & & & & & & §

,Q‘ ,Q‘ ’Q‘ Q7 QF Q Q Q- Q°
Weight loss (g)

S Q Q Q
Weight loss (g)
U 4.4 nemlennuinasfuresdeyadimiindimeld (n) idefinsannistafindeledauay (1) e
#a1saunnsnstniameledauasdnsiu



Normal % Probability

Internally Studentized Residuals
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JUN 4.5 N1593LAT1EVANUTENDYRITULULTDINITRONLUUN TNARBIUUEAIUUTEANNANTINeLLNE

o v 8 o a J o )
futeyarnimtnimelurewmsrauu (n) nT1viNsHINLIUVUNAvRIAAMAARBUEN () N5

ANUFNTUSTENISAIARIAARD UL LAY ANUTEIUYRIAIELNA (A) NS INANFIRUSTENI1A

AARLARRUENLAEETUTIUNINAFBY (1) neANNdNTUSTEI AR nndouduuazUIdeIanly

nsyuenialasy
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AN5199 4.3 N15ATILNANULUSUTIUF S UAMEN T8 lUUDInE9a1901UNN5BBNRUUNISNAABS

wuvgudsyaunans
Source of variation Sum of squares df Mean square F-value p-value
Model 1.506 x 10” 5 3.011 x 10°® 4.43 0.0070
A-Temperature 3.643 x 107 1 3.643 x 107 0.54 0.4725
B-Time 4.332 x 10°® 1 4.332 x 10°® 6.38 0.0201
C- Polishing 9.846 x 107" 1 9.846 x 107%° 0.14 0.7074
BC 3.475 x 10°® 1 3.475 x 10°® 5.12 0.0350
A? 6.785 x 10°® 1 6.785 x 10°® 9.99 0.0049
Error 1.358 x 10 20 6.792 x 10”
Lack of fit 4.800 x 10 12 4.000 x 107 0.36 0.9439
Pure error 8.784 x 10® 8 1.098 x 10
Total 2.864 x 107 25

ANMFuTussEnIAhuinimelulazlader1ee wagdndnatiuseninstadeilansieaunis
#1 (4.2) annsathlafadulasssaihninimeldvewmsveaisiuanduiun 4.6 Wenansunisdn
famglednagiiuindmidnfivglufidianas (TuABAIANAIUNIUAISENNTDVDINEURAIIRTU) G191

miﬁguaﬁm‘lmﬂunmﬁaﬂaq‘lmsﬁﬁwﬂﬁﬁugmwaéNﬁizﬁuqmugﬁmﬁ Tumanssitudn dwind
molfimnududasziunalunsyueninlasuiilofinsaunnsdaiameledauwazdaiiu  annzves
sutladefiviliandmiinfimeluiagn (Gufedanufumumsinusevesmzuaanaiau) Aevin
nsyueialasuluig 40 uifikagyinistugunsveansiisefugangdi 30 °C Tngvin1staRanzuedns

meledauasdadu  DNA1TUTULGLATYEAMAATKAIAINTINLED N1STUTUALVRANTTEAURUAN 30
°C nszvilaing wazanildyuasnlasuiilussaznanflienuiudsdmaisoguainuosnunusig

B: Time

30 60

20

120 150

A: Temp.

180

B: Time

[0.00022]

[0.00023

0.00024

0.00022

[0.00023

[0.00024
0.00024

A: Temp.

JUN 4.6 wiulaseisdminimeluvesnzveans (n) efinrsanmstainmeledouay (1) Weansun

MsdnRmeledanazdnsiyu (Intanon and Saikaew, 2016)
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Tnevludinalnnisdnusedszneumenisdnnseilusuudain (adhesion) nalnnsdnuse
< v o . = < 9 i o P & % a & a P~
Wuwuudnd (abrasion) nsdnusarduluuuaniin (fatique) a1nalnnisdnuseilunuudafn NuRazdl
anwazssurIelisendunwisimuwuinieinsdend  dinalnnisdnuseidunuutnd Nzl
Souuazlseeiiianistedidudunszaglumuing wagdinisdnnseduwuuwanin AuRaaianis

& a = = % Ao P P

vanaeneanilugn vauvesusNIngaaenazssulluwIndanug JUN 4.7 uazsui 4.8 uansnw
MEIvEIEgINNERIRaNIIABEANTOULUUABINTIA UTINNNTANTTOVINL VDR NVBILTNIULAZVD
TYBYUBIALATUNAN TN TAUAUE AU

JUN 4.7 Uanan Mg Ine1egeaInnaeganssaudiinnsauluudoins1nn1sdnnserenzve
a19vedlsanu  JUN 4.7(n) wansbiiuegdaauiingveiinsesdnidusesdinanuiuinisiioureuduy
loludounldnoeiu U7 4.7(2) wansbiviuinderidsvens 3000 wihiivsnaudidusesdnnuii wuio
o = ) = = A A o o N Ag o o N v
TdnwaziSyuLazilsesTnnuLIITseslinilvidnyus e ularsesdaniludnuusaaiegniine iy
Youds  seslinndidnvasiouludnuvazueinisdnvseuuudnfin diuseeliniidnvuzaanagniniey
vowdeudunmsinuseuuudnd  dieinnsdnuseiiniu eunialavevesiagunugnidulefdivgn
sanflaztiey vdineafnliiuduly uagngreanionununduda uvdueIIgRBENRBUNUNUN
duda uazursdiuoravgaeenanillelansuavanegluvinamianindend Wedulouinaiui
Uinafleynieiuaned sunietuiionafndudilowasimihilutanded ilinunuinatuinsesi

a =2 Aa A v Al b4 U
Lﬂﬂ"ﬂ’]ﬂﬂ’]iﬂﬂmﬂﬁﬁamﬂﬁiﬂ‘%ﬁ@m‘] )7

N il )
5UN 4.7 SEM n158n1seveanyveanuadlsanumeiigaeny (n) 100 wiuag (¥) 3000 i1 (Intanon
and Saikaew, 2016)

5Uf 4.8 uansnnidswenegennndeganssmididanseunuudensianisdnusevonzue
damsinusevesnzyeasTiunsyuadalasufianngivanzan U 4.8(n) lluanssessosveanis
dnusoodiedan UT 4.8(@) nuin ameenzveasiifidewens 3000 whusnadidusesdnwuii
RAvesmevelidnuueagusy WusesnsulidiFeu Wolavsusdumely visdmuedeudlusudu i
vosmzveiifusosnsuinaneyninvedanziinnisBafndiuidulonazgnadliindeudilunauuuinis
wdouiivenduly  fussisgaszninseyniransalensuzussBaanseuinteynafudulelfoynia
ﬂ?uﬁthgﬂﬁqaaﬂlﬂ uioraimdeuiiluniuuiigalaganils  drweyniafiussisgalianunsaiensuzise
ndnlafazmaneenly silifausdidunssuamduduiliinanmssufuveseyaauazuieiiy
Uinadsumsizounagniseanly  annsduiasiindueddeidesnasnnanfiinisdendsy
seienzveasiuduls  esvezveanadeafifiuanty Suinessonfivanoanfasiunduauly



44

= @ a < ! =2 | = Aa &£ o ! a R ] ! ' a
anfindusesdnuilounsinuseiintuiunzveaitfuveddssany  Aeuaginil avvedantiy
nsguansalasuNanMzvgaudmuLlusasansanusensdnrselanninsvea1svedsany

3UN 4.8 SEM N158N158v8neveaNiiunITyuensalasuian e v zaumemaeny
Wiae (1) 3000 111 (Intanon and Saikaew, 2016)

i

(n) 100

4.1.2 msunsIRduATYgmIansa mMIun1TUSuU Rz v 19

Fununsndnvosmzanasiinanainlssunsdfnesinu 5 vindedu  Usinanisldau
Uszaas 100,000 udeiiien  o1gn1sldemuszanm 80 Tu duyunindanounasndsuyss
nIEUILMSUARIFIATAT 4.0

mauiunszuIunstaiufiszdumdinisuda 100,000 Fudeideurlidonfiuausudn 5 au
Mnsmundnauifiegiin 15 au sasdu 20 Ay Aldiedunssnuasifistuuszana 30% o9
ANLTIULAY ﬁwi’aaéul,ﬂﬁmﬁLﬁ'wfuﬁamﬁﬁm Fatidie 1 llE U veUsINM 2,500-3,000 TU T
fiolu 1 Weunelduszann 35-40 fiu Fuhlifunuresfaniudoafindulssanm 10%  avluihuas
asiadinaudnsnsihnufianasanifiugu 60-70 und andu 40 unit Gedadunanfianas 20-30
unil vide 33.00-42.86% vesiandy TnsAnilunansihauanasads 38%

i ¥ a 1
f1919% 4.4 PUNUNINERASTVDAN

wiaveIiuny SouazUDIIUNU funu (Uw) i @a) % dumulial ()
AU 10 0.50 0 0.50
TEASRLY 30 1.50 30 1.95
fanAuUFes 25 1.25 10 1.38
Infwagansiad 25 1.25 (38) 0.78
Bu 10 0.50 0 0.50
EREY 100 5.00 5.11

NANSNT 4.4 WU &’unumaqmzmadwmﬁuﬁumﬂLﬁu%yuaz 5 um Wuduaz 5.11 v visenn
Wu 2.2%

PnnIeaesBusunanuin fisvezainisldau 10 Tu Snsnsdnuselaeeievenzeiiy
yesuTMnsalfinuIde 0.000847 nfu Fafiuls 0.000847/10 = 0.0000847 nfusiotu  UnAergnsld
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NuYeInzveaads 180 Yu  TuRethwinfimeluisduwiifu 0.0000847 x 180 = 0.015246 Ny
{Jaa;ﬁ’uu%@’wﬂscﬁﬁﬂmﬁm%waﬂszmm 1,000 1304 Tnsuraziadedldnzueiade 600 U fatude
Tinguavianun 600,000 Tu  szveiiongnisldaiu 180 Yu ude 2 yadeiniosded  HuReudtn
nsdiAnudedldnzerieay 600,000 x 2 = 1,200,000 Fusiel FsAnduEuieEu 6,000,000 UM

dasnsdnvsevesnzvelninuaniizfvangauindiu 0.000046 nudetu  e1gnnsldau
prreamman vyt 331 Ju dufeorgnisldemiindu 83.80% 1u 1 Jagldifies 1.0876 9n
fownSosied  TuAeuSTMnsdidnuldnzueriay 652,658 Tused  siPmzuoluide 5.11 Umdety
FaRndutuaay 3,335,082 Um  TuReusemnsdldnuaunsausendald 2,664,918 umsed wie
Uszannd 7,300 Umeiadu

druignnsdfnwiamuiiinemnzluduiiduniesdaiudiui 5 1a3es Inssaadesay
Uszanal 5,000 UMIINARARS ﬁuﬁau%@’wﬂizﬁﬁﬂmﬁaaammﬁmmﬁu 5,000 x 5 = 25,000 U
NIALINTEELLIAIAUUAILNITOAININDN

a v a a o P
JLHLINAUNY = AUVUAIT/NanaULNUaINsaUsendnls
= 25,000/7,300 = 3.42 U

Aetiu USEMnsalAnwUAsunsEuIunsHannseaalneldansNminzay aslisresaanlunishunu
Wies 3.42 T

4.2 NM3UTUUTIRUNINYDINE YUY
4.2.1 n15YsuUFmzvaUUA 18N 1TIAGEUKTY TiN

nrvenoaIuLuUnassldlunisinnesiusiuiunzved1sAons o UUTILANIRITUN 4.9(n)
avvoUUnauNMSAdoukdnunzveiunsHAnKUUN ABmANNalTalu (cast stainless steel) wuy

Y ¥
N =

Aravne (lost wax casting process) W&IHIUNTZUILAITANLAITIBNTTUIUNIINEazAS AL elvle
yuakargUTeTimnzatlunmeniusely Taefiflvuiaidusinugudnats 9 ua. uagAImeT 90 .
drunaunuaivaanannailiatiufe Fe 61.28%, Ni 6.23%, Cr 20.75%, and Cu 3.06% A15L@38%
nzysuuLitelimaaeunILTs AImETURY LazAIRIUseNSANTUsaaNsanseslatEn TR
Mdiadadidounduiuguinansdoue 5 81 8 un. luadostafin  n1sufussanuansaluaiiy
AINUFBNISANTIOTBIMEYBLLANIaNSEIimenTsedeuwdsmelnndenlulase (TIN)  nisindeu
LL%@W‘%%@.%.Lumﬁmaua{]mma%%uwugmsm%mmamLﬁm (oblique angle DC magnetron
sputtering technique) feszuuUfiRnsidgunsalszuugaana uuinilnseu fafulnnuinay
600 Jn¢l fdanalniiivuin 400 Jad LLaz'ﬁzw%mgzyaunmmwu turbomolecular %umummawgﬂ
MIVugTUTesTuuaIABsiiiszervisnuiulmndon 5 gu. Tunussvouugniadeundenigld
dunauvesfnwasnounarlulasiay  JUR 4.9() uansmzvauuiiiunsiedaundedng TiN
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e ———————————

(@)

—_—

JUT 4.9 azaauu (n) neunsiedounds (v) ndsnisindeundiag TiN

N15ATISHNANINTDA

A157197 4.5 LLﬁﬂﬂNﬁﬂWi?ﬂﬁ’]ﬂT‘luLLsﬁ\‘iLL@%ﬂTﬁVl@ﬁE]‘Uﬂ’J’]EJﬂQVIUWI DNNTEANNTOUDINEVDUUAL

LHUNITEBNLUUNITNARBILUY 2° UINgANNaTa 4 drlaeninisusuildsuseauladensanusiigg fu

av v ° va fa a v Y aa Y] | I3
Nami‘wmaawlmgﬂuﬂﬂmLﬂ’iwwa‘VIﬁwa‘zJaﬁﬂ"\]‘-\]EJmmﬁmiai’NﬂiWWmiLLﬁmLLmemm%LUULLUU

UnFveanansznuandadesieg wasdndnasiuszmnedady

A15199 4.5 Naﬂ’]iﬂ/]ﬂa’ejx‘iﬂl']ﬂ’muLL%\‘ILLaBﬂ’ﬁﬁﬂWi@%@ﬂm%sﬂaﬂum’mﬂ’]‘i@@ﬂLL‘U‘Uﬂ’]SW’ﬂaﬁNLL‘UU 2° U

= 5
ANINAN 4 91

No. DC current Pressure Ar/No, Hardness Before After  Weight loss

(Amp), A (Pa), B C (GPa) ©) (9) (9)
1 0.35 50 0.5 12.1600 10.31948 10.31853 0.00095
2 0.45 50 0.5 12.4078 11.62518 11.62458 0.00060
3 0.35 100 0.5 25.8514 11.70198 11.70105 0.00093
4 0.45 100 0.5 16.7180 11.17288 11.17203 0.00085
5 0.35 50 1.5 23.8738 9.79745 9.79678 0.00067
6 0.45 50 1.5 19.1636 11.29408 11.29373 0.00035
7 0.35 100 1.5 12.3472 11.71205 11.71163 0.00042
8 0.45 100 1.5 26.0868 11.04143 11.04108 0.00035
9 0.40 75 1.0 27.2440 11.06818 11.06695 0.00122
10 0.40 75 1.0 27.7866 11.00235 11.00108 0.00128
11 0.40 75 1.0 28.5384 10.45705 10.45595 0.00110
12 0.40 75 1.0 26.7526 10.45710 11.56270 0.00105

5U# 4.10 LEAINTIMNANTHAINKIIAUUIREITULUUUNRYBIHaNsENUINTadusnge Lagdndna
seninedadedmiudoyaninuudwasiningme  9n3uasiiuil Jadesausendng A8 (i
NIzhanTIkarAIuey) haz AC (I nszwansinas Ar/N,) 49nSnasanaA1A1 LT azunndnd

wglulaeade Tuvuzniifiestads C (Ar/N,) Alnansenusnimauudazininiviglulnemade
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(n) Half-Normal Plot (V)
99 — 99 —
] > ]
2 95—_ O aAbc g 95 1 =] C
3 E S E
8 90 S 904
g E a E
a Ogc < oa
s 80 - f:_u 80 -
] o =]
E 704 Ae E  70- AB
2 Oc S OBcC
K Op - X
T 50 = 50 -
O g AA
1 A i
i 2] o
04 A 104 o
ol & od &8
T T T T T T T T T T
0.00 1.74 3.48 5.22 6.96 0.0000 0.0001 0.0002 0.0003 0.0004
| Standardized Effect] |Standardized Effect|

UM 4.10 n3winsuanuasenuiiasdusuuunfvesnansenuanUadesneg uazdvdnasausening
Uadudmiudoya (n) anuwdauay (v) tnindivng

HANITIATIZREIUITOLAAILARIENITIATIZRAMULUTUTIUTILAAIF N5 4.6 tay 4.7
dmiuarruudaaziininivigly audiu 91nmdesaziui dvdnavestladunneg sauss
dndwasinszninetadusineg SnansenuseainnundaazihninfimelulnendveddideddgyAseau

v o

Hodfgy 0.05

A1519% 4.6 N1 IATIERANULUTUTILEMTUAIAIILLIIAILNITEDNLUUNITNARDILUY 2° NN
A4Nas 4 1

Source of variation ~ Sum of squares df  Mean square F-value p-value
Model 259.21 6 43.20 98.12 0.0003
B-Pressure 22.44 1 22.44 50.96 0.0020
C- Ar/N; 25.68 1 25.68 58.33 0.0016
AB 10.28 1 10.28 23.35 0.0085
AC 40.12 1 40.12 91.11 0.0007
BC 63.87 1 63.87 145.06 0.0003
ABC 96.82 1 96.82 219.89 0.0001
Curvature 216.21 1 216.21 491.02 < 0.0001
Error 1.76 a4 0.44
Lack of fit 0.0026 1 0.0026 0.0044 0.9512
Pure error 01.76 3 0.59
Total 477.18 11
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M131991 4.7 N1FIATIEANULUTUTINAMSUAINSANYTOUDINEYDUUANLNITOBNKUUNITNARBILUY
2° UINANINEa 4 91

Source of variation Sum of squares df  Mean square F-value p-value

Model 4.432 x 107 4 1.108 x 10 19.560 0.0014
A-DC current 8.405 x 10°® 1 8.405 x 10°® 14.840 0.0084
C- Ar/N, 2.965 x 107 1 2.965 x 107 52.350 0.0004
AB 3.380 x 10 1 3.380 x 10 5.970 0.0523
BC 2.880 x 10°® 1 2.880 x 10°® 5.090 0.0650

Curvature 7.280 x 107 1 7.280 x 10 128.570 < 0.0001

Error 3.398 x 10°® 6  5.663x 107
Lack of fit 3.000 x 107 3 1.000 x 10 0.009 0.9986
Pure error 3.368 x 10® 3 1.123 x 10®

Total 1.205 x 10° 11

waNAINT 91NM1519NEBe Selin1sseaunansenuvesgiluvaunsaseglusuuuuindeaes
e (quadratic model) Ingnan “Curvature” M3IA1 p-value N1 0.05  AINATINAISIABULDIIN
nansenuresgUwuvannsluguuuigass @msudayaranuuwds) awnsadnnland

SS — nF nC (yF - YC )2
Curvature nF + nc
_ (8)(4)(9.29-13.79)
- 8+4

=54.05

lngfl ¥r Aoranuudilaewisvrestoyaiinnisnnaesiyn 2° unaneisea Tuvued Y, Armuuds

T,mEJLaﬁasuaa%a;ﬂaﬁﬁmﬁmaaaﬁ’qﬂﬁ!aﬂmwaqﬂﬁaﬁgﬂmu nr \iudnunmesssivhnismasesiiyn
2° unanai3oa Tuvmed ne Wudwaunimaaesiivhnsmaaesiignianawestiafovivany dwude
wartmin e lufiuandlumsied 4.7 amnsoosuienanszvuresUuuuainisaseglugUuuuiids
@09 1AugaIN “Curvature” Wuidgaiu
UBNINAIQNANNTIATIENAINANTINTIATIERAMNUUTUTIULED JUT 4.1 Sauansnstn
Svswasamsgviniladefifinansevusemeuuduazaiminiivie Taowanuuiltuvesdeyanaes
Tusgdunanswetusiaztiade  annsmazidiui areuudwazaiaiindvgludedalaiogluuun
dunseseninesefuiuazseiugsvesuraziadedmaildaonndesfunsiasizininuulsusiy
fefu gUnuvannsuanseLdtusszristafouazanuuduaraimdniivelumseglugiuy

o v

Mdsaes  Wewnguiuuidaeacdadeisaunasanuudazanvinivelunanslassl

y = BO + BIA + BzB + B3C + BMAZ + Bzsz + B33C2 + B12AB + B13AC + Bz3BC + B123ABC (44)

91INEUNIT (6.4) T U IWIUNITI RS TazdsUsEann 11 A1 wAs1uIuiivinIsmaesmIunig
2OALUUNITNARDILUY 2° U’mﬁ;m?’immq 4 gAfifioauA 9 ﬁ;mvhﬁ?u Feldiomelunisuszuim
ANsdmeseie 11 A1 Fevu mwmaaqﬁ'ﬁ;mam%mﬁwmwmamLﬁmﬁaiﬁmmmﬂizmm
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Walugaiiduanms  wanimeasdlunised 4.5 uag 4.8 IUAUEENTINITERNRUUNMINARBILUUHAIY
Uszaunand eanunsauanseglugundonaiuiivzilu (probability plot) vestoyaresrininuuiuag
AN Imglunugun 4.12  anuguaziiuingn p-value HA1gen3n 0.05 9E1UINAINNITIATIEN

FoyaindiniswanuasnnuiiazidusuuinfnieldieiZues Anderson and Darling (AD)  Wan13

Wpseiuandiiiuii deyaranuuduaranhuntnimeluinisuanuasanuinasduiuuund Fad

ANuUMLnzaulunsImsIziauwlsUsIUsatU

A15199 4.8 Nﬁﬂﬂi%ﬂﬁ@\‘iﬂl’]ﬂ’ﬁiﬂLL%QLLﬁ3ﬂ’ﬁﬁﬂ‘ﬁﬁ@%@ﬂfﬂ%‘U?J‘U‘UG]']lIﬂ’ﬁEJEJﬂLLUUﬂ’]SV]ﬂa’ENLﬁlIGLUQﬂﬁ

Juams

No. DC current Pressure (Pa), Ar/N,  Hardness Before After Weight

(Amp), A B C (GPa) (9) () loss (g)
13 0.32 75 1.0 22.4208 10.55295 10.55260 0.00035
14 0.48 75 1.0 18.2480 11.65318 11.65288 0.00030
15 0.40 33 1.0 20.8960 11.71140 11.71115 0.00025
16 0.40 117 1.0 20.9108 11.23283 11.23190 0.00093
17 0.40 75 0.16 22.0146 11.14120 11.14070 0.00050
18 0.40 75 1.84 27.0020 11.06730 11.06650 0.00080
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Answsienufismerasdeyarauuduaraniuiinfmeluuansdaguil 4.13 uar 4.14 amgdi
NIV 4.13(n) wazgudt 4.14(n) awwiiuinsmiuudldududunse Juandidiuindeyaildainnis
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FufsmRaundvesdeyaluFesmnumiifuresnnuuususuvesadanaludazseiu - 91ngU7
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JUN 4.14 M3LAT8RANUTHEINeYeIsULUUYRINITEONIUUNTNARBILUUAIUUSE AN INaLINE

futdeyarnimtnimeluremgvauu (n) ns1vinsuaniasiuvUnAvesrAaaafawgs (¥) N5

A1 p-value Hoeni1 0.05 Fehansinluiinszuanss musulaz Ar/N, Sdndnanenisarnnundalag
waglunundulas  anuduiusseninemanuudanazladunneg uagdnsnasiusyningtladosneg
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H=27.73-05A + 0.988 + 1.66C + 1.13AB + 2.24AC — 2.83BC - 3.21A% - 3.018° - 1.73C% +
3.48ABC (4.5)

¥ 3
Aa 1 v a a

Tneft H feArainundsanunsaviwield  aunisifidrduuseandnisiimun (coefficient of
determination) R? WU 0.913 wazArduUszansnisiinuaiiuiundn (adjusted coefficient of
determination) Adj. R Wiy 0.7886 GsiiAngs uandliifiuin Uadesineg uavdninasiuszuninetade
#in99 uandluansnedl 4.9 awnsaesuisanuiuslsvesmanuwddldiuegnad

Tushusadentu anuduiusseninedininiimelUuazdadesmeg uasdnswasiusening
Padarneg anunsouandldfaunisd (4.6)

L =0.001155 - 0.00006624 + 0.00008228B — 0.00007582C - 0.0002621A% — 0.00016848° —
0.0001472C> (4.6)

Inef L Aeardindnimelufianuisayitunela  aun1siiian /2 winiu 0.6901 wagai Adj. R? Winfu
0.5211 Fadurnweusuls wansliiiui Jadusnee LagdnSwasiusenineladonneg Nuansunisied
4.10 anansnesuigauRuLlTresahninimelulaiuiu

A151499 4.9 ﬂ?fﬁﬂﬁ?%ﬁﬂiﬁmuU§U§QUﬁWM§Uﬁ7ﬂ37MQ%QWWNﬂ?i@@ﬂuUUﬂ?i%ﬂﬁ@ﬂ&UUd?UUi%ﬁN

AN

Source of variation Sum of squares df Mean square F-value p-value

Model 474.08 10 47.41 7.34 0.0074
A-DC current 3.46 1 3.46 0.54 0.4880
B-Pressure 13.19 1 13.19 2.04 0.1960
C- Ar/N; 37.80 1 37.80 5.85 0.0461
AB 10.28 1 10.28 1.59 0.2475
AC 40.12 1 40.12 6.21 0.0414
BC 63.87 1 63.87 9.89 0.0163
A? 130.38 1 130.38 20.19 0.0028
B 114.55 1 114.55 17.74 0.0040
c 38.07 1 38.07 5.90 0.0456
ABC 96.82 1 96.82 14.99 0.0061

Error 45.20 7 6.46
Lack of fit 43.44 aq 10.86 18.53 0.0187
Pure error 1.76 3 0.59

Total 519.28 17
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A157199 4.10 N15ATIEANULUTUTIREMSUA LN TENTINglUYBIRE B UUANNNITEBNLUUNITNAA DY

wuvdIuUTTaNnans
Source of variation Sum of squares df Mean square F-value p-value
Model 1.342 x 10 6 2.236 x 107 4.08 0.0212
A-DC current 5.985 x 107 1 5.985 x 10°® 1.09 0.3183
B-Pressure 9.245 x 10°® 1 9.245 x 10°® 1.69 0.2205
C- Ar/N, 7.851 x 107 1 7.851 x 10°® 1.43 0.2564
A? 8.687 x 107 1 8.687 x 107 15.86 0.0022
B? 3.586 x 107 1 3.586 x 107 6.55 0.0266
c? 2.739 x 107 1 2.739 x 107 5.00 0.0470
Error 6.026 x 107 11 5.478 x 10°®
Lack of fit 5.689 x 107 8 7.111 x 10°® 6.34 0.0783
Pure error 3.368 x 10® 3 1.123 x 10®
Total 1.944 x 10° 17

A191991 4.11 AIANLLTNLAINN1SNAABILALNTYINUIEAINEUNNTTINTIAIANUAAIALAZ DU BINIED

A1

No. DC current Pressure  Ar/N,, Hardness Predicted Error Absolute % of
(Amp), A (Pa), B C (GPa) hardness (GPa) (GPa) error (%)

1 0.35 50 0.5 12.16 18.17482 -6.01 49.46
2 0.45 50 0.5 12.4078 10.42225 1.99 16.00
3 0.35 100 0.5 25.8514 23.52468 2.33 9.00
il 0.45 100 0.5 16.718 20.30641 -3.59 21.46
5 0.35 50 1.5 23.8738 22.67487 1.20 5.02
6 0.45 50 1.5 19.1636 23.8798 -4.72 24.61
7 0.35 100 1.5 12.3472 16.72224 -4.38 35.43
8 0.45 100 1.5 26.0868 22.46147 3.63 13.90
9 0.40 75 1.0 27.244 27.72535 -0.48 1.77
10 0.40 75 1.0 27.7866 27.72535 0.06 0.22
11 0.40 75 1.0 28.5384 27.72535 0.81 2.85
12 0.40 75 1.0 26.7526 27.72535 -0.97 3.64
13 0.32 75 1.0 22.4208 19.49129 293 13.07
14 0.48 75 1.0 18.248 17.79827 0.45 2.46
15 0.40 33 1.0 20.896 17.56077 3.34 15.96
16 0.40 117 1.0 20.9108 20.86678 0.04 0.21
17 0.40 75 0.16 22.0146 20.02055 1.99 9.06
18 0.40 75 1.84 27.002 25.61681 1.39 5.13
Mean 0.00 12.74
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5197 4.1 wansianuudeiildanmisaasarnsiuieanaunsi (4.5) sty
AR AR UYEWARI  91nAN519T 4.1 ansaniluadnsaanueanedeuTesiinu
lﬁmﬂmimaaqLLazmsﬁwmaéﬁ’aLLamﬂugﬂﬁ 4.15 LLaszUa%LGﬁummﬂmmLﬂﬁauﬁuyid (MAPE) v89
Aanuudsfildannnsmaassuazmsviiuneuandlugil 4.16  9nmauazgy axiuind1 MAPE fian
12.76% Fauansianuduiusseniteanuudaasdadesie uazdvinasiuseninatladeosieg 7
wansluannisfi (4.5) Sanuwiugioged (Makridakis et al,, 1983) Tun1sussanamanundswes TiN
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m3197t 4.12 uansrmimniivnelufildannisaasuarnsvunenaunnsit (@.6) savan
AIUAAIAAADUTB SRR 91nA15197 4.12 @unsatnluadiansinAIAILAa IALAR e uTE IR
5’1‘1/1%%181%15&11ﬂmimamLLazmsﬁmwvﬁ’mamﬂugﬂﬁ 4.17 uwarAndadidunnunaininden
duysal (MAPE) suaﬂﬁh{fmﬁfﬂﬁmalﬂﬁléfmﬂmimaaqLLazmiﬁ'}maLLamﬂugUﬁ 4.18 MNAITLAL
sU asidiudnan MAPE flen 34.43% Bedidnsind 50% uansinnuduiusseninsanimdniimeluuas
Jadurn99 wavdndnasiuseninedadusingg fuandluaunisf (4.6) favuwsiusluseduiiauise
pousUld (Makridakis et al,, 1983) lunmsUszanamihminiimelulunsageuanudnuseves TiN

a S o A aAv v ° & A
AN5199 4.12 AT AnelUNlAaINNIsNAaswaENISYNUIgAINALNISTINTIAIAINUARIALARDUYD
Y19899A1

No DC current Pressure Ar/N,,  Weight Predicted Error Absolute %

(Amp), A (Pa), B C loss (g)  weight loss (g) (@  of error (%)
1 0.35 50 0.5  0.00095 0.000702 0.000248 26.09
2 0.45 50 0.5  0.00060 0.000440 0.000160 26.71
3 0.35 100 0.5  0.00093 0.000737 0.000193 20.80
il 0.45 100 0.5  0.00085 0.000734 0.000116 13.63
5 0.35 50 1.5  0.00067 0.000550 0.000120 17.84
6 0.45 50 1.5  0.00035 0.000288 0.000062 17.69
7 0.35 100 1.5  0.00042 0.000585 -0.000165 39.26
8 0.45 100 1.5  0.00035 0.000582 -0.000232 66.42
9 0.40 75 1.0  0.00122 0.001155 0.000065 5.33
10 0.40 75 1.0  0.00128 0.001155 0.000125 9.77
11 0.40 75 1.0 0.00110 0.001155 -0.000055 5.00
12 0.40 75 1.0 0.00105 0.001155 -0.000105 10.00
13 0.32 75 1.0 0.00035 0.000590 -0.000240 68.56
14 0.48 75 1.0 0.00030 0.000378 -0.000078 26.03
15 0.40 33 1.0 0.00025 0.000542 -0.000292 116.64
16 0.40 117 1.0 0.00093 0.000818 0.000112 12.06
17 0.40 75 0.16  0.00050 0.000867 -0.000367 73.38
18 0.45 75 1.84  0.00080 0.000284 0.000516 64.52

Mean 0.000183 34.43
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AauudafilénnnnisnaaeuaznIsiueNaun1sN (4.5) fidan1iesiee munISeeNkUUNg
'vmaaaLL‘U‘UﬁiauUizammammmLLamaﬂaﬂmﬁuﬁuﬂﬁﬁqgﬂﬁ 4.19 91005 AzUIANNEURUS
sEnimauLdildainnismeassarnsUszanadanuduiusinunnlaeiian /2 = 0.7141 Fauans
Tifiuinaunisi (4.5) Tamnumnzanivdeyadinmudwes TN Idsedufitazaansaiuiesing
wdal@aehawiudseiunis Tusasdt Anidniinigluildannimaasiwaznisviiuigaina unisi
(4.6) annsouanseuERLSlARISUT 4.20  91nnsml andiuienuduiusssrinsadniingimelud
Igannnisnaasswarmsuszanaiauduiusiiamnsaseusulalneiian B2 = 0.5836 Fawandliiiuin
aun1si (4.6) ﬁﬂ?’mL‘Iﬁu’]%ﬁﬂﬁ%%@iﬂﬁﬁ?ﬁﬂﬂﬁﬂﬁ%ﬂﬂiﬂ1Uﬂ’li%®ﬁaUﬂ?i%ﬂ‘vﬁ@ﬁﬂ@ﬁ TiN leluszaud
ansosendUlduaranunsavinuneamein el ldlussdumnils
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aumsfl (4.5) annsmitluaeiiufananevauesiasidulassuansanuduiusssinedade
#1199 Tunszuaunisideu TIN uazAnLds Bauansiasui 421 913U ssifiudndiauudaiiangs
TuduifisialaiihnszuansaUszana 0.40 A Turgiifinuduuszana 70 Pa way AN, Ussanas 1.25
Tuvaeflauntsit (@.6) thlvadeiufonanevausmandiulaseuansmuduiussswindadosnee
wazetmiindimely Fauansiesuil 422 93U agduianiadniimelufienglufuiasielain
nszuamsaUsTanal 0.35 A uay 0.45 A lusaugiifianusuusyana 50 Pa uaz 100 Pa  1iesan
svasdvssnsnuiifesnislimanuudees TIN fiadouuunzveuuiicngeuasituing
ymelufiensih uingufl 4.21 wae 4.22 Auansenttadosingg lunszuaumaiedeu TiN Ustienemn
wsuaganimiindmelulildogluanmerestafoseg Weatu iilelinsmugnlszasduasnisiinm
il mamangfunzanestatefivilildmugausrasdannsamlinnmsinseide sty
aufisnala (desirability function) (Deringer and Suich, 1980) wenaINNIsATIEsIE3T T
AMNANelanad NsIELLINIINIIIANLNEENRAIE constrained optimization problem %39
nonlinear programming methods ﬁmmaalﬁﬁﬂmwﬂﬁ%uﬁu

(GU) 100 %

S, 90 —

0

80 —

B: Pressure

70

60 —

50

0.35

B: Pressure A: DC current
A: DC current

=

JUN 4.22 (n) NuRIHaneUauskanIauduiussenineladusieg Tunssuiunisiadou TiN uaven

g £Y d‘ . Ql' ] = b4 1 U % 6 1
indnfiveluves TiN ARunmedeunsanrseias () WW@ulasssaansauduiussznielade
A199) Tunszuaunsie@eu TiN wagAdminimeld

INAUNITAMNAURUS TN IIAIANULTIaz T Tui9an

H=27.73-0.5A + 0.988 + 1.66C + 1.13AB + 2.24AC — 2.838C — 3.21A% - 3.018° - 1.73C* +
3.48ABC (4.7)

LazANNITANNFUNUS ST IR N A e lUwazUadeieany

L =0.001155 - 0.0000662A + 0.00008228B8 — 0.00007582C- 0.0002621A% — 0.00016848° —
0.0001472C? (4.8)

elavednfinveHanaUALDIINADS
- AIANLDITRINZYBUUALITIANEIER LazalsiiA19g19A1 20 GPa uadTuldle adsdianga 27
GPa
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- Anbwiiniimelumsiisihae uazmstidiognann 0.0006 n¥u uifndululd aasiiandu 0
wimnzanivilildanflsdduauiianelagefignie Aluiinnszuansauszana 0.35 A
Turaugiifimufutszana 50 Pa wag AN, #o 1.5 Tasqaiazliaanuudaniiu 26.1537 GPa waw
Athwiinfivgluiinfu 0.000485 nsu  nasmnilsituenufiseladiefiyatdmivamanuudeae

g1

g, - [26.1537 - 20) 0,879
21=20 (4.9)
maﬁwmmﬁqﬁ%’ummﬁqwﬂﬂLﬁlmﬁﬁ;@ﬁjﬁm%’uﬁhﬁmﬁﬂﬁmaiﬂLLam”Léfé’fqﬁ
d = (0.0006 - 0.000485) 0191
0.0006 -0 @.10)

Y] | I3 'z = a v 'z = a '
nasanLUasAnanavaustduilanduauianelamenal Handuaiuianelafelnnay
nanavaussvzgnuUanluilaiduainuiianalasau (overall desirability function, D) fisaunisi (4.11)

WeAwiMIAafNanves D Feuanslanaludl

n

_ U wi
D=(d"xd}?x...x d;””)“zw' = [Hdi””‘j =(0.879x0.191)'? = 0.409 (4.11)
i=1

v say v ° ' 'z = = & ] ] ¢ o P
naanslaarnnrsAruaarilenduanuianelanelisaesrtazarilenduauii awelasivanunse
Wludeudunsmdsgun 4.23 Fadunadnsanlusunsuaeuiiames Design Expert®

DC current

Pressure

Ar/N2

0.879107
Hardness

] D.190987
Weight loss

] 0.409754
Combined

| | | | |
0.000 0.250 0.500 0.750 1.000

JUT 4.23 nyuansAilanduanuiianelalunsiinsgivaaimangay
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(%)

B: Pressure

0.35 0.37 0.39 0.41 0.43 0.45

A: DC current

JUN 4.24 anuduiusseninsaiihnssuansiaranuiulunszuiunisindeu TiN warA1Auwl
Y94 TiN AINUNISVAdeUNsanmsanlaann1sTins1en RSM wag POE (n) Nuiinanauauasuas (1)
HulATIINe

(%)

0.000238]

B: Pressure

0,00024]

0.00024:

B: Pressure

0.35 0.37 0.39 0.41 0.43 0.45

A: DC current A: DC current

UM 4.25 ANMUAUNUSTENINANAINTEhENTIBEAMUAUIUNTEUIUNSAFBU TIN wazAuntng
elUvag TiN ARIUNTNAERUNITENNIBLA1NNTTIASIZY RSM wag POE (n) NURINAADUALDILAY
() LAUlAT9319

NMFIATEmInmivauvessyivvesladenvilinanevauswnieglussaunuifianela
Ingldnsinnenmsunsnszaieauaaininfoudedldaunisannesiuandlusuiiuysase (Anderson

and Whitcomb, 2005) auni1smuduiusszninmauiluardadevisauivanddugudiulsass
(natural variable) fig
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Hd = -334.9207 + 1277.1578DC + 2.8513Pa + 165.3155Ar — 4.6593(DC x Pa) — 327.89(DC x Ar) —
2.4525(Pa x Ar) — 1284.1863DC? — 0.004815Pa” — 6.9391Ar% + 5.5662(DC x Pa x Ar) (4.12)

1989 Hd ADAIAMULTY DC ARANNANINTELARTI Pa ADAINUAULAY Ar ADATTATINIS AT Ar WA
N, Turaugaunisanuduiusseninsendminimeluuas Tademsanunuandusudulsasafe

WL = -0.0173 + 0.0825DC + 0.000044Pa + 0.001026Ar
—0.1048DC? - 0.00000027 Pa? - 0.0005886Ar (4.13)

a9 W Aaandvtiniimely
VBTN ISANUIUAIAINUABIALAFDUIINAITIATILINITHNINTLINYAINUAAIALAADY
dwsuAnunds Rnsanaenunlsusiueesdady o, ok, o5 wandldnauumindg

ot O 0
=l 0 o2 O
0 0 o2
(4.14)
0.0001 O 0
= 0 25 0
0 0 0.0025

Tnemmualiaiaulsunuressdadeyauwindu o). = 0.000], o2, =25, o2 =0.0025 uaz

oy
o0DC | (1277.1578 — 4.6593Pa — 327.89 Ar — 2568.373DC +5.5662(Pa x Ar)
V= aaT); =| 2.8513-4.6593DC — 2.4525Ar — 0.00963Pa + 5.5662(DC x Ar) (4.15)
oy 165.3155 — 327.89DC — 2.4525Pa —13.8782Ar +5.5662(DC x Pa )
0 Ar

lnefdl o2 =6.46 (lhanasimsiaszianunlsusiudmsuamunds) Al

2 2 2
0 0 0
var (y):(ﬁj Toc (ﬁ} o (a—Ayr] Tu + 0%

= (1277.1578 — 4.6593Pa — 327.89 Ar — 2568.373DC + 5.5662(Pa x Ar))* (0.0001)

+(2.8513 - 4.6593DC — 2.4525Ar —0.00963Pa +5.5662(DC x Ar))* (25) (4.16)
+(165.3155 - 327.89DC — 2.4525Pa —13.8782 Ar + 5.5662(DC x Pa))
(0.0025) + 6.46

idlounuen DC = 0.35 A, Pa = 50 Pa uag Ar = 1.5 asluaunis (4.16) 9zl

Var (y)=(1277.1578 — 4.6593(50) — 327.89(1.5) — 2568.373(0.35) + 5.5662(50x 1.5))* (0.0001)
+(2.8513 - 4.6593(0.35) — 2.4525(1.5) — 0.00963(50) + 5.5662(0.35x 1.5) )* (25)

+(165.3155 — 327.89(0.35) — 2.4525(50) —13.8782(1.5) + 5.5662(0.35 x 50)) (@.17)
(0.0025) + 6.46
=7.0213
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i wldimmsunsnszarenmnaiaiAdeuiion DC = 0.35 A, Pr = 50 Pa Way Ar = 1.5
POE = \/Var (y)
=+/7.0213 = 2.649

FanganuANalugun 4.24(v) 7139 DC = 0.35 A, Pr = 50 Pa Uag Ar = 1.5
A15AUIUANTINTUANUNIND LA BII9EDIANNIATIZNAILNITHNTNTEINEAINU AAIALAADU

(4.18)

suaritsidurufiawelasinannsasualdiduisiunsiunauma el fodostuns
AATIERAIBNITUNINSEANEANAIMAREY  ANadnSTIlFanmsAwInAilasTuaufianeladen
WansAuarilastuauianelaieaaae A fininssRE I8N S LN NSY N8R ABIALAREUTINTIEAN
flerdunnuiianelasamamsathlui@eudunswdsgui 4.26 Fudunadndanlusunsunesfiumnes
Design Expert®

DC current
Pressure

Ar/N2

Hardness 0.879111

POE(Hardness) 0952212

Weight loss

POE(Weight loss) 0.513895

Combined

0.000 0.250 0.500 0.750 1.000

JUN 4.26 nyvluansAilanduanuiisnalalagldflsitunnufionelanaznisimseinisunsnizany
AnuAamAfauluNTIAT B TLaY

1%
v A

nuiTelsdldidulnsasnwemanauaueusiaziiusdeauiuiy (overlaid contour plot) &4
Duwuammidsfianunsamannefimangauvestadosineg 1§ nsiasuseduresrianuuduazen
drmitniimelumuseiumeg sesdasoamnsaldmaneiimunzanldannnsldidulnseiiwes
NARBUAUBILAATAINIINTOUNUAY gih’?i 4.27 LanudulATIs19RINAR B UANBAALAI NN
FouuiulasasunlassysuresAanuudasaiminiimelUlnefirnanuudsnsdifissdu 20 was
26 GPa Imaﬁmﬁ'}wﬁfﬂﬁmdﬂagjﬁszﬁu 0 WAz 0.0006 ¢ 913U anngivanzauvesiladoamanie
FlldAauudafiudannweuazaiminfimeluiitesnenistnaniiansan @wnnsed 4.13 uans
anmefivunzauesiatoauanieiinlildaanuuding winneuazardmininiglufidesme
sumtsanEmnzasvesdaduildannmsinsesiieidunnufanelalneldiladiduanufianelanas
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MMSIASIEANISUNINTEINDAILARINLAREY  Aian1IEE (DC = 035 A, Pr = 50 Pa way Ar = 1.5) a¢
meluituiiflildusemdoduiuiidululd (feasible region) vlilaArauuditudannwouasen
dmindvngluiiteswe  m15197 4.14 wansArauLdaara i fivag lUAR UL swesan 129
wngauvestadeauaniziiausnazan1ziilaannsimseiilsisuanuiiaonelalag ity
ALRnelalaNITIATIEANITUNSNTEAEAILAAIAAGEY  2INANTINREHLIT AALTeTian T
wanzanvestladuiianuanruariannzainnsimseiilsiduanuiimela lneldfefdunanuiia
wolanarn1sinszinisunsnszateauaatandsuiiaiauudlduandietunindn Tuvasiial
dndnfimgluananneiildannisiesisiitasdunnufianelalneldilsidunnufianelonaznis
RTINS NSEEAMLAIAA e UTAMAULANA S TuL T UAB

Hardness
110F (GPa)
—_— 20
100 - - .- - 26
Weight
90 loss (g)
~ 0.0001
n- -
< 80 0.0006
o
g 2ok Hold Values
a Ar/N2 1.5
60+
50+
40

0.32 0.34 0.36 0.38 0.40 0.42 0.44 0.46 0.48
DC current (A)

=

JUT 4.27 Fulpsassesraneuauaswiaziigniiudeuiviulaelfsunuasssiureseanuuds
warAUmiinimely (n) Auudsnsdfinisedu 20 wag 26 GPa lnefianiminiivneluegisediu 0
way 0.0006 g

d' ::4' % ::4' ) 72 <@ d' < 1 %; v ::4'
AN 4.13 aNNLNVNNLEALYRIYTYANNAN1ILNYIN AL ANANULTLTIUI NWBLAEANNUTINT
e luntesns

ALY DIEN NI AUNULEUD {93y

ATWE (A) ANUAY (Pa)

X 0.44 110
0.45 75
Z 0.43 50

POE 0.35 50
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nanzimzaniiluisudisuainnuudawazadmingvne lufanizaeaianansves
Jagav19a@yu (DC = 0.4 A, Pr = 75 Pa wag Ar = 1) waeNan1igann1simsiziieanduainuianelalag
TaHangduaIuianelanagn1sIASILINSTWINTNTEIN8ANUAAIALAADY (POE) Aakandbumisan 4.15

a e v 2 \ 2 o o v e q‘
INNANITIATIEATLAAIIAIAUIT AIANUBTINANILNIABILAATLANA1AUUTZUIU 5% TUVMEAAN
%:1 v d' d' 5 P2 1 v} = d! [~ =l o 1 d' a I
Prndnfvielunanineaasaldananm1aiuiou 60% Fudun1s8uduinNaninegaInniIsiesie
Hanguanuianelalagldfantuaunanwelakasn1sIASILINITENINTEINEANUARIALAREY (DC =
0.35 A, Pr = 50 Pa waz Ar = 1.5) Wuaneiwunzaulunisiinzvevuiwaoundasns TiN TUldlaen
aunsanusranisanusalatdusgaf Dnitasnan1zidwinliaianusuwlsva At rininieluainnig

= a0 ¥ d' = P2 = [ 1 o 4’5 ¥ 1
nageunsanusaliatosigniauiiinaziinisusuadadensanulviunnseluananiog DC = 0.35 A, Pr

- 50 Pa waz Ar = 1.5 luvnefau

A13197 4.14 Aenuudesazanininimeluiannygananaiwestdadensaunasianiag POE

funesansiivnvauiiviaue NARBUAUDY

AU (GPa) duidniivneld (o)
X 25.5004 0.000895
Y 26.2335 0.000832
Z 24.3159 0.000809
POE 26.1683 0.000491

a =] = 1 I3 J ¥ v A el' = v & PN
f1919N 4.15 ﬂ'ﬁL‘UiEI“UL‘VlEJ‘U?‘WWJ’]@JLL“UQLLﬁ3@’]14’]1/]‘14?1'1/]1/1’1811_]‘1/1?131'1’38@@?141ﬂﬁﬂﬂﬂ@ﬂ‘ﬂﬂ]f\]ﬁlﬂﬂﬁqﬂuagw
d@n1e POE

Uadty 9 anmedi ALY (GPa) thwiindimely (g)

Manane | omnsan | dxen | peilldenanas | sadldann | nadildannanms
(POB) f\;@ﬁﬂﬂmq fngay (POE) f\mﬁaﬂmq fungay (POE)

nszka (A) 0.4 0.35 27.5804 26.1683 0.00115 0.000491

AUAY (Pa) 75 50

Ar/N, 1 15

ANULANAS -1.4121 0.00066

% n1sUTuUse -5.1199 57.3043

AISANYIANBSTIINNIENIN

A15NANTUIANYAULNIINIEATNVDINILAR DUNDULAZUNAINISNAFUNITANUTBYINLINIIUNaln
nsanvse msznsannseusarULuuIviiveuuUsuuladudnuaeiunndaiy - JUN 4.28
LAPISNYAENNNIENINVDIRNUATOUNDUNITNAGDUNITANNTBUAZTUN 4.29 UanISNAEUIRIATDY

VRINITNAABUNNTANNTE  31nFUN 4.28 Wud HiAFeuildnwugAdglaveIuIUINIUNTYUEITA
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lasu lngUsingsesunniiiinainnszuiunisyuensalasunseatgedily  Meiliinainnisiadeund

AUNUIVOITY TIN Uszunad 3 tm ldaiunsadnliunuiininunuiniesessesvasiabiula e

¥ a A

ASIERRIENERIganIsAuBIaAnsauLUUdDINTIANUI Madidnwasmileuiafiy lurauzidwnduses

D

dnfiAnannszuaunsenialasuiimadsunasdnteslneniudnuessovaniiosas  vnaduveq
seounnfazidoumneluddlidnumiloutuineunisindey

2n3UT 4.29 wssnafintulusswinmsnedeuntsdnuseriliduiiyudeduiiduduaiy
wousadld ielangdnfignnaiunszaiseenlunnfiaynnig vlviuinuveuresdiuiignnad
srvaurliFounaslifisuuuuiiuivey  UnaidudusduiuiignnaviuiidnuasGeu saiiiaainns
\FunduszminsiandeuiugnueamaniililunsmaasunsdnnseivihlsiAnnsdnuseuvudada lag
Lmﬂmmqﬂuaamé‘ﬂﬂiw‘iwiaﬁasuaq%umuLLawTﬂﬁazma:wuaaﬁa%umu%ﬁmﬁ’uawammqﬂuaa
dognuaamdnnasly Arvesdunudunilsfineanluiugnuea  usduIavgRRENIINUTIM
nagey vsdustavgaeenanegluuinaiiiuuss visdufanadluluses LLﬁ%QﬂﬂﬂﬁUﬁ]ULﬂuLﬁ’a
Fendu yihlsmdamanedeunuih Avesdunuliifisosuaniivinaia nsnegneuniaine adlulu
soounniduamaddyodmisnasnsinmse mreidssuntemnasiulusesunndwiunng uasd
meﬂmﬁuﬁmzﬁﬂﬁaqmﬂLmiﬂéffsL%’ﬂlﬂagiizmdw%umaa TIN wagtuveseniolasy  leUiaes
pymailinnnewasldFuusanadunngnueatiazylifuiinadeuusnesnanturesesalas wae
vinniiAnmsuenftasdugaiduduresnisunniin (crack propagation) Wield$uussnadnludunsn
e ade Anadeufiazuanuazmgaoonly

dnuazresnnsanvsevesiandeuvesnzveuuiinalnnsdnnseiiinainnsdadn uaznis
unniin Tnglivsngsessesiiinannalnnisdnvsouvudnd  Vedloradeswnanoymeiiadeuiitu
TiN fanuudenirfiufinfidusndalasy  Woauniaves TIN naneenuazgnnaviufgnueamn

v 3

aunawmatufazilsiaciviuianduesalasy dailbilddounianaziluiandnd  edralsiany

q

¥
= =

KIDI9NNRILARDUVDINLVDUULAALA I ANUANIINANLANAIAY DRTINTANNIDMNATUIILANAAUT 9

ylsiminiivneluvanzuauuLsasiaNaA19 ua e

1001Jm = " T ¢ e

Ul 4.28 SEM wpsnzuauuiiadause TiN Tne (n) 9818 100 Wihuae (v) w878 3000 Wi
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Sk

35U 4.29 SEM vasnzuauuiinziaunis TiN nadin1snageunsanvselag (n) ve1e 100 Wiay ()
YeE 3000 1N

4.2.2 f)75U§UU§\7W&’°ZI§JUU9§I‘?EJH7'5£P)5?]1./!!?7\7 TiAlSIN 4ag TiCrAlSiN

nsidevinnzveuuieTandug Wunummilaili@nvivenmileanazveuuiindoudae
TIN aniildindeufo TIASIN uaz TICAISIN  1iesainazvevuiildeglulssnudagdundnain
wiannal¥adufinaunsyuaunisensalasy mswlsuifisuauaiuisaluanuamusenisinnseves
aryeUURNAnNIMENnaTlSatuiilinunarinunszuIunsesalasualsla utusulssudiey
ANLENINTElUANLATIUR DN TANTNS BT MY ULTIHAR I NIENNaT S lufinunsEUIunIsENSALATY
LazlAdaume TIAISIN wag TICrASIN  NMSNAFBUAIINLIY NISNAFBUAILNYIURIVDINLVBULLAY
ASNAFBUNISANNTBURINTIBUUIE LANaIResB LY

N159AFaUAIAIULTY (hardness test)

ANSNAABUAIANULIIVBINEVBUUNNANIINMANNA LS atiunde widnnanlSadunasfiniu
¢ & Y MY a oA ¢ A a Y . . .
ASTUIUNI58TSALATY WAaNNALSadunaaNNIUNTEUIUNISENSALASUTILARDUARE TiN, TIALSIN Lhag
TICrASIN IngluwsazTanvhnsnageuanuudiegiiay 5 uandlanmisni 4.16

a 1 < a L
13199 4.16 ATAIMULUIVDINSVBUUATUTUAVUBIIER)

ANAULTS (GPa)

vilnuaaTan : ) ; . P

wiannanlsalluvae  7.2252  6.8172  6.5590 6.9325  6.0605
g150lATy 9.9163 85848  9.4410  10.0222  9.5603
TiN 26.6319 262660 253605  27.4584  24.9536
TIALSIN 279537  29.8326  31.2013  35.0433  30.1234

TiCrAlSIN 27.8358  30.5644  32.4601 30.7266  26.2905
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35r

20F

15}

Hardness (GPa)

10}

-

Cast stainless Hardchrome TiN TiAISiN TiCrAISiN

0

JUN 4.30 AAuLdswesnzveuuurinvesianlaefidaauiuwls (error bar)
(Khanchaiyaphum et al., 2017)

ﬂ'ﬂmmLL%qQﬂmaaUé’as;ll,ﬂ‘%'aai’mﬁhmwmw‘fm Tngldtmiinng 50 mN  Aadsvesanuudes
ngyouuivhanmanndlfatuvdeiid1iiosaniyinfiu 6.7189 GPa sesawmnAenyyaULvaINUMANNEN
¥afuvdesiiunisyuenialasusitiu 9.5049 GPa nxvauuivihanuninndlfaiuvdenazsiunis
AauURLTY TIN Wi 26.1341 GPa, TICrALSIN iy 29.5755 GPa waz TIALSIN winffu 30.8308
GPa mwddU  JUT 4.30 uamsrmnuudsvesnzvovumuiinvesianlaeidunsmusisidanimdiy
U5 (error bar) mmmLL%waamﬁuanﬂLLUUﬁﬁwiﬂﬁLﬁaaﬁ’uwamiﬁﬂwwaa Martinho et al. (2009),
Chen et al. (2014), Wu et al. (2015), He et al. (2016) sugu
MsMAdBUANNLANANIYBIARABANLUT e sTInE v UgULUUASY annsaldnnsiiasnei
AUBUTUTIURUUTIMUNTNINLAYT (one-way ANOVA) m'ﬁmaauamagmLLamlé’é’aﬁ
Hotth =, =...= 1ty
H, ‘y # w1, foratleast one pair (i, j)

Hyit,=7,=...=7,=0

H,:z, #0, foratleastone i

e 14, thys s, g, i 78 ANRABAILT VORI VBUUTIAINIMENNE | adumde wdnndnlFady
NaaHIUNITYUBISALATY wdnndl¥atunaonaztiunis iAo Ui natetuse TiN, TIAISIN Lag
TICrAISIN PNSIWU 8 7,,7,, 7, T4, Ty ADHANTENULEBIINAULANAI YDA VB UUTAYINRIN
wiannalsatiuvas wannanlfatunaerunisyuaninlasy winndlsatduvaenaziiunisindouin
waneTuEe TiN, TIASIN wag TICrAISIN a1ua18u  Han1saAsigranuwlsusiulunisnagay
NaNTENUTeIA AT UL AR InNT1eT 4.17
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A13197 4.17 MIBeTianuulsusulunmegeunansEnuTetTdnuaza1sIAde UR DALY

Source of variation df Sum of squares Mean square F-value p-value
Type of coating a4 2658.155 664.539 228.48 < 0.0001
Error 20 58.170 2.909

Total 24 2716.326

9INANTINTRATIZAANURUTUTINAZUN Tanuazarsindauudanldinnzveuuiidndnase
AANuLdwesinnzvevulneaased1iided iy Assauieddy 0.05 ogelsiniy ANLANAIY9
1 [ 1 [ = [ d' Y o 1 .{’j o I~ £ ) = =1 [
AIAULTITENI I TaguaransiadaukdaldinzrauuU ST Wi IndudesililSsuliieui
iefinnsaniiaguazansindoundeinldinzveuulssinvlaiinnuudunnssiuegidls

nsiUSeumgunvAumeIsauuanssEautedfnytesiiga (Least significant difference
method, LSD) l#i3euiiisunnuunnd1svesnuudivesdinsveuuiivhainiaguazansindounis
agatios 1 g N15AWINAT LSD uanslagiail

LSD :(ta/2,an—a) MSError —+t—

1 1

= (t0.05/2,(5)(5)75) 2-909(_ + _J (4.19)
5 5

=2.086x1.0787 = 2.2502

f1A1ANLANANTBIA UL TN ngLRA ST TaguazasiAd o uRDTIldinzua UuU STIAANgY SiA7
WNNIIAY LSD 9xUfes Ho wazaguinaimiuunnasvasanunisdaeiadeseninaiaguazaisiadou

¢ 1Y A o I Au o w = = ' a I ] Y= T, Yoy
wlertudanuuanaeiuegailidedfy  wansiUTeuisuAtafsauuddunsayseaududlagldis
ANNLANATERUTE Ay eeian Lanalafinisnen 4.18

= = = | A < o ] o @ Yoo ] 1Y)
M19199 4.18 MalSeuiisuaaisauwlwesrndunaluwiasseauiug lagldiganuunneseiu
WedAgytiaefgn

ALSEUgy HAATUAIAILLANGNY
TIAISIN  uag  stainless |30.8308 - 6.7189| = 24.1119*
TiALSIN kae  hard chrome |30.8308 - 9.5049| = 21.3259*
TIAISIN wag  TiN |30.8308 — 26.1341| = 4.6967*
TIAISIN  wae TIiCrAlSIN |30.8308 - 29.5755| = 1.2553
TiCrAISIN - wag  stainless |29.5755 - 6.7189| = 22.8566*
TiCrAlSIN  1lag  hard chrome |29.5755 - 9.5049| = 20.0706*
TiCrASIN  tag  TiN |29.5755 - 26.1341| = 3.4414*%
TiN ey stainless |26.1341 - 6.7189| = 19.4152*
TiN ez hard chrome |26.1341 - 9.5049| = 16.6292*
HC Ay stainless [9.5049 - 6.7189| = 2.7860*

2
Y a o

e * vineferafeaiuwansiaiuegaitud Ay
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MsuaRIRaNITAgauaNnsavilalaensiiesduatader uudtduldazseiunuaiuan
weeluinn MelalifianuuanssiuegedidudAnysdaduls Jauansladail

y]_. yZo 93- y4o y50
6.7189 9.5049 26.1341 29.5755 30.8308

Tnen

A 1

Y, Ap Aladennuldaes stainless

b

92, fio Aadsruudsves hard chrome
Y. o Aadsnuudues TiN

94, fio Aadunuudues TICrALSIN

Ve o Anaduanuudwes TIASIN

PNMIAdeuNsiUssufisuAadsAuLde asiuiAedgauLdissrinanannanlsaiy
NaolazNIUNITLAARURAIY TIAISIN wag TICrAISIN luflnnuuanansiusgrsiitsddgynseauivddey
a < a 1 1 [
0.05 LLazummmLLmqﬂqféﬂmEJLaaaiumemmu

NI1TNAFIUAIAIINREITUAD (surface roughness test)

ANSNAFOUAIUNEIURIVBINZTOULTINARa I nannaTlSatuvae wanndnlSadundefiniy
nszUIUNTEsalAsH wannaladunaeiniunssuiunsasalasuiitadeusae TiN, TIASIN waz
TICrASIN: Tngluusiag Yanvhnisnadeunramenuiinegaay 5 suansldfansned 4.19 uasuanadu
AsmluisfifienAuuuls (error bar) ﬁagﬂﬁ 4.31

M15199 4.19 ANUNEIUHIVBINEVBUUANNTTATYDITEN

ANAIIURYIURD (Um)

YUAVDITAR

: 1 2 3 q 5
wiannanlatiuvae 1.1060  0.8092 14616  1.3604  0.9012
g150lATY 0.5398  0.5878  0.5128  0.4310  0.5092
TiN 0.6580  0.4640  0.4920  0.8992  0.6804
TIALSIN 05470  0.6050  0.6358  0.5488  0.6974

TiCrAlSIN 0.4218 1.0708 0.4506 0.6428 0.5336
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1.6}

1.4

=
N
T

=
o
T

Ra (micron)
o
[0 ]
T
I
I

e
=)
T
I
|

<
iS
T

- . x

Cast stainless Hardchrome TiN TiAISIN TiCrAISiN

JUN 4.31 A1ANUNEIURITEIMEYUNINY YR IaRlnglansAIAURuLUS (error bar)
(Khanchaiyaphum et al., 2017)

N1SNAFBUAIILLANANNYBIANRAL AUV VR INEVBUUTURU AT aansaldn1siagies
ANUBUTUTILLUUTUUNTIAUGED (one-way ANOVA)  N1SVndeuauufigIuuanslanall

Hoity =1, =...= s
H, i1 # u;, foratleast one pair (i, j)

Hy:z,=7,=...=7,=0
H,:z, # 0, foratleastone i

W0OT 14, 1y, 1y, 1y, s AOANLRABAMUNENURIVDINEVBUUTIY NI NIANNET IFaTiuvae lannanl3aly

waonuNIsYUeNsalasy wannaldadunasuwaziunisiadeuiaeag TiN, TIAISIN wag TICrAISIN
PNUANY WAE Ty, Ty, Ty, Ty T ﬁawaﬂiwuLﬁaqmﬂmwmmn@hwaai’amhm Avhanmannaladu
wae wanndlsadunaeniunisyussalasy wannanlFatunaeuaziiunisindaudaeiie TiN, TIASIN
wag TICrAISIN @UaeU  Han153tAs1EAuLUsUTLlUN1ISNA@RUNANSENUYB @SR D URD AN
WENURIMEANITIM57971 4.20

M1319% 4.20 NMFIATIERANNKUTUTILIUNTNAGRUNANTENUYBI YOS TARLALANSIARBUADAINVEIU

!
Source of variation df Sum of squares Mean square F-value p-value
Type of Coating 4 1.175 0.294 7.841 < 0.0001
Error 20 0.749 0.037

Total 24 1.924
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NI TIATIEiATILTUTURiud Tanuasasindouudeiilivihngueuuidviwasie
Aaureuianzreuulnedeesaiivedfaiisedutvddy 0.05  egdlsfiny AuwansIwese
Aramguinsswis Tanuaran nadeuudeilivinzvsunussandneg d SuudeniluFeudeudu
ilefinnsaninfaquarasiadoundeiilivhnzvevuussinvilafienameuinuwnndrsiueesls

MswSsuifisunvauseisanuuandssefusddyidosiian (Least significant difference
method, LSD) I%L‘U'%smLﬁsmmmLmﬂﬁiwuaqmm‘mmuﬁ’mmawﬁﬁwmni’a@LLasmimﬁaULLGﬁqadN
foy 16 nisduanen LSD wandléiall

LSD = (t, 5 4 ). [MS

Error

1 1
= (t0.05/2,(5)(5)—5) 0-037[5 + g] (4.20)
=2.086x0.1217 =0.2538

dArmnuuAnensrenLveURlagleAssEnie Tanuaran s doundeilivihngvouuussandngeg &
AR LSD A8UFIas Ho wazaguiiAansuandswesanuneuialaeladeseninsTaguazans
indoundgiuinuuanssiuegsiifedndny  nanswisuifeudnaiomiuvenuialuusasedy
Huglagliisanuunnsnssiulioddyliosian uandlddmsnad 4.21

=] = = 1 = a oY ' [y 1d ! Yaa 1
M19191 4.21 ﬂ']iL‘U'iEJ'UL‘VlEJ‘Uﬂ’]LQaEJﬂ’l"liJVlEJWUN’JSUENﬂWﬂQLﬂ@luLL@]ﬁ%ﬁ%fﬂUL‘Uu@ TaglaiganuLanmig
seautlydAnytiosiian

AwIguLiigy HAETUAIAULANA
TIAISIN - uag  stainless |1.1277 - 0.6068| = 0.5209*
TIALSIN kag hard chrome |0.6068 — 0.5161| = 0.0907
TIALSIN hag  TiN |0.6387 — 0.6068| = 0.0319
TIALSIN e TiCrAlSIN |0.6239 - 0.6068| = 0.0171
TiCrAISIN Wy stainless |1.1277 - 0.6239| = 0.5038*
TiCrAISIN - uag  hard chrome |0.6239 — 0.5161| = 0.1078
TiCrASIN - gz TiN |0.6387 - 0.6239| = 0.0148
TiN e  stainless |1.1277 - 0.6387| = 0.4890*
TiN ag hard chrome |0.6387 — 0.5161| = 0.1226
HC ey stainless |1.1277 - 0.5161| = 0.6116*

o
& o w

Meme * vingisrafegtulanaiuegaliieddsy

o w

NSWAAIHANITNAADUAINITOYIN A LALNISHS BIANPUANRAL ANUNETURI I ULARESEAUMIUAIRUIINTIDE

o

T glalidianuwanseiuegeiifoddgasdaduls Jauanslasal

Vi Yo Y Y Ys.
0.5161 0.6068 0.6239 0.6387 1.1277
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lngi
- 2 1 = a
Y. A9 ARAYANUNEIUNIVBY hard chrome

Y, £ ALRAsAUREIURITeY TIALSIN

Vi  AB ALRAAINNEIURIVDS TICrALSIN
Y, A9 ANRAEANUMEIUEIVEY TiN

Ys. AB ALRAYAMUNYIURIVDY stainless

MNNsnegeunIsiUTsufisuAdsAune Ui Asiiuind el AU e uRITERINg
wmanndlfatumdeuas aninan fanuuaniafuegiitoddyiisedudodidny 0.05  AAnamey
Avesmdnndnl¥ataumaeiirnaumeuiamndian Fainainnsiiunsmasiaedidaildtiiunisgy
g13alasuuazasndouLdadue

n1snaaaun1sanuse (wear test)

U 4.32 waRIUNMIN Al URAEY IR L B UUNEINITNAZDUAMUAIUNIUNITANNTD  31NNIT
NAFEUAUAUIUNIANTsaLEndlTiLImzvauuTvihanmannanlfatunaedetgnsldanumge
Tnavuaargnisldnudioniunmmagaunisdnusefivial 180 wi lusazinzveuudivhainimanndils
atlunaeniun1sgugnialasunuaegnsidnuiivag 300 Wil dupzveuuiivhanmanndilsaiuvae

' a a v . . 9] P a A o & Y Yy a
LaZHIUNITAFRURINE TIAISIN ¥uae1gn15idaunngT 840 wiil  szvevuiinanwmannailsaty
PADLATHIUNITIATBURIAE TIALSIN ﬁmiﬁﬂmw‘hﬂimmauu‘ﬁﬁwmﬂmé‘ﬂﬂé’ﬂl%faﬁwa'amumisqu

¢ ~ P P v a & a ' e ) ! a Y}
gninlasuilssuldnusglutaguanduusunm 2.8 W wan1sAnwladeanunsednanedivene
nslduvesmzveiliadaumy TIASIN wag TICrAISIN Tnans@nw1ued Zhang et al. (2015) 53y3101
nsldanuvesiindaadaume ATISIN wag ALCITISIN eliiusinganuunnsnaiuegnsdidedfry

ANNITNAFDUNITANUTOVDINLVDUUNUINALVOUUNNNANNA1lSatl unaanaze1unis

2 a v . Lo a a P = = = Y = A o
\AFRURIAIY TIAISIN dUsyansangeaniiiaiUSouiisuiiisuiunzvauusunuudug azveauuivinain
wannaladundsuaziiunisiaiouiaiig TIASIN fauudgendinzuauuguuuudue) e 39
anunseasUldinAmanuwladinaseanuausalumnusmumunisdnusevensvouy AUl
fAnfinsnduardmalianudiuniunisdnusevensvegainduniulisiy  WeiiansandA1AIy
PYIURINUINNEVUUNYINANMANNAT IS atlunaanasi1un1saaURIa18 TIASIN TullA1AUneIUR?
agluszAunanadieSeuiguiunzvevusuuuudug Fee1ananlaitAinnuveIuiitenassinase
AMUAINNTO LUAMUAIUNIUNITANNTDUBINL VDU
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0.004F
0.003
S
a
2 0.002f
e
D2
(D)
=
—@— hard chrome
0.001 —a&— stainless
—— TiIAISIN
—m— TICrAlISiN
TiN
0.000

Time (min) 60 120 180 240 300 360 420 480 540 600 660 720 780 840
JUN 4.32 "t imeluiadeveans v UuraIn sNAgeuANMUNIUNITAN TS
(Khanchaiyaphum et al., 2017)

n75§ms7zw’fﬁwa§’wgamﬂ (microstructure analysis)

TumsienegilassaiisgananazUSinusnvemzusuuivhanivanninl3adumas nzveuy
anmanndldatunaerunisyuanialasy  agvevuivinanmanndlfalundouazsiiunis
\AERURIAIE TIN, TIAISIN wag TICrAISIN IaenszuiunsensalussuugyyiniaLuuilawesailshin lag
14 SEM/EDX vharleunagndsmanaadeunisdnuseuvuiulaluanzuss  ludundinisveaounisin
nyotu MnTeilasiaiganaLarUSinasneae SEM/EDX wdsniitunuiug ldawnsald
nulraly

dnwazyeiiivesmzvauuiivhanmanndnliatundeuansfaguil 4.33(n)  neunsvaaeuAy
Fununsanusenuiniivesnzvailuseduniruuiuwazivguidny nszaeagauuuIses Snvuy
FananiAnannstaintuay gﬂﬁ 4.33(9) HERAIFNYULRIVOINEYDUUNFINITNAADUAIIUATUNIY
nsdnuseduian 180 wifl Fmuiiinvesmevedimuasndenuinty duiidusedunmouiuiing
AeuUNIsNAARUANUIUNIUNTANTSEgNIRdLasaNENTewwITosananunavi iR druEeuLIn
P U7 4.33(p) LARIHANTATIETNA AT SRR UE TN BULAE N SN 1T NARE UALATUNILNTS
dnusedanuinneuntsvedeuinazveliidl O war Al usadusznou wivdsnamaaeulsing O uag Al
Futunardadiuvessindug ogluszduund  anunaidl O uaz Al ifnduerafumneg 0 Wy
ssrUszneunisveaduleludeuiiinnmanesnanidulewagludninfuinnzvevinlindanismaaey
wull O Wuesduszneu  Tudiwwes ALiaondulowuiendy uliin Al aglildesdusznauvesdu
Ty wiilosanlunszuaumandn dulsasduiatuiuduidu ALMIFE ALmeRnegiudilouanie
thidledd Alinginegumaaoy Al unséwdsludninegfuiianzvorilivdsnismaaounuing Al
ity
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Sliding direction

Before test
wi% | at%
214 [ 906
0 Q
] Q
0.85 | 1.54
200419 50
1891175
68.76 [62.59
6321547

intensity (au.)

X-ray energy (keV)
U 4.33 nwisnelassaiiaganiadie SEM vesazvouuiiviainimanndnliatuvde (n) neu (v)
ydanInaaeUmNFUUNsAnTseLilanaruly 180 wiilag (A) MleTEiUTNAs R
EDX ADUNAINITNAGRUAINAIUNIUNITANNTD (Khanchaiyaphum et al., 2017)

d' v a el' ) I3 % Y a | ] I
g‘U‘Vl 4.34 LLﬁ@flIﬂ’Nﬁi’Nf\!aﬂﬂﬂ%JQQN’JG]S“UE]UUVW]’H]’mL‘ViaﬂﬂaWlﬁﬁumﬂa@NWUﬂWi‘QU‘e’I’]iﬂIﬂiM
1R8N UULYDIRNINEVONAINITNAADUAMUAIUNIUNITANNTOAAUSHUNINAINNBUNITNAADU LHA
wudlsesunnnszaeegall UM 4.34(n) wanssesunniionainainanuduiinegluiavewmeve
HIUN1SYUENSAlATULNBUANTNAGRY  JUT 4.34(2) kandlAseaieganIavesiInguenaIn1sagaey
Py P = PR | a a e ] | & a
AMUAIUNIUNNTANNTDLTULIA 300 UIT FINUINRIVBINLVDLAANITANNTDLUUTDINLLUINITHARDUT
vouduly  sesusnilegseus sednusellveedeenludivinalasseuinilusesuanifivunalg
= = | | a A = < = L)
uazinadinvessosNNIUTMEu Fadunau1annnalnn1sannsewuuwanin (Costa et al., 2010)
i‘U‘Vl 4 34(m) LL?WNﬂWi’JLﬂi’]‘”‘wﬂﬁﬂﬂmﬁ’mww EDX mwmﬂummmaﬂmamaaummmumumiaﬂ
VsotMUS A veil C WinduannneunadeuEnTiosuay Al WiuTuuRy mmmw C Wiud
onadumsy ¢ Hussruszneuniwendulelugeu Wodulgludeuinnistnduaziiuisdiuveadu
legndnfuiinzverilvndinisnageunudnd C siuey  Tudiu AL aRuiuiesnlunseuiuninge
[ I3 % 3 day 1 dl I3 1 dl 1% d' d' 1 Qy 1 35 ) Yo a (9 ¥ dl'
wazdanuduletuiiguduidu Al og Werduluwmdeunruiudiutuyivig Al Aaunduidule uasiile
Undulend ALinghnegumegaey Al udmisludainadiuianguerilindinsnaaeunuingd Al
ATEG!
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Sliding direction

I

u

intensity (a.u)

X -ray e;lergy (keV)
s‘thn 4.34 2 nanelATIEsaganIAcIY SEM suam“mauummmﬂmaﬂﬂawliaumaamumwumm
1A53 () NaY (V) MHINISNAABUAUAUNIUAISENATBEIUIULAY 300 WTikay (A) NSAASIEH
U%mtuﬁmé’w EDX NOULALMRINISNAZBUAIUATUNIUNITANNTD (Khanchaiyaphum et al., 2017)

dusunzaovuiviionmannanladunasuazeunisiaasuingas TiN, TIASIN wag
TICrAlSIN T,mJﬂﬁzmumﬁm%ﬂiuizwqmmmmmw’?\laL@@%ﬂﬂﬁaﬂﬁwqaﬂiimmsﬁﬂmaé’aﬁ gﬂﬁ
4.35(n) LLammmauuﬁmﬁaUﬁaﬁw TiN ﬂ'aumsmaaummﬁmmumiﬁﬂmawud’ﬂ’Jmsuaﬁé’ﬂwmz
Nuiadeveni (droplet) GZJU’]G]Laﬂ"] ﬂﬁumaaamumm NAIINNITVAFDUAIIUATUNIUNITANNTD
Hunan 360 wiiinudnuueiuiandieneeiives TN vaneenly (muam‘iusﬂw 4.35(1) \inson
Annseiduuuivununmuuiresninadeufiveaduls Tnslangaseuiunfnaleswuinsadoud
dlewseudisusesdnvseremeveuuiviannminnénladunaeuazrinunisindeuiindie TiN fuses
dnvseMiAnannsdendveadulefunzvevuivhanmanndliataumaesitunisyuanialasunuin
sevAnveaRangvouuivinanuanndilSatunaewazinunisindeuiingae TN Seendn Fauandlidiu
Tinvewzveuuiivianmanndilfalundeuaskinunisiadeuiingie TN awnsatlesiunisdnvsediin
nmsauloauuuuisldd U7 4.35(A) LanINTIATIZIIRIY EDX AeunsnaaouAaiiunIuAnSan
wsonudvinaesnouves Ti fouaz 38.9 way N Sovay 41.57 Andusnsdiuuszana 1.1 Jady
Snsrdamunfives TN uendnilfsdisnnduuuseiedo O fevar 11.73 Tay O finudiAnindfisen
gendatu  annsiaseilinuing Fe Wuesduszney dumneanuinfuadoudanumuannmed
ylBiannsouain EDX lianunsovzaadluaudstuiifumdnng fatuvdeld  oedslsfinny vdsman
MsMAdeUATUAIUIUNIAnMTeNUIY Ti uay N anas waznuiildiunauves Fe C, O uaw Al iiuty
uAiBnanfisadntios Fauandvidiuin TIN Ivaneenluudiuauietuiiduminndlsaduvdeuay
fsniiAnnduleludeusndnfnegivinnzuedie
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Sliding direction

intensity (a.u.)

o2 3 45 6 1 & 4w
X-ray energy (keV)

JUN 4.35 nmianelassadnaganiasig SEM vesmgvauuiivhanminnanlsatunaeuaziiunis

WWABURIMANETURE TiN (1) AU (1) MEINISNAABUANUAUNIUNISANUTBRILIULAD 360 WTiway
(A) NTIATILVUTUIUEWNNY EDX NBULAENEINITNAZoUAILAUNIUNTANNTD
(Khanchaiyaphum et al., 2017)

nsdlvesnzveuuiiviianmannalSadunaenaziiunisindeuiingae TASIN wuiiRansvenou
MsMAEeUALEIUIUMSENTselifiuRD AsudaSeU gﬂﬁ 4.36(n) wansliusnvarindenentin
Y94 TIAWSIN Gummé’ﬂs] ﬂizmaagjﬁ"m‘%mm ndanImadeuANAIUNIUNIsEnusatdual 840 w1l
WUIEN B UAITANEIUNINTY 3111'71' 4.36(%) wandliitusesdnusediinainnisaulaad
Aatumununseaeuivenduly  Wefinnsandnvausvessesdnuseiintunuinsesdniinnuiey
adanelumunuvesnmsedeuiivendulonasiisesnalidnuin  Snwaznisinusesenaindonlaan
Wunsdnuseseauianiias (mild wear) (Hirst & Lancester, 1960) Lﬁaﬁmﬁmsﬁay’amLaﬁlaﬁmﬁﬂﬁ
wiglunuindnadsimdnivelusesmzsouuivinanmanndldadunasuaziiunsindouiingae
TIASIN Siasniinsveuuiivhanmdnndiliaduvaouazrirunisiedeuiiase TiN QLA gﬂﬁ 4.36
(A) LENIBIRUTTNOUDIAIA8 EDX Ganuiniaadeulsenoudis Ti, AL Si, N ludnsidiu 16.98,
16.23, 1.2 uag 46,57 muddu  ilelUsuifisussdusznauvessigiounagndinisnaasuniy
Frununsdnrsenuin neunsvageu Ti Sdnduwiiusu Al was Si iuSunareudiees Turusd
USunaes O MAnanUfAseneendinduiiriesas 9.07 wazdl C oglusziudn (Feway 7.68)
wenaniifadl or Wuesdusznouiisndnies Gevay 2.27) wazliwuindesdusznouidu Fe 1y
vingAIRAdeudaurusnnefiazilfsiannseuain EDX llaunsafiaznzaadluld dawu
NAINSNAFBUNUINEREIUVDE Ti, AL, Si kag Ni anasantagUszunusosay 10-20 winy Cr way Fe
wntu iflesniflefinadeunasilibiannseunin EDX anunsnfiagnzaadludeduiifuminngnls
alluvdold faiuiany Fe uas Cr asﬂuﬂ%mmﬁqq NNANTNAFOUAIIUATUNIUNTEN AT BLARILIA
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WUz uuNvinanmannanlfatunasuazniuni1siAasuiagle TIASIN fanuudenfuazdaniiu
AUNUNITANTONAN

Sliding direction

El Before test | After test
- A 0,- 0 0.2
wit | atho [ wite | atte
ICK |402]|768|661 | 128
INK |28.45|46.37|253.22|38 .63
IOK |6.33|907|09.03 |13.13
ALK |19.11]16.23]16.153]13.83
SIK [147]12 J121] 1

TiK|3547|16.98|26.39(12.84
ICrE|3.15 122711228]3.51

intensity (au.)

A R
X-ray energy (keV)

U 4.36 nwiaelassaiiaganiadieg SEM vesnzvouuiiviianimanndnlfatuvadeuazsiunis
waoURee TIASIN (R) feu (1) ndensvageuaMuiununanvsalionatsull 840 uniluas
(A) NTIATILUUTUIUENNY EDX NOULAEEINITNAZOUAILAIUNIUNTANNTD
(Khanchaiyaphum et al., 2017)

Tunsdlveswmzveuuivhanmdnndlfaluvaeuazsinunsiadeviiosng TICAISIN SUAl 4.37
(N) WANISNWUZVBIRINOUNITNARDUAINAIUNIUNISTNUTO BT nwazAd e R URzTaUUTIIn
wiannarl¥adunasiaziiunisiadeuianay TiN kag TIASIN  Na99IANNSNAABUANUAIUNIUATEN
nsoLuiian 420 Uil WudwﬁuﬁmqmaﬂlﬂmuLmesmf?iauﬁsumLﬁu% Fepdnofun1sannseves
azvauuiivhanmannanldadunasnasiiunisindevinge TiN wiUSunauasn1svaaeenluvesiial
wnnt  defiersandiedeimniimelunuidiadedmindmeluiidgs Swenndesiuguil 4.37
() g‘dﬁ' 4.37(R) LANIBIAUTENOUVRIRITINUIN RouNSAdUdaduYes Ti, Cr, AL Si wag N ila
WA 6.39, 6.56, 11.42, 0.9 1Lag 60.86 MNAIFU  INFAAIUAINA1INUIY Al TUSUaADU 2 Wil
904 Ti way Cr luwnisd Si ddndauiisnunn  uenanddidl o wa C Wussdusenouludndiu 6.6 uas
7.27 anud s waglinuing Fe \Wussdusenaunsegslanansinfmndouinnuvuiiiisme diunds
MsvageUNUIUSInaes Ti, AL Si waz N fuSunaanandntosUszanadosas 1525 Tuvasd Cr, C,
O way Fe fUsumfiuty uandiifuinfaedeuinsnaaoonidosninnsiuloavesdulelud eu
lefiundeungaoanyiiliny Cr Ailussdusznavreandnndldatumdeunntu
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ot SIidin‘dKrection
e )
\‘ \ t: ) :

y
~

intensity (a.u.)

X-ray energy (keV)

=

JUN 4.37 nmanelasadneganianig SEM vasmzvauuilvinanumdnnanlfaiuvaeuaziiunisniou

F9ae TICrALSIN (1) ABu (V) MEIN1SVAFBUANUAIUNIUNISANYISOKAE (A) N1TIATIEVUTUE
A28 EDX NOULAZMaIN1TNAABUANNAIUNIUNITANYTS (Khanchaiyaphum et al., 2017)

JoyarnnsmegeuausumunisinuseuandiiiiuitnsveuuivhanmanndilSaluvaeuay
' & a v . Lo v = A a a1 a4 % v A o a
HIUNTSLARBURIAIE TIAISIN Ausiuniunisdnuseiannan laediaadedmdnimegluiigauas
anunsaldauliuiuiign  dnwazvesiuiafliain SEM/EDX WudeBuduldinnzveuuiinein
wiannanl¥atiunasuasiiunisindsuilasiie TIASIN darudiunisdnvseffign lnednvazveanisan

& i v A o < Y VY a ! i a a v . oA
mm‘dul‘damwwq arapuuNiIanmannailiaduvasuaziiunisindauianie TIASIN daay
FuunIsanusefninzveuuinanmanndiliatunaer unisyuanialasuiig - 91nn15Aa1saN
29AUTZNOUVDINILAZANBULNANNITENNTDMANTUYDINEVDUUNKIUNTARDURILALA AEVDUUNYIN
ynmannaliaduvasniunisyuenialasy azvevuiianmanndliaduvasuasiiunisiedouily
g8 TiN, TIAISIN wag TiCrASIN Wsuiieuiungafliiiunseaauinlawn aeusuufvinainuannan
$atiundanuin nalnnsanusevesnsvauuiinannmannailsatunasiasiiunisedauiageg TiN,
TIALSIN wag TICrASIN ddnwaen1sdnunseuuudad (Gwidon & Andrew, 2014) uagilaugunsiaglu
seeuFInInzYauuvanwmannantiatuvas  luvneingvauuivinainmannanlsadunassiiunis
gugninlasuiinalnnsannssluUwANINT I

4.2.3 NMIUSUUFAZYaUUAENITIAGIULTI MON, MoC Uas MoCN

AIUTUUIRZaUNAIBN1SAdBULTY MoN, MoC wag MoCN B3uAUMI8NISANYIAIILNETURY
lngiadie (Ra) 1099290 Fawanifsguil 4.38  AAuneURalnenidsrenguasvevinnminnals
aduuamiunsyuasalasy (HO) wazlirunisyuansalasy (UHO) danmnuvenuialasadsninnii
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nquazvefidiiunsndoundiedndalau  nquazvefivdeuiiae MoN darmnuseuiafiigaiile
Wisuisuiunguagvegunuuaue) Ineinisisesduiusesasndungunzveindouiis MoCN, naumye
LAFBURY MoC

1.0 %
0.8
=2
0.6 o
0.4
0.2
Z % 7 7

0.0
Plating HC UHC HC UHC HC UHC HC UHC
Type of Upper Hooks MoC MoCN MoN Stainless

SUN 4.38 ANUNYIURILAYLRRYYDIRLVRNHIUNTAABUAIE MoC, MOCN, MoN Tagwndauniunzua?

v

Husazlainiunsyuesalasy (Srisattayakul et al., 2017)

JUT 4.39 uanenuwlsvesngyeikiunisiadaume MoC, MoCN, MoN lagindeuviunzaainiiy
waglishunisguansalasy  ngunudn arruudwesnguazveninanmannalsatduudariuns
s [N s a1 I3 a 2/ ! ! Aa
guanialasu (HO) uwagldunisyuansalasy (UHC) deauwdelaendstesniingungveniniunis
wduundngrsdaau Tuvaed Aenuwiwesnguazveiiiharnuannanlfatuwdmiunisguasnlasy
(HO) waglirunsguasalasu (UHO) 8nvisiiunisiadaunie MoN fiaianuudelaeedsuinniingy
AEU0dU° 0819TAAN  NaNIANYIHaEAAdaI U Danroc et al. (1987) inanndaniitadousie MoC

ag MoN fArAnuudaandudu 30000 MPa Wag 35000 MPa MNa1AULaZIAINAINITORIUNIUANT

dnnsalarninianiguansnlasy
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40
4

" 2
g
e =
i 2 =
©

10

. |7 /ﬁ%

0
Plating HC UHC HC UHC HC UHC HC UHC
Type of Upper Hooks MoC MoCN MoN Stainless

JUT 4.39 AuLTvpInzveiinuNIsAEauRIE MoC, MoCN, MoN Tnewndauriunzaeiiniiuwaglini
nsyuaninlasy (Srisattayakul et al., 2017)

JUN 4.40 uansAniminiimeluvesmgefiiiunisindaunie MoC, MoCN, MoN laginiauyiu

nzaaiiiukarliniunisguasalasudwiunisnageunisanuseidussesiian 240 udl  naen
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3U# 4.40 Aniwilindivnglvesnzveitiunisindeunis MoC, MoCN, MoN lngiadauviungaafiniuy
waglairun1syussalasu (Srisattayakul et al,, 2017)
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The aim of this work was to study the influence of a hard chrome (HC) intermediate layer on the re-
ciprocating abrasive wear behaviour of Mo-based coatings deposited by DC magnetron sputtering on AISI
316 stainless steel. The two-body abrasive wear characteristics of sputtered MoN, MoC and MoCN
coatings on AISI 316 stainless steel with an electroplated HC layer were systematically evaluated using
test a reciprocating pin-on-flat whose geometry is similar to that of ASTM G133-05 standard, but in this
case, the pin was covered with SiC abrasive paper. Data showed that MoN coating had a lower wear rate
than either MoC or MoCN coatings. The presence of plated HC on the stainless steel substrate con-
siderably improved the wear resistance of all Mo-based coatings, presumably because of enhanced
composite hardness and improved surface quality. One-way analysis of variance and multiple compar-
isons confirmed that MoN-HC and MoC-HC exhibited statistically insignificant differences in the wear
rate, which were considerably lower than those of the other coating combinations. In addition, micro-
structural analyses suggested that the wear mechanisms for Mo-based coating in the absence of HC
involved mainly plowing, cutting and oxidative abrasive wear processes while the wear processes of Mo-

Keywords:
Molybdenum-based coating
Hard chrome

Duplex coating

Reciprocating wear resistance
Analysis of variance

coatings on HC were mostly governed by cutting, fragmentation and fatigue wear processes.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Transition metal carbides and nitrides are widely studied for
wear resistant coatings owing to numerous technologically im-
portant properties including high hardness, low compressibility,
high melting points, and good thermal/chemical stability [1].
Molybdenum (Mo) is an important transition metal that is widely
used as alloying element to improve wear resistance of stainless
steel due to its high strength, high melting point and good stability
at high temperatures. Moreover, its nitrides, carbides and carbo-
nitrides (MoNy, MoCy and MoNCy) are superior materials for high
wear-resistant applications because of its high hardness, high
corrosion resistance, low friction coefficient, and good solid-lu-
brication properties [2-11]. For instance, a tribological study de-
monstrated that the implantation of Mo+ C atoms into H13 steel
provided more significant improvement in the wear and corrosion

* Corresponding author.
E-mail addresses: parinya.sr@rmutk.ac.th (P. Srisattayakul),
charn_sa@kku.ac.th (C. Saikaew), anurat.wisitsoraat@nectec.or.th (A. Wisitsoraat),
ditsayut.phokharatkul@nectec.or.th (D. Phokharatkul).

http://dx.doi.org/10.1016/j.wear.2017.01.005
0043-1648/© 2017 Elsevier B.V. All rights reserved.

resistance than the implantation of Mo atoms alone [12]. Similarly,
the micro-hardness, friction coefficient and wear resistance of TiN
layers coated on cemented carbide tools were found to improve
substantially after ion implantation and the improvement due to
the dual Mo + C ion implantation was much higher than that due
to the single Mo ion implantation [13].

The tribological performances of MoN, MoC and MoCN coating
depend generally on deposition method, chemical composition,
supporting materials and wear-test method. Mo-based coatings
can be deposited by various methods including nitridation/car-
bonization of molybdenum films [2], filtered cathodic arc (FCA)
[3,7,9], magnetron sputtering [4-6,10] and ion beam assisted de-
position [14]. Among these, sputtering and FCA are among the
most widely used processes for hard coating due to high film
quality, high surface uniformity, good adhesion and high re-
producibility. Among Mo-based coatings, MoN usually exhibits
better abrasive wear behaviors than MoC due to higher hardness
while MoC tends to display better sliding wear performances be-
cause of relatively low friction coefficient [9]. The addition of
carbon into the MoN system can increase the hardness values of
resultant molybdenum carbonitride (MoCN) of up to 28 GPa [10].
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Moreover, the incorporation of silver into MoCN will reduce the
friction coefficient at high temperatures ( > 400 °C) [11].

Supporting material can substantially influence surface micro-
structure, effective hardness and friction coefficient and hence
wear characteristics of Mo-based coatings. The wear behaviors of
MoN, MoC and MoCN have been reported on various supporting
bulk materials including Ag-Ni alloy [2], high speed steel [3,11,15],
stainless steel [4,5,10] and aluminum silicon alloys [7], tungsten
carbide [11]. In addition, they may be supported by some inter-
mediate layers made of various materials such as silicon nitride [6]
and titanium nitride (TiN) [9]. They can improve surface adhesion,
effective hardness and wear resistance of Mo-based coatings but
still have some particular shortcomings including limited coating
thickness and relatively high deposition cost. Thus, alternative
intermediate coating materials should be further explored. Hard
chrome is a low cost and effective material that can improve
structural strength, hardness, surface smoothness and wear re-
sistance of conventional metal-based machine components. It can
be deposited by electroplating with large thickness up to a few
millimeters at low cost [16]. However, its wear performances are
still not satisfactory for advanced wear-resistant applications.
Nevertheless, it may be a good intermediate coating layer for Mo-
based hard coating. It is thus persuasive to apply hard chrome as
an intermediate support for Mo-based hard coating. To date, there
has still been very few report of wear study of Mo-based hard-
coating layer deposited on electroplated hard chrome.

Wear characteristics of materials are also highly dependent on
the wear test method since they are correlated to the mechanical
action of two opposite surfaces [17]. Pin-on-disc and pin-on-flat
are the two most common wear test methods, which could yield
basic tribological performances and the wear behaviors of Mo-
based hard-coatings have been mostly evaluated by the pin-on-
disc method [6-11,15]. These results may not be applicable to
some applications that utilize specific mechanisms particularly
reciprocating sliding actions of piston engine system, industrial
sewing machines and net-weaving machines because of direction
switching [3-5,16]. For such applications, the specific method,
namely reciprocating wear test, should be used to determine the
wear characteristics. The reciprocating wear test method has been
standardized by American Society for Testing and Materials
method (ASTM) under the G133-05 code and applied to various
hard materials [18,19]. For instance, the reciprocating concomitant
friction and wear characteristics of WC-Co based materials were
studied under various dry-sliding parameters and the results
showed increases of friction and wear with increasing sliding ve-
locity [18]. In addition, reciprocating wear study on Al-Si-SiC,
composites revealed that the wear rates depended mutually on
levels of applied load and reciprocating velocity as well as the si-
licon content of composite [20]. Hence, reciprocating sliding wear
characteristics are related to workpiece and coating materials. It is
thus interesting to investigate the reciprocating sliding wear be-
haviors of Mo-based coating, which are rarely reported in litera-
ture. In this work, the reciprocating dry sliding wear performances
of MoN, MoC and MoCN coatings deposited by DC magnetron
sputtering are systematically studied on AISI 316 stainless steel
with electroplated hard-chrome using the wear test method
modified from ASTM: G133-05 standard.

2. Experimental procedure
2.1. Materials
The substrates for characterization were AISI 316 stainless steel

sheets. In this study, the effect of electroplated hard chrome layer
on wear characteristics would be investigated for three

molybdenum-based coating materials including MoN, MoC and
MoCN. Thus, samples were divided into two main groups includ-
ing stainless steel sheets with and with no electroplated hard
chrome layer, which were labeled as Stainless-HC and Stainless-
UHG, respectively. In each group, three sets of samples would be
deposited with MoN, MoC and MoCN layers by DC-magnetron
sputtering. In addition, the samples with no Mo-based coating
would also be characterized to evaluate the influence of Mo-based
coatings. Hence there were eight sets of samples namely, MoN-HC,
MoN-UHC, MoC-HC, MoC-UHC, MoCN-HC, MoCN-UHC, Stainless-
HC and Stainless-UHC.

2.2. Deposition processes

The stainless steel substrates were precleaned by dipping in a
sulfuric acid-based solution, rinsing in deionized water and drying
with nitrogen. Eight substrates for the Stainless-HC group were
electroplated with hard chrome using the standard chrome bath
containing chromic acid (250 g/L) and sulfuric acid (100:1) at 55 °C
with a current density of ~0.3 A/cm? for 80 min. The thickness of
hard chrome was measured by a stylus profiler to be around
~70 um. The Stainless-HC samples were then rinsed in deionized
water and dried with nitrogen. MoN, MoC and MoCN films were
individually deposited onto two Stainless-UHC and two Stainless-
HC samples by a reactive DC-magnetron sputtering system. The
sputtering target was Mo (99.999%) with 75 mm diameter situated
80 mm above the samples. The samples were loaded into the
system, which was evacuated to a base vacuum of ~107° bar. Be-
fore deposition, the substrates were cleaned by 75 W radio-fre-
quency (RF) plasma at an argon (Ar) pressure of 3 x 10 bar for
20 min. The Mo-based films were deposited in reactive gas mix-
tures at 5 x 10°® bar with no substrate heating at a constant DC
current of 0.4 A. The reactive gases for nitride and carbide for-
mations were nitrogen (N,) and acetylene (C;H>), respectively. The
reactive gas mixtures were Ar/N, (50:50), Ar/CoH, (50:50) and Ar/
N,/CH, (50:25:25) for the MoN, MoC, MoCN coatings, respec-
tively. The sputtering time was adjusted for each deposition to
obtain the average film thickness of ~3 um for all Mo-based
coatings. The sputtering parameters were selected based on the
attained film qualities according to our previous studies [4,5]. The
phase and crystallinity of substrates and coatings were analyzed
by X-ray diffractometer (XRD) operated in the glancing incident
mode with a scanning speed of 3° per min and high-power CuK,
radiation (30 kV, 15 mA: Rigaku, TTRAX III).

2.3. Wear test

This study employed the linear reciprocating two-body abra-
sive wear test method modified from ASTM G133-05 standard. The
modifications included the use of flat pins instead of balls, periodic
abrasive refreshment and adjusted wear test conditions. In addi-
tion, the wear characteristics were reported in terms of weight loss
and wear rate instead of wear volume since the density of worn
materials would be uncertain when wear proceeded into materials
below the coatings. The schematic illustration of the flat-on-flat
test apparatus is shown in Fig. 1. The wear flat made of silicon
carbide (SiC) abrasive paper (Grit#1000) was pressed against the
reciprocating sample surface directly by a loading weight. SiC has
been widely used as the wear flat due to high abrasive properties
and wide availability [20-24]. The abrasive paper was periodically
replaced every 20 min to refresh the abrasive and allowed a con-
sistent wear test over a long sliding distance. The sample was re-
ciprocated using a DC motor that can produce the maximum re-
ciprocating speed of 100 rpm. The dry sliding conditions for pin-
on-flat tests were a normal force of 5 N, a stroke length of 15 mm
and a reciprocating speed of 70 rpm. These parameters were
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selected to yield a suitable range of wear rates for all workpiece
materials. Each test was repeated six times and the average results
were computed. The weight loss value of each sample was col-
lected after each wear test and converted to wear rate. The wear
rate was defined by the ratio of the weight loss value to the sliding
distance [23,25,26]. The average surface roughness (Ra) and
hardness of samples were measured before and after wear test by
a commercial nanoindenter (UMIS: model UMIS II) and a standard
roughness tester (Mahr: model MarSurf PS1), respectively. The
hardness was measured using a Berkovich-type diamond tip with
a total included angle of 142.3°. The Berkovich tip had the same
projected area-to-depth ratio as a Vickers indenter and would
offer the results similar to the Vicker micro-hardness experiment.
The applied load and indentation depth were 0.05 N and 0.902 um,
respectively. The employed large load and indentation depth
(around a third of film thickness) would ensure adequate exposure
of hard-coating materials and yield the result closer to the stan-
dard micro-hardness measurement. The hardness value was esti-
mated from nano-indentation data by the standard Oliver—Pharr
analysis. The data of Ra and hardness values were collected at six
different locations to avoid the statistical bias of measurements. In
addition, the surface morphologies and the chemical compositions
of workpiece at various stages were analyzed by scanning electron
microscope (SEM: Hitachi SU-8020) and energy dispersive x-ray
spectrometer (EDX) at 10 kV accelerating voltage.

Fig. 1. Schematic illustration of the reciprocating pin-on-flat test apparatus.

JCPDS No. 76-6656 - MoN
JCPDS No. 06-0546 - MoC
@ JCPDS No. 03-0962 - Mo,C
¢ JCDS No. 06-0694 — Cr
® JCPDS No. 00-0258 - Fe

MoN-HC
MoN-UHC
Wu»._ MoCN-HC

OCN-UHC
MoC-HC

MoC-UHC

P

Intensity (Arbitrary unit)

20 (degree)

Fig. 2. XRD patterns of Stainless-UHC and Stainless-HC substrates with no, MoN,
MoCN and MoC coatings.

3. Results and discussion
3.1. Structural properties of coatings

The XRD patterns of Stainless-UHC and Stainless-HC samples
without and with MoN, MoC or MoCN coatings are shown in Fig. 2.
It shows that the substrates and coatings contain their expected
material phases including Austenite Fe (JCPDS No. 00-0258) for
Stainless-UHC, Body-centered cubic Cr (JCPDS No. 06-0694) for
Stainless-HC, Hexagonal MoN (JCPDS No. 76-6656) for MoN-HC
and MoN-UHC, Hexagonal MoC (JCPDS No. 06-0546) and Orthor-
hombic Mo,C (JCPDS No. 03-0962) for MoC-HC and MoC-UHC,
Hexagonal MoN (JCPDS No. 76-6656) and Orthorhombic Mo,C
(JCPDS No. 03-0962) for MoC-HC and MoC-UHC. In addition, there
are some differences of crystallographic properties of each coating
on Stainless-HC and Stainless-UHC substrates. For MoN coating,
MoN-HC shows stronger and sharper MoN peaks than MoN-UHC,
indicating a higher degree of crystallinity of the MoN layer on
Stainless-HC substrate. In the case of MoCN, MoCN-HC displays
only MoN phase with distinctive two equally pronounced peaks at
36.1 and 41.9° while MoCN-UHC exhibits considerably broader
MoN peaks with an additional overlapped peak at 40.4°, which
may correspond to Mo,C phase. The results suggest that MoCN
layer on Stainless-HC contains higher content of nitride than
MoCN on Stainless-UHC. In contrast, MoC-HC shows broad and
low Mo,C peaks while MoC-UHC displays sharp MoC and Mo,C
contributions. These results indicate that molybdenum carbide
phases are better formed on stainless steel than hard chrome
substrates. The observation can be explained based on the fact that
chromium has low carbon solubility so that it is harder for carbon-
based film to grow.

The average roughness (R,) values of Stainless-UHC and Stain-
less-HC samples without and with MoN, MoC or MoCN coatings
are illustrated in Fig. 3. Comparing between Stainless-HC and
Stainless-UHC groups, the Ra values of substrates and different
Mo-based coatings are not statistically different. The results in-
dicate that the hard chrome plating process produces a conformal
Cr layer and thus insignificantly affects the overall surface
smoothness. In contrast, Mo-based coatings particularly MoN by
sputtering tends to considerably reduce Ra values on Stainless-
UHC and Stainless-HC substrates. The Ra values averaged between
Stainless-HC and Stainless-UHC samples for MoN, MoCN, MoC and
substrates are 0.59, 0.68, 0.77 and 0.93 um, respectively. Thus, the
sputtered MoN is the best for surface smoothing while MoCN and
MoC provide inferior improvements of roughness on Stainless-HC
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=
X
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Fig. 3. Average roughness values of Stainless-UHC and Stainless-HC substrates
without and with MoN, MoCN and MoC coatings.
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Fig. 4. Average hardness values of Stainless-UHC and Stainless-HC substrates
without and with MoN, MoCN and MoC coatings.

and Stainless-UHC surfaces. The results may be attributed to the
observation that MoN layer is formed as a single phase dense
structure while MoCN or MoC contains multiple phases of MoN,
MoC or Mo,C, respectively.

Fig. 4 demonstrates the nano-indentation hardness values of
MoN-HC, MoN-UHC, MoC-HC, MoC-UHC, MoCN-HC, MoCN-UHC,
Stainless-HC and Stainless-UHC. It is seen that the hardness value
of the Stainless-HC (~6.3 GPa) is considerably higher than that of
stainless steel (~4.2 GPa) and the values agree well with their
standard values. With Mo-based coatings, the hardness values of
Stainless-UHC and Stainless-HC groups increase substantially and
the MoN coating exhibits the highest hardest while the MoCN
coating shows the lowest hardness among all Mo-based coatings.
In addition, the values of Stainless-HC groups are higher than
those of Stainless-UHC groups for each type of Mo-based coating.
The results confirm that the effective hardness of coating depends
on the hardness of substrate. The effective hardness of film-sub-
strate composite (H.) may be related to the hardness of substrate
(Hs) according to [15]:

H; - H,

H.=H,
¢ S+1+kﬂ2 M

where Hy is the film hardness, f is the ratio of penetration depth
and film thickness and k is a constant that is weakly depending on
the film thickness. Using the measured Hg values of 3.95 and
6.08 GPa for Stainless-HC and Stainless-UHC and the f values from
nano-indentation experiments with a fixed indentation depth of
0.902 um, the film hardness values of MoN, MoCN and MoC can be
calculated using Eq. (1) to be 39.3, 23.47 and 26.12 GPa, respec-
tively. The corresponding constants k are computed to be 2.6,
4.4 and 4.3, respectively. The results confirm that MoN and MoCN
have the highest and lowest hardness values, respectively. In ad-
dition, the obtained hardness values are comparable with other
reports in literature [9-11]. It should be noted that the obtained
nano-indentation hardness values are expected to be higher than
the standard Vicker microhardness due to the difference of pro-
jected area estimation [27]. Nevertheless, the use of large applied
load (0.05 N) and indentation depth (0.9 um) may reduce the
discrepancy to be less than 15%, enabling good comparison with
previously reported microhardness values in literature.

3.2. Wear behavior

Fig. 5 illustrates the average weight loss of Stainless-UHC and
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Fig. 5. Average weight loss versus sliding time of Stainless-UHC and Stainless-HC
substrates without and with MoN, MoCN and MoC coatings.
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Fig. 6. Average wear rate versus sliding time in the range of 40-240 min of

Stainless-UHC and Stainless-HC substrates without and with MoN, MoCN and MoC
coatings.

Stainless-HC substrates without and with MoN, MoC or MoCN
coatings under the reciprocating flat-on-flat sliding wear test with
the sliding time in the range from 40 to 240 min. It is seen that the
cumulative weight loss in all samples increases monotonically
with increasing sliding time, conforming to a typical sliding
abrasive wear behavior [27]. In addition, the bare stainless steel
substrate (SS-UHC) exhibits the highest weight loss at all sliding
time and the weight loss reduces moderately after hard-chrome
coating (SS-HC). After Mo-based coatings, the weight loss de-
creases differently depending on the Mo-coating material and the
presence of hard-chrome. Among the three Mo coating materials,
MoN provides the lowest weight loss for both SS-UHC and SS-HC
substrates while MoC shows the highest weight loss for Stainless-
UHC substrate but MoCN coating exhibits the highest weight loss
for Stainless-HC substrate. Furthermore, the weight losses of all
three Mo-based coatings are relatively low on Stainless-HC sub-
strates compared with those on Stainless-UHC ones. The MoN
coating on hard chrome substrate (MoN-HC) is thus proven to
exhibit the highest reciprocating wear resistance among the three
Mo-based coatings.

To further analyze the behavior of weight loss, the corre-
sponding wear rate was calculated by dividing the weight loss
with the sliding distance as displayed in Fig. 6. Under the present
reciprocating test parameters, the sliding time of 40 min corres-
ponds to the sliding distance of 72 m. It can be seen that the wear
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Fig. 7. The residual analysis for statistical evaluation used to validate the wear rate data after 240-min wear test.

rate behavior depends considerably on the presence and material
of Mo-based coatings. With no Mo-based coating, the wear rates of
stainless steel substrates without and with hard chrome (SS-UHC
and SS-HC) are initially high and then decrease rapidly as the time
increases from 40 to 80 min, followed by a steadily decline as the
time increases further up to 240 min. The initially high wear rate
during the run-in stage may be due to initially high friction force
between hard SiC particles and rough stainless steel and hard
chrome surfaces. In contrast, the wear rates of MoN coating on
Stainless-UHC and Stainless-HC substrates are almost constant
with slight fluctuations over the whole range of sliding time (40—
240 min). In the case of MoCN coating, the wear rates on both
substrates initially increase as the time increases from 40 to
80 min and then slightly fluctuate as the time increase further
while MoC coatings on both substrates exhibit small and steady
declines of wear rate over the entire range of sliding time. The
approximately steady wear rate of Mo-based coatings may be at-
tributed to their high surface smoothness, which does not induce
high initial friction force when the two counter surfaces become in
contact. The results also confirm that the periodic abrasive re-
freshment at the sliding time of 20 min is sufficient for this long
sliding operation.

The significance of the hard chrome and Mo-based coating
combinations was statistically evaluated by one-way analysis of
variance (ANOVA) and multiple comparison analysis using the
average wear rate data after 240-min wear test in Fig. 6. The AN-
OVA model validity is verified by the analysis of residuals as illu-
strated in Fig. 7 [28]. The residual for each value of the wear rate
data is defined as the difference between the observation and the
estimate of the corresponding observation. The observation

includes the average wear rate values of three replicates for
Stainless-UHC and Stainless-HC samples without and with MoN,
MoC or MoCN coatings. The normality assumption for the wear
rate data is checked using a normal probability plot of the re-
siduals as shown in Fig. 7(a). It is seen that there are only two
values of residuals outlying from the regression line while other
values of residuals lie well along the linear line, confirming a good
model adequacy. The constant variance assumption of the model is
then attested by plotting the residuals versus predicted values as
demonstrated in Fig. 7(b). It is evident that the residuals are highly
random against the predicted values, suggesting a good homo-
geneity of variances. It should be noted that all residuals fell
within + 3 of standard deviation, indicating no outliers. Similarly,
the random nature of the residuals versus run order plot as dis-
played in Fig. 7(c) confirms that the independence assumption of
model is valid. The predicted wear rate versus the observation
value plot as presented in Fig. 7(d) demonstrates that the one-way
ANOVA model can effectively predict the wear rate data.

The results of one-way ANOVA confirmed that there are sta-
tistically significant variations in the wear rates among samples
with different coating materials at the confidence interval of 95%.
However, multiple comparisons based on the least significant
difference (LSD) test reveal that the wear rates of MoN-HC and
MoC-HC, which are lower than those of all other cases, are actually
not statistically different. Thus, the combination of hard chrome
and MoN or MoC coatings is considered to be similarly the most
effective for improving the reciprocating wear resistance of AISI
316 stainless steel.
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Fig. 8. Typical SEM micrographs of (a) Stainless-UHC, (b) Stainless-HC, (c) MoN-UHC and (d) MoN-HC surfaces before wear test.

Sliding Direction

Fig. 9. Typical SEM micrographs of (a) Stainless-UHC, (b) Stainless-HC, (c¢) MoN-UHC and (d) MoN-HC surfaces after wear test.

3.3. Microstructure analysis

The wear characteristics of Stainless-UHC and Stainless-HC
samples with no Mo-based, MoN, MoNC and MoC coatings were
examined and analyzed by SEM and EDX. The representative SEM
images of Stainless-UHC and Stainless-HC without and with MoN
coatings before and after wear test are illustrated in Figs. 8 and 9,
respectively. It should be noted that the images of MoCN and MoC
are omitted because of their similarities to other cases and their
morphologies will be referred to the similar ones in the following
discussion. The EDX spectra of Stainless-UHC and Stainless-HC
without and with Mo-based coatings after wear test are demon-
strated in Fig. 10 and the corresponding elemental composition
tables before and after wear test are included in the insets.

Before wear test, the bare Stainless-UHC substrate (Fig. 8(a))
shows rather rough surface with some large pits, dimples, and
random line groves. After dry sliding test for 240 min (Fig. 9(a)),
the surface is apparently worn exhibiting mostly deep and narrow
parallel line grooves along the sliding directions with extensive
lips on the groove walls indicating the dominance of microplowing
wear mode with plastic deformation since the material worn from
plastic flow will mainly be pushed aside the abrasive particles [29].
In addition, the grooves are non-uniform and discontinuous,
suggesting that SiC abrasive particles were randomly disintegrated
or running away after plowing action. Moreover, there are some
fine particles sparsely scattered on the surface, demonstrating the
stiction of residual abrasive or wear debris particles in the wear
track.
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Fig. 10. EDX spectra of (a) Stainless-UHC, (b) Stainless-HC, (c¢) MoN-UHC, (d) MoN-HC, (e) MoCN-UHC, (f) MoCN-HC, (g) MoC-UHC and (h) MoC-HC surfaces after wear test.

Insets: Corresponding elemental composition tables before and after wear test.

The corresponding EDX data (Fig. 10(a)) reveal that the stainless
steel surface contains relatively high level of carbon, oxygen and
silicon after the wear test. The increase of oxygen content indicates
the oxidation of stainless steel during the dry abrasion process,
which naturally generates heat leading to a high surface tem-
perature and oxidative wear mechanism. The increase of Si and C
contents confirms that some SiC nanoparticles from the SiC
counter body stick to the worn stainless steel surface.

After hard chrome plating, the surface of Stainless-HC substrate
(Fig. 8(b)) becomes relatively smooth with smaller pits, dimples
and random line groves. Upon the same dry sliding test (Fig. 9(b)),
the surface is similarly worn with mostly parallel line grooves
along the sliding directions. However, the density of line groves is
relatively low compared with the Stainless-UHC substrate, sig-
nifying lower abrasive wear due to the hard chrome layer. In ad-
dition, the line grooves appear to be relatively weak with little or
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no ridge along wall edges and surrounding surfaces are relatively
smooth compared with those of Stainless-UHC one. This mor-
phology suggests the domination of direct microcutting process, in
which material is separated from the work surface in form of
primary debris with little or no material migrated to the sides [30].
Moreover, the cut surface is clean from particle residues, demon-
strating nearly no stiction of abrasive particles and wear debris on
surface. The respective EDX data (Fig. 10(b)) show a small increase
of oxygen content and additional tiny peaks of carbon and silicon
after the wear test. The results suggest relatively weak oxidation
and confirm the low adhesion of SiC nanoparticles on HC surface.
With MoN coating, the surface of MoN-coated Stainless-UHC
substrate (Fig. 8(c)) is quite smooth with no large pits and only
some shallow indented lines. Upon the dry sliding test for 240 min
(Fig. 9(c)), the surface exhibits some parallel worn scars along the
sliding directions. In addition, the density of worn scars is rela-
tively low compared with those of substrates with no MoN coating
and with HC plating, confirming moderately low abrasive wear
due to the MoN layer. Moreover, there are little or no ridge around
the groove edges similar to those of HC-plated one, signifying the
similar microcutting wear mode but with relatively low severity.
The EDX data (Fig. 10(c)) demonstrate that the layer before wear
test contains the expected contents of Mo and N with a small
amount of O. In addition, there is no peak from substrate, con-
firming the presence of MoN phase and indicating that the film is
so thick that electron-solid interaction does not reach the under-
lying Stainless-UHC substrate. After the wear test, the amounts of
Mo and N decrease considerably by around 50% while peaks of
stainless steel substrate and SiC counter body including Fe, Ni, Cr,
Si and C arise with considerable magnitudes, indicating that the
MoN layer has been partially worn out exposing the substrate
surface and some SiC nanoparticles adhere on the worn surface.
In the case of the MoN-coated Stainless-HC substrate (Fig. 8(d)),
the surface is even smoother than the MoN-coated Stainless-UHC
one and there are less pit or indentation defects. After the wear
test (Fig. 9(d)), the surface displays only few worn scars with no
ridge on edges along the sliding directions but there are some
additional observed crack boundaries propagating locally around
the wear grooves. In addition, the regions on different sides of
some wear grooves are at distinct levels, signifying a cutting
fragmentation mechanism [29]. The densities of worn grooves and
cracks are much lower than that of MoN-coated Stainless-UHC
one, indicating the synergistic effect of MoN and hard chrome on
the wear resistant improvement in agreement with the observed
wear rate data (Fig. 6). The presence of very few wear grooves
along with propagated cracks also implies a fatigue wear mode
since the abrasive particles can hardly cut the hard MoN surface so
they will rub the surface and eventually cause side cracks under
the reciprocating cyclic loading. From the corresponding EDX data
(Fig. 10(d)), the layer before wear test contains the expected ele-
mental compositions of Mo, N and O with the absence of substrate
contributions similar to MoN-UHC, further affirming the re-
producibility of MoN coating with a large thickness. After the wear
test, the contents of Mo and N decrease slightly by around 25%
while small Cr, Si and C peaks of SiC counter body and underlying
hard chrome emerge, demonstrating that the MoN layer has been
partly removed and some SiC nanoparticles adhere on the surface.
The excellent wear resistant characteristics of MoN coated HC
substrate could be attributed to the high effective hardness of
MoN/HC bilayer structure as determined from nano-indentation
experiments and the expected low friction coefficient of MoN
surface on HC due to the observed low surface roughness.
Regarding MoCN coating, MoCN-coated Stainless-UHC sub-
strate exhibits similarly smooth surface like MoN-coated Stainless-
UHC one (Fig. 8(c)). After the 240-min dry sliding test, the surface
displays deep worn scars along the sliding directions similar to

those of MoN-UHC (Fig. 9(c)) but with a relatively high density,
indicating considerable cutting abrasive wear despite the use of
MoCN layer, conforming to the observed high wear rate data
(Fig. 6). The EDX data (Fig. 10(e)) confirm the incorporation of
carbon into the deposited layer with the carbon content of ~17.5
at% while there are no peaks from substrate, affirming a sufficient
film thickness. After the wear test, the amounts of Mo, N and C
decrease greatly by more than 95% while peaks of the stainless
steel substrate including Fe, Ni, Cr, Si and Al clearly appear, spe-
cifying that the MoCN layer has been largely worn out exposing
the stainless steel substrate surface. In addition, there are still
small contents of Si and C arising from SiC nanoparticles of the SiC
counter body.

For the Stainless-HC substrate, the MoCN-coated surface is si-
milarly smooth as that of MoN-HC one (Fig. 8(d)). After the 240-
min wear test, the surface displays several deep worn scars along
the sliding directions similar to that of uncoated Stainless-HC
substrate (Fig. 9(b)), indicating that the MoCN layer is also not
effective for protection of cutting abrasive wear on Stainless-HC,
which is also in accordance with previously observed high wear
rate data (Fig. 6). The respective EDX data (Fig. 10(f)) verify similar
elemental compositions of the MoCN layer to the one coated on
Stainless-UHC (Fig. 10(e)) and the substrate peaks are absent due
to the thickness effect, affirming good coating reproducibility.
After the wear test, the contents of Mo, C and N also reduce greatly
by more than 95% while small Cr and O peaks of hard chrome
become dominant and tiny peaks of Si and C from SiC counter
body arise, revealing that the MoCN layer has been mostly elimi-
nated and a small amount of SiC nanoparticles adhere on the worn
surface. The poor wear resistant characteristics of MoCN coated
UHC and HC substrates may be due to relatively low effective
hardness of MoCN layer as indicated by nano-indentation experi-
ments and relatively high friction coefficient of MoCN layer due to
the perceived surface roughness.

For MoC coating, the surface of MoC-coated Stainless-UHC
substrate is quite rough similar to that of Stainless-UHC (Fig. 8(a)).
Upon the 240-min dry sliding test, the surface displays a high
density of deep worn scars along the sliding directions very similar
to uncoated Stainless-UHC one (Fig. 9(a)), demonstrating high
abrasive wear in the microplowing mode even with the MoC
coating. The EDX data (Fig. 10(g)) indicate that the layer contains
the expected contents of Mo and C with a small amount of O and
no substrate component is observed, confirming the existence of a
few-micron thick MoC layer. After the wear test, the contents of
Mo and C decrease largely by more than 95% while peaks of
stainless steel substrate and SiC counter body including Fe, Ni, Cr,
Si and C arise with high magnitudes, demonstrating that the MoC
layer has been primarily deposed and some SiC nanoparticles stick
to the tattered surface. The poor wear performances of MoC on
Stainless-UHC substrate may be due to its relatively high surface
roughness, leading to rather a high friction coefficient and a high
wear rate.

In contrast, the MoC-coated Stainless-HC substrate exhibits
much smoother surface than the MoC-coated Stainless-UHC one
with very small density of pit or indentation defects similar to that
of MoC-HC (Fig. 8(d)). After the wear test, the surface shows quite
few worn scars along the sliding directions while some additional
crack boundaries arise, suggesting the combination of cutting
fragmentation and fatigue abrasive wear mechanisms as well as
the synergistic effect of MoC and hard chrome on the wear re-
sistant enhancement similar to the case of MoN-coated Stainless-
HC (Fig. 9(d)). The EDX data (Fig. 10(g)) also show the expected
elemental compositions of MoC with the absence of substrate
peaks, further affirming the few-micron thickness of MoC layer.
After the wear test, the contents of Mo and C decrease moderately
by around 30% while small Cr, Si and C peaks of SiC counter body
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and underlying hard chrome emerge, demonstrating that the MoC
layer has been slightly removed and some SiC nanoparticles attach
on the modified surface. The decent wear resistance of MoC coated
HC substrate may be attributed to the expected low friction
coefficient of MoC surface on HC due to its low surface roughness
and a moderate effective composite hardness of the MoC-HC
structure.

From overall results, MoN coating offers the best wear resistant
characteristics compared with MoC and MoCN ones and the pre-
sence of plated hard chrome on stainless steel substrate sub-
stantially improves the wear resistances for all Mo-based coatings.
The findings were statistically confirmed by the one-way ANOVA
and LSD test. According to microstructure analyses based on SEM
and EDX, the wear mechanisms depend on the absence or pre-
sence of the HC layer. In the absence of HC layer, the wear me-
chanisms involve mainly plowing, cutting, and oxidative abrasive
wear processes because considerable contents of Si, C and O as
well as sharp cutting grooves were observed on the tattered sur-
face. When the SiC protrusions are reciprocating against the bare
stainless steel surface, hard SiC particles will first plow through
the surface, creating grooves with side ridges and wear debris.
With the Mo-based coating on stainless steel surface, the abrasive
particles will directly cut the hard surface creating grooves with no
side ridge while forming wear debris, leading to material removal.
The difference in abrasive wear modes between bare stainless
steel and Mo-based coated stainless steel should be attributed to
their distinct hardness and ductility. Stainless steel is less hard but
more ductile so that the microplowing mode dominates while Mo-
based coatings are harder and more brittle such that the direct
cutting process prevails but with relatively low abrasion rate. In
addition, the mechanical energy loss in sliding action is trans-
formed to heat energy, causing a temperature rise and surface
oxidation in air as indicated by the EDX data (Fig. 10). The oxidized
surface is hard but brittle so they will accelerate wear as the hard
surface particles abrade the metal surfaces further. The wear rate
based on the mechanisms will primarily depend on the hardness
and friction coefficient of work surface. MoN and MoC on stainless
steel (UHC) surfaces exhibit the highest and the lowest wear re-
sistances, respectively. The results can be correlated to the ob-
servations that MoN is the hardest and smoothest surface while
MoC is the softest and roughest surface on stainless steel.

With the HC layer, the wear of Mo-coatings on HC should be
primarily governed by cutting, fragmentation and fatigue wear
mechanisms since propagated cracks were found on these worn
surfaces. In these cases, the stacked surfaces of Mo coatings and
HC are relatively hard such that SiC particles can hardly attack the
material and the particles will mostly rub the surface, leading to
energy loss but with little material removal. However, the re-
peated cyclical rubbing between two surfaces under reciprocating
action will eventually generate cracks that will propagate leading
to material removal from complete cracks. The wear rate based on
the mechanisms will depend more on the friction coefficient
provided that the hardness of work surface is above a certain
threshold. MoN and MoC on HC surfaces exhibit similarly optimal
wear resistances because MoN and MoC are relatively hard and
similarly smooth on HC surface while MoCN on HC displays rela-
tively poor wear performances since its hardness may fall below a
critical threshold.

4. Conclusions

The purpose of this work was to study the influence of hard
chrome intermediate layer on the reciprocating two-body abrasive
wear behaviours of Mo-based coatings deposited by DC magne-
tron sputtering. In order to address that challenge, a series of

reciprocating dry sliding tests were conducted on hard-chrome
plated AISI 316 stainless steel with sputtered MoN, MoCN and MoC
films along with uncoated and unplated ones against a flat SiC
counter face. Based on the results, the following primary conclu-
sions were drawn:

1) The presence of plated hard chrome on AISI 316 stainless steel
substrate substantially improved the wear resistances for all
Mo-based coatings because of enhanced composite hardness
and improved surface quality.

2) MoN coating offered the best wear resistant characteristics
compared with MoC and MoCN ones due to superior hardness
and surface smoothness.

3) MoN-HC and MoC-HC exhibited statistically insignificant dif-
ference in the wear rates, which were considerably lower than
other coating combinations.

4) Microstructural analyses suggested that the wear mechanisms
for Mo-based coating in the absence of HC involved mainly
plowing, cutting and oxidative abrasive wear processes while
the wear of Mo-coatings on HC should be primarily governed by
cutting, fragmentation and fatigue wear processes.
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ARTICLE INFO ABSTRACT

The aim of this work was to study the wear behaviours and mechanisms of Ti-based coatings deposited by a
filtered cathodic arc process on fishing net-weaving machine components, namely hooks, under dry soft-sliding
against nylon fibres. A set of dry soft-sliding experiments were conducted on AISI 316 stainless steel hooks with
filtered cathodic arc-deposited TiN, TiAlSiN and TiCrAlSiN films along with uncoated and hard-chrome plated
ones. The results showed that Ti-based coatings offered substantially better wear resistance improvement for
stainless steel hooks than hard-chrome plating in an accelerated dry soft-sliding condition of a net-weaving
machine. Among the three Ti-based coatings, TiAlSiN coating displayed the best dry soft-sliding wear resistant
characteristics with the lowest wear rate and the longest maximum sliding distance of 189 km, which was about
5 times as high as that of uncoated one due to superior hardness and chemical properties. Microstructural
analyses suggested that the wear mechanisms of hard tool surface such as TiAlSiN mainly involved repetitive
two-step adhesive wear processes including a corrugated transfer film onto the hard surface and the subsequent
detachment of transfer film along with the outermost layer of hard material. Moreover, the hard-chrome plated
hook exhibited a rather high wear rate despite its low surface roughness due to rapid material detachment by the
adhesive fracture wear mechanisms.
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1. Introduction

Titanium-based nitrides are widely studied and employed for in-
dustrial hard coatings due to their high hardness, high melting points,
low compressibility and good thermal/chemical stability [1]. Titanium
nitride (TiN) is a fundamental protective coating that is widely used for
general machine tools and components owing to its good wear and
corrosion resistances. However, its performances are still insufficient
for specific applications involving very hard counter materials and high
working temperature because of its limited strength and oxidation re-
sistance [2]. The tribological properties of TiN can be improved by
introducing suitable alloying or doping elements such as Al, Cr and Si
[2-8]. In particular, alloying with Al to form TiAIN can offer sub-
stantially enhanced oxidation and corrosion resistances since Al will
form stable Al,O; phases that can inhibit oxidation at an elevated
temperature [3-5]. TiAIN has become one of the most widely used
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industrial hard coatings but its sliding wear performances are still not
highly satisfactory for some applications due to its relatively high
friction coefficient [6]. Thus, additional doping of TiAIN with various
elements has been investigated to further improve its wear-resistant
characteristics [6,7]. TiAlSiN and TiCrAlSiN are among the most re-
cently reported derivatives of TiAIN that display excellent mechanical
properties including extremely high hardness and low friction coeffi-
cient [7-15]. Nevertheless, the tribological studies and evaluations of
these new hard coating materials are still quite limited.

In general, the tribological performances of Ti-based nitride coat-
ings can be mainly affected by deposition method, supporting mate-
rials, the type of mechanical action and the properties of counter body.
Ti-based nitride coatings can be deposited by various methods in-
cluding magnetron sputtering, filtered cathodic arc (FCA) and their
hybrids. Among these, FCA is the most widely used processes for hard
coating due to high film quality, high deposition rate, high surface
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uniformity and high reproducibility. Recently, TiAlSiN and TiCrAlSiN
coatings have been developed based on magnetron sputtering [7-9],
FCA [10-13] and the hybrid of FCA and sputtering techniques [14,15].
The wear behaviours of TiAlSiN and TiCrAlSiN have been reported on
various supporting materials such as stainless steel (SS) [7], Ni-Cr based
alloys [12], tool steel [13] and Ni-based high-temperature alloys [14].
From these studies, the supporting material can substantially influence
surface microstructure, effective hardness, friction coefficient and
hence wear characteristics of these coatings.

Wear characteristics and related wear mechanisms of materials are
also highly dependent on the type of mechanical action, the test method
and the properties of counter material [16]. The wear behaviours of Ti-
based nitride coatings have been extensively evaluated by various
standard wear-test methods including pin-on-disc, pin-on-flat, pin-on-
drum and reciprocating ball-on-flat [17]. However, these results may
not be applicable to some specific applications such as fishing net-
weaving machines that involve long continuous soft-sliding against a
polymeric fibre [18]. The net production industry is an important
business that supports several other industries in a value chain such as
fishing, sporting, agriculture and textile. Fishing nets are generally
produced by a fishing net-weaving machine that contains hooks and
other mechanics for the net-weaving operations as shown in Fig. 1. In
its operation, net fibres will continuously slide through hooks during
weaving actions, leading to wear on hook surfaces. When the wear
becomes excessive, the hooks must be replaced since they will generate
poor quality nets. Typically, hooks are made of SS or hard-chrome (HC)
plated SS that will be worn out within months under continuous
weaving operations [18]. The hook replacement consumes considerable
material, labour and production-time costs. Thus, hard coating should
be applied on the hooks in order to minimize the replacement costs and
it is important to evaluate soft-sliding wear characteristics of hard
coating films. Generally, most soft-sliding studies have focused on the
wear of the softer material such as polymers and polymer composites of
the two counter surfaces since the wear of the harder one is often
negligible [19-22]. However, the wear of the harder material is para-
mount in this specific application because it is accumulated under long
and continuous soft-sliding operation, in which the softer material is
constantly fed through the harder one. To obtain such soft-sliding wear
characteristics, a customized wear test method will be required to
emulate the real working condition [23]. In this work, the soft-sliding
wear performances of TiN, TiAlSiN and TiCrAlSiN coatings deposited
by FCA on AISI 316 SS hooks of a fishing-net weaving machine are
systematically studied using a customized wear test method for the net-
weaving operation against nylon fibres. Nylon, a type of polyamide, is
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selected as the mating material since it is widely used in textile in-
dustries to produce fishing and other types of nets [22].

2. Experimental procedure

AISI 316 SS hooks were prepared by an investment or lost-wax
casting process [18]. The produced hook had a straight edge with a
hook angle of ~ 75° and a hook radius of ~ 250 pum located on one end
of a cylindrical rod with 5 mm in diameter and 90 mm in length as
illustrated in the insets of Fig. 1. TiN, TiAlSiN and TiCrAlSiN were
coated on the hooks by a filtered cathodic arc system equipped with five
material targets and five straight duct filters (Nanoshield Co., Ltd.).
Before coating, hooks were precleaned with alcohol under ultra-
sonication for 30 min. They were then loaded into the deposition
chamber and evacuated to a base vacuum of 5 X 10~ > Pa. Next, they
were heated to 350 °C and cleaned with metal ions from a filtered
cathodic arc under a substrate bias of 1000 V for 10 min to remove
remaining surface contaminants and ensure excellent adhesion of de-
posited films. For TiN coating, the samples were implanted with Ti
atoms and precoated with a 50 nm-thick Ti adhesive layer using a high-
energy Ti cathodic arc in Ar at a pressure of 0.3 Pa and a discharge
current of around 50 A under a substrate bias of 200 V. A 3 um-thick
TiN layer was then reactively deposited in a No/Ar gas mixture at a
pressure of 0.5 Pa and a discharge current of around 100 A under a
substrate bias of 100 V. In the case of TiCrAlSiN coating, the substrates
were implanted with Cr atoms and precoated with a 50 nm-thick Cr
adhesive layer using a high-energy Cr cathodic arc in Ar at a pressure of
0.3 Pa and a discharge current of around 50 A under a substrate bias of
200 V. Next, a 3 pm-thick TiCrAlSiN layer was coated from arc dis-
charges of Ti, Al, Cr and Si in a N,/Ar mixture at a pressure of 2 Pa
under a substrate bias of 75 V. Regarding TiAlSiN coating, 50 nm-thick
Cr and 100 nm-thick TiCrAlSiN adhesive layers were precoated using
the same deposition conditions as described above. A 3 pm-thick
TiAlISiN layer was deposited from arc discharges of Ti, Al and Si in a N5/
Ar mixture at a pressure of 1.5 Pa under a substrate bias of 75 V. The
discharging currents of different targets were controlled and optimized
for the hardness of composite films [12]. The wear performances of
these coatings would be compared with uncoated and HC-plated ones.
Another set of hook samples were electroplated with HC using the
standard chrome bath containing chromic acid (250 g/L) and sulfuric
acid (100:1) at 55 °C with a current density of ~ 0.3 A/cm? for 80 min
[18]. The thickness of HC layer was measured to be around ~ 70 um by
a stylus profiler. The plated samples were rinsed in DI water and dried
with nitrogen. The phase and crystallinity of substrates and coatings

Fig. 1. Schematic illustration of the soft-sliding test apparatus for
a hook used to weave fishing net. Insets: Photograph of a hook
feeding with a nylon fibre and side-view SEM image of a hook.
Reel (Receiver)
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were analyzed by an X-ray diffractometer (XRD) operated in the glan-
cing incident mode with a scanning speed of 3° per min and high-power
CuK, radiation (30 kV, 15 mA: Rigaku, TTRAX III).

The average surface roughness (R,) and hardness of samples were
measured before wear test by a standard roughness tester (Mahr: model
MarSurf PS1) and a commercial nanoindenter (UMIS: model UMIS II),
respectively. The sampling and cut-off lengths for all roughness mea-
surements were 0.2 and 5.6 mm, respectively. To avoid the effects of
the curvature of the surfaces, the roughness measurements were taken
on approximately planar regions slightly away the hook corners as
marked in the photograph of Fig. 1. The hardness was measured using a
Berkovich-type diamond tip with a total included angle of 142.3°. The
Berkovich tip had the same projected area-to-depth ratio as a Vickers
indenter and would offer the results similar to the Vicker micro-hard-
ness experiment. The applied load and indentation depth were 50 mN
and 0.902 um, respectively. The moderate load and indentation depth
(around a third of film thickness) would ensure adequate exposure of
hard-coating materials and avoid surface roughness as well as substrate
effects. The hardness value was estimated from nano-indentation data
by the standard Oliver-Pharr analysis. The data of R, and hardness
values were collected at five different locations to avoid the statistical
bias of measurements. No surface polishing was performed prior to
these measurements.

The wear performances of various hook materials were evaluated
using the soft-sliding test apparatus as schematically illustrated in
Fig. 1. The design and fabrication of the test apparatus was reported
recently [23]. The hook was clamped vertically on a tension adjustment
holder equipped with a load cell for tension force measurement. The
fibre with 0.12 mm in diameter employed in this experiment is made of
polymer blend containing 80 wt% nylon 6 and 20 wt% nylon 66, which
is a common material used in fishing nets. The fibre stored on a source
reel was fed through the hook via pulling shaft and gear mechanisms
onto a receiving reel. The tension on the hook was adjusted by moving
the holder in vertical direction and monitored by an attached load cell.
The pulling shaft was rotated using a DC motor that can produce the
maximum speed of 300 rpm. The dry soft-sliding conditions for hook
tests were a tension force of 2 N and a rotation speed of 150 rpm. The
tension force was selected according to the value used in a fishing-net
weaving machine while the fibre feeding speed was about 10 times as
high as the normal value to accelerate the wear rate and obtain mea-
surable weight loss within a reasonable period of time [23]. The
average sliding velocity of the fibre over the hook was 225 m/min and
the fibre passed the hook only once (no fibre recirculation). Each test
was repeated five times and the average result was computed. The wear
characteristics were reported in terms of weight loss and wear rate. The
weight loss value of each sample was collected after each wear test and
converted to wear rate. The wear rate was nominally defined by the
ratio of the weight loss value to the sliding distance. The wear test
would be terminated when the nylon fibre would be torn apart be-
coming a poor net after passing through a hook. This sliding time and
corresponding distance would be taken as the maximum sliding time
and distance that a hook can operate a nylon fibre without excessive
wear. In addition, the surface morphologies and the chemical compo-
sitions of workpiece at various stages were analyzed by scanning elec-
tron microscope (SEM: Hitachi) and energy dispersive x-ray spectro-
meter (EDX) at an accelerating voltage of 20 kV.

3. Results and discussion
3.1. Structural properties of coatings

The XRD patterns of uncoated, HC-plated, TiN-coated, TiAlSiN-
coated and TiCrAlSiN-coated SS hooks are shown in Fig. 2. It shows that
the uncoated, HC-plated, TiN-coated hooks contain their expected
material phases including tetragonal CrFe alloy (JCPDS No. 65-4528),
body-centered cubic Cr (JCPDS No. 06-0694) and cubic TiN (JCPDS
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Fig. 2. XRD patterns of uncoated, HC-plated, TiN-coated, TiAlSiN-coated and TiCrAISiN-
coated SS hooks.

No. 38-1420), respectively. In the case of TiN-coated one, it exhibits
only a single dominant peak at 36.5° corresponding to the (111) plane
of TiN, suggesting the highly-oriented nature of this coating while other
tiny secondary peaks arise from the underlying CrFe alloy hook body.
Regarding the TiAlSiN-coated hook, the XRD pattern indicates the
presence of the cubic TiAIN phase (JCPDS No. 13-7254) along with the
CrFe alloy phase from the substrate whose peaks become predominant
over the coating. Likewise, the TiCrAlSiN-coated one displays similar
XRD peaks but the peak positions are slightly shifted and the peak at
42.7° becomes obscure, suggesting the influence of Cr on the lattice
modification of TiAIN phase. For both TiAlSiN and TiCrAlSiN coatings,
the substrate peaks are dominant due possibly to the low X-ray ab-
sorption coefficients of light elements including Al and Si, which permit
X-ray to penetrate deeper into substrate. In addition, there is no peak
associated with a Si phase, which may be due to its low concentrations
or formation as an amorphous phase. A previous study demonstrated
that Si presented as an amorphous silicon nitride phase in a TiAlSiN
layer [14]. This should be applicable to these TiAlSiN and TiCrAlSiN
coatings since the observed broad background signals in XRD pattern
could signify the presence of amorphous phase in the layers.

The average roughness (R,) values of uncoated, HC-plated, TiN-
coated, TiAlSiN-coated and TiCrAlSiN-coated SS hooks are illustrated in
Fig. 3. It should be noted that error bars represent the variation from
five samples. It is evident that the roughness values of the SS hook
surfaces are substantially reduced upon HC plating as well as Ti-based
coatings by FCA. In addition, the roughness values of HC-plated hook as
well as those of Ti-based coated ones are comparable and statically
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Fig. 4. Average hardness values of uncoated, HC-plated, TiN-coated, TiAlSiN-coated and
TiCrAlSiN-coated SS hooks.

indifferent. The reduced surface roughness value after HC plating can
be attributed to the employed plating condition with low current den-
sity and long plating time, allowing plated Cr atoms to uniformly fill in
the surface cavities. Likewise, FCA provides high quality smooth
coating on the hooks comparable with the electroplating process, which
produces a much thicker coating layer.

Fig. 4 demonstrates the nano-indented hardness values of uncoated,
HC-plated, TiN-coated, TiAlSiN-coated and TiCrAlSiN-coated SS hooks.
It can be seen that the average hardness value of HC-plated hooks (~
9.7 GPa) is considerably higher than that of uncoated one (~ 6.6 GPa)
and their values agree well with their standard values. With Ti-based
coatings, the hardness values increase greatly and the TiAlSiN coating
exhibits the highest hardness value (~ 31.6 GPa) while the TiCrAISiN
and TiN coatings have lower values of ~ 30.4 and ~ 26.4 GPa, re-
spectively. The obtained hardness values are comparable with other
reports in literature [7-15].

3.2. Wear behaviour

Fig. 5 illustrates the average weight loss of uncoated, HC-plated,
TiN-coated, TiAlSiN-coated and TiCrAlSiN-coated SS hooks under the
soft sliding wear test against nylon fibres with the sliding time in the
range from 60 to 840 min. The weight loss data of all hooks are only
reported up to the maximum sliding time defined previously in Section
2. It is seen that the cumulative weight loss of all hook samples in-
creases rather linearly with increasing sliding time, conforming to a
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Fig. 5. Average weight loss versus sliding time of uncoated, HC-plated, TiN-coated,
TiAlSiN-coated and TiCrAlSiN-coated SS hooks.
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Fig. 6. Average wear rate versus sliding time of uncoated, HC-plated, TiN-coated,
TiAlSiN-coated and TiCrAlISiN-coated SS hooks.

typical sliding wear behaviour. In addition, the uncoated SS hook ex-
hibits the highest weight loss at a given sliding time and the shortest
maximum sliding time of 180 min. Upon HC plating, the weight loss
moderately reduces while the maximum sliding time increases con-
siderably to 300 min. After applying Ti-based coatings, the weight loss
decreases differently depending on the coating material. Among the
three Ti-based coatings, TiAlSiN coating provides the lowest weight
losses and the longest maximum sliding time of 840 min. In contrast,
TiN coating shows the highest weight loss and the shortest maximum
sliding time of 360 min. Interestingly, TiCrAlSiN coating displays re-
latively low wear performances compared with TiAISiN coating, giving
a substantially shorter maximum sliding time of 420 min. TiAlSiN
coating on SS hook is thus proven to offer the highest soft-sliding wear
resistance against a nylon fibre.

To further analyse the behaviour of weight loss, the corresponding
wear rate was calculated by dividing the weight loss with the sliding
distance as displayed in Fig. 6. With the present soft-sliding test para-
meters, the sliding time of 60 min corresponds to the sliding distance of
225m. It can be seen that the wear rate behaviour depends con-
siderably on coating. With no coating, the wear rates of SS hook is
initially low and then increases quite quickly as the time increases from
60 to 120 min, followed by a slow rise as the time increases further up
to 180 min. The initially low wear rate during the run-in stage may be
due to initially low adhesive force between the soft nylon fibre and SS
hook surface. As the run proceeds, the hook surface becomes increasing
rough due to progressive wear of SS, leading to a higher adhesive force
and a higher wear rate. In contrast, the wear rate of HC-plated SS hook
is almost constant with slight fluctuations over the whole range of
sliding time (60-300 min), indicating a steady adhesive force between
the nylon fibre and thick HC layer. In the case of Ti-based coatings,
their wear rates increase slowly as the sliding time increases from
60 min to their maximum sliding times. The slowly rising wear rate of
Ti-based coatings may be due to their slowly increasing surface
roughness with progressive wear under the soft-sliding process (to be
subsequently illustrated in Fig. 8), which depends on the hardness of
the coating. The increase of surface roughness in the hook still cannot
be verified by the roughness tester since the probe tip cannot get into
the hook regions. Special setup and instrument will be required for the
measurement to be done in the future. Correspondingly, TiAlSiN and
TiN coatings exhibit the smallest and largest increasing degrees of wear
rate, respectively.

3.3. Microstructure analysis

The wear characteristics of uncoated, HC-plated, TiN-coated,
TiAlSiN-coated and TiCrAlSiN-coated SS hooks were examined and
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Fig. 7. SEM micrographs of uncoated SS hook (a) before and (b) after wear test, HC-plated SS hook (c) before and (d) after wear test, TiN-coated SS hook (e) before and (f) after wear test,
TiAlSiN-coated SS hook (g) before and (h) after wear test and TiCrAlSiN-coated SS hook (i) before and (j) after wear test.

analyzed by SEM and EDX. The representative SEM images of uncoated,
HC-plated, TiN-coated, TiAlSiN-coated and TiCrAlSiN-coated SS hooks
before and after wear test are illustrated in Fig. 7. The EDX spectra of
uncoated, HC-plated, TiN-coated, TiAlSiN-coated and TiCrAlSiN-coated
SS hooks after wear test are demonstrated in Fig. 8 and the corre-
sponding elemental composition tables before and after wear test are
included in the insets. It should be noted that SEM images and EDX
spectra after wear test of different hooks are presented here at their
distinct maximum sliding times as labeled in the figures.

Before wear test, the bare SS hook (Fig. 7(a)) shows rather rough
surface with semi-parallel line grooves and some small pits, which is a
typical texture of surface produced by manual abrasive thread grinding
and polishing. After dry soft-sliding test for 180 min (Fig. 7(b)), the
surface becomes relatively smooth exhibiting very fine parallel scratch
lines along the sliding direction. The corresponding EDX data (Table 1)
reveal that the SS surface contains additional oxygen (0) and aluminum
(Al) elements as well as relatively high level of carbon (C) after the
wear test. The increase of C content and additional O element should
come from the residue of nylon fibre on the hook surface, indicating the
adherence of nylon fibre on surface which may lead to the adhesive

wear process. Nevertheless, this must be further verified with more
accurate characterizations due to the large uncertainty of C content
measured by EDX (see err% in Table 1). The appearance of a small Al
content may arise from Al contamination on the nylon fibre, which was
rolled from a reel made of Al

After HC plating, the hook surface (Fig. 7(c)) is relatively smooth
with less number of line and pit textures. However, there are additional
fine distributed crack lines on the surface due possibly to stress devel-
oped in the very thick HC layer. Upon the dry soft-sliding test for
300 min (Fig. 7(d)), the surface is worn with mostly parallel fine lines
along the sliding direction and expanded crack furrow around the wear
track. In addition, the lines and furrows are particularly large and deep
near the expanded crack boundaries, suggesting a fracture wear me-
chanism. The respective EDX data (Table 1) show a small increase of C
content and the additional tiny peak of Al after the wear test, suggesting
relatively low adhesion of nylon fibre and low Al contamination on the
HC hook surface compared with the uncoated one.

With TiN coating, the surface of TiN-coated hook (Fig. 7(e)) is also
quite smooth with no large line grooves but displays a shallow micron-
size oval pit pattern. Upon the dry sliding test for 360 min (Fig. 7(f)),
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the pattern is largely faded away around the sliding contact area and
some parallel indented traces along the sliding direction appeared at
the centre of wear track. In addition, the density of indented traces is
relatively low compared with those of uncoated and HC-plated ones,
confirming moderately low dry sliding wear against nylon fibres due to
the presence of TiN layer. The EDX data (Table 1) demonstrate that the
layer before wear test comprises of the expected contents of Ti (38.9 at
%) and N (41.57 at%) with small amounts of O due to oxidation
(11.73 at%) and C (7.8 at%) due to organic contamination. In addition,
there is no peak from substrate (Fe), confirming that the film is so thick
that electron-solid interaction does not reach the underlying SS mate-
rial. After the wear test, the amounts of Ti and N decrease slightly by
around 10-15% while peaks of SS substrate, nylon fibre and con-
tamination including Fe, C, O and Al arise with small magnitudes, in-
dicating that the TiN layer has been partially worn down and a small
amount of nylon material sticks on the worn surface.

In the case of the TiAlSiN-coated hook, the surface exhibits the oval
indented pattern similar to the TiN-coated one (Fig. 7(g)) but the size
and density of oval pits are lower. After the wear test for 840 min
(Fig. 7(h)), the surface displays relatively smooth wear indentation
along the sliding direction while the area surrounding the wear trace
are also smoothen. In addition, the wear trace is somewhat unique
comprising quite smooth plateaus and shallow indented side tracks.
Thus, the wear of the TiAlSiN-coated hook appears to be relatively mild
compared with that of TiN-coated one in accordance with the observed
wear rate data (Fig. 6). From the corresponding EDX data (Table 1), the
layer before wear test contains the film compositions of 16.98, 16.23,
1.2 and 46.57 at% for Ti, Al, Si and N, respectively. It is seen that the
TiAlSiN film before the wear test has approximately the same Ti and Al
atomic contents while Si is a minor constituent. In addition, there is a
small O content (9.07 at%) due to oxidation, a small C amount (7.68 at
%) from organic contamination and a small Cr concentration (2.27 at%)
from underlying TiCrAlSiN and Cr adhesive layers while the substrate
peak (Fe) is absent. After the wear test, the contents of Ti, Al, Si and N
decrease slightly by around 10-20% while the magnitudes of Cr and Fe

increase because the TiAlSiN layer is thinned down leading to deeper
electron penetration into adhesive layers and substrate. The slight in-
creases of C and O contents imply the slight adherence of nylon fibre.
The results demonstrate the superior wear resistant characteristics of
TiAISiN coating, which may be partly attributed to its relatively high
effective hardness according to nano-indentation measurements.

Regarding TiCrAlSiN coating, the coated hook surface before wear
test similarly exhibits an oval pitted pattern like TiAISiN ones
(Fig. 7(i)). After the 420-min dry sliding test (Fig. 7(j)), the surface
displays scratch traces along the sliding directions similar to those of
TiN-coated one but with a relatively high trace density, indicating
considerable sliding wear despite the use of TiCrAlSiN layer in ac-
cordance with the observed high wear rate data (Fig. 6). The EDX data
(Table 1) show the presence of Ti, Al, Cr, Si and N in the deposited layer
with the elemental contents of 6.39, 11.42, 6.56, 0.9 and 60.86 at%,
respectively. It is seen that the composite film is Al-rich having Al
content about twice as high as those of Ti and Cr with very small
fraction of Si. Similar to other Ti-based coatings, it contains small
amounts of O (6.6 at%) and C (7.27 at%) while the substrate con-
tribution (Fe) is absent. After the wear test, the amounts of Ti, Al, Si and
N decrease moderately by around 15-25% while Cr, C, O and Fe con-
tents increases, implying that the TiCrAlSiN layer has been partly worn
out and nylon material slightly adheres on the surface. It should be
noted again that the Cr content increases as the TiCrAlSiN layer is
thinner because of deeper electron interaction with the underlying Cr
adhesive layer.

From the results, the TiAlSiN coating offers the best wear resistant
characteristics with the lowest weight loss and the longest maximum
sliding distance of 189 km (840 x 225 m). The microstructural data
based on SEM and EDX confirms that the TiAlSiN coating exhibits re-
latively mild wear compared with other Ti-based as well as thick HC
coatings. According to morphological observations, the wear me-
chanism of Ti-based coated as well as uncoated SS hooks should be
based on the mild adhesive wear while that of HC involves adhesive
fracture mechanism. To gain an insight into the wear mechanism, SEM
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Fig. 8. SEM micrographs of TiAlSiN-coated SS hook after sliding test for (a) 120, (b) 240, (c) 360, (d) 480, (e) 600 and (f) 720 min and (g) EDX elemental compositions of various

elements as a function of sliding time.

and EDX analyses were performed at various sliding times as illustrated
for the TiAlSiN coating in Fig. 8. It is seen that the surface around
sliding contact area is already largely smoothened after sliding against
the nylon fibre for 120 min while some small and shallow clusters of
material with corrugated morphologies appear sporadically on the
smooth background (Fig. 8(a)). According to spot EDX analysis, the
material is carbon and oxygen rich so it is most likely to be nylon

clusters detached from the fibre. As the sliding time increases to
240 min, the nylon clusters spread more widely over the area while
their sizes remain rather small (Fig. 8(b)). At the longer sliding time of
360 min, there are relatively few larger nylon clusters, which may be
formed by the accumulation of smaller clusters due to material mi-
gration under continuous sliding action (Fig. 8(c)). When the sliding
time increases further to 480 min, the material from the top cluster is
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Table 1

Wear 390-391 (2017) 146-154

EDX Elemental composition tables of uncoated, HC-plated, TiN-coated, TiAlSiN-coated and TiCrAlSiN-coated SS hooks before and after wear test.

Material sliding time Test status Elemental composition (at%)

CK N K OK ALK Si K Ti K CrK Mn K Fe K Ni K

SS 180 min Before test 9.1 + 2.1 - - - 1.5+02 - 19.6 = 0.8 1.7 £ 0.2 62.6 = 2.3 55+04

After test 254 +38 - 59+0.8 0.5+0.1 0.6 0.1 - 147 £ 2.4 9+0.1 47.2+19 4.8 0.4
HC 300 min Before test 8619 - - - 91.4 = 45 -

After test 9.4 +13 - - 0.7 +0.1 - - 809+54 - - -
TiN 360 min Before test 7.8 +1.5 41.6 = 6.4 11.7+09 - - 389+14 - - - -

After test 10.3+15 388=*6.1 143+12 0.1 +0.01 - 33414 - - 3.2+0.1 -
TiAISiN 840 min Before test 7.7 £ 1.9 46.6 +6.6 9.1*0.3 16.2+1.1 1.2+0.2 17.0 £ 0.7 23+03 - - -

After test 128 +2.0 386 5.1 13.2+1.9 14.0 = 0.6 1.0 £ 0.2 12.8 £ 0.5 55+04 - 21+03 -
TiCrAlISiN 420 min Before test 7.3 +1.8 609 +88 6.6 0.7 11406 09x02 64=x03 6.6 £ 0.4 - - -

After test 8.6 +1.4 42.5 + 6.6 111 +09 9.8+0.38 0.8+0.1 5.6 £ 0.4 17406 - 43 +0.5 -

largely removed, leaving a shallow indentation appeared as a darker
region while the material cluster located downstream becomes corre-
spondingly larger, implying material transfer from one cluster to an-
other (Fig. 8(d)). Subsequently, the nylon material is re-accumulated
around the same regions and becomes increasingly large as the sliding
time increases to 600 min (Fig. 8(e)). When the sliding time increases
further to 720 min (Fig. 8(f)), the material clusters are smashed away
again and becomes largely fainted at the maximum sliding time to
840 min (Fig. 7(h)). The corresponding elemental compositions of
various elements as a function of sliding time are demonstrated in
Fig. 8(g). It can be seen that the elemental contents of the film including
Ti, Al, Si and N decrease slowly while those of Cr, O and Fe increase
gradually with increasing sliding time, confirming the mild wear of
TiAlSiN coating. In contrast, the C content, which should be primarily
from nylon, is fluctuating with sliding time, indicating alternate de-
position and abstraction of nylon material around the sliding contact in
accordance with the SEM observation. However, it is a paradox that the
O content, which is also a component of nylon material, does not
fluctuate in similar manner but increases slowly with increasing sliding
time. A possible explanation is that the film is increasingly oxidized
with increasing sliding time due to elevating temperature around the
dry sliding contact and the oxygen content mainly arises from the
oxidized layer on surface.

A mechanistic wear model of a hard solid hook surface under con-
tinuous dry sliding against a soft polymeric fibre is proposed according
to the experimental observations as depicted in Fig. 9. When a softer
polymeric fibre is sliding through the harder hook surface, the softer
asperities that are strongly adhered to the hard metal surface at an

Sliding direction:

Out of plane  Sliding Coating Shear breakage
fibre
Hook body Adhesive contact

“

New adhesive

contact Detached film

adhesive contact will undergo plastic shear deformation until a shear
breakage occurs, forming a corrugated transfer film on the hard surface
[20]. Subsequent sliding will induce relatively high friction force on the
rough transfer film leading to partial removal of the film material and
second shear breakage into the hard surface.

The rough transfer film along with hard surface material will be
detached eventually from the hook due to following sliding force, re-
sulting in the adhesive wear of hard material. The processes of transfer
film formation and detachment will be repeated leading to progressive
adhesive wear and poor structural functionality when excessive de-
formation occurs at a maximum sliding distance. The wear rate based
on this mechanism will depend mainly on the adhesive force between
the hard and soft material surfaces. The adhesive force can be affected
by several factors including surface roughness, hardness of the harder
material, surface geometry and chemical interaction between the two
materials. The higher surface roughness generally leads to higher ad-
hesive force due to larger contact area. In contrast, the higher hardness
of the harder material results in the lower adhesive force due to higher
atomic self-adherence [16].

The uncoated SS hook exhibits high surface roughness but low
hardness, leading to very high adhesive force with nylon fibre and very
high wear rate. According to the material characterization results, the
surface roughness is changed along with the material after coating,
leading the compound effects of material and roughness on the wear
performances. It is thus not possible to assess only the effects of ma-
terial change. For the HC-plated one, the surface roughness decreases
while the hardness increases, leading to a relatively low wear rate due
to the compound effects. With Ti-based coatings, the surface roughness

Fig. 9. Wear mechanism of a hard solid hook under continuous
soft-sliding against a polymeric fibre.

Sliding against
transfer film

a

Hard shear
breakage
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is considerably lower whereas the hardness becomes higher resulting in
much lower wear rates compared with the uncoated one. However, if
compared the results among different coatings, the surface roughness
values of HC and different Ti-based coatings are comparable so the
variation in wear rate should be mainly attributed to the effect of ma-
terial change. From the results, TiAlSiN, TiCrAlSiN, TiN and HC coat-
ings exhibits the lowest to highest wear rates in accordance with their
measured hardness values. Therefore, the wear performances improve
accordingly with increasing hardness of material with similar surface
roughness values. Moreover, it can be expected that the SS hook would
wear less if it had lower surface roughness. This expectation may be
confirmed by ultrafine polishing of the SS hook in the future.
Nevertheless, the adhesive wear mechanism alone cannot explain
some specific behaviours observed in the experimental data. In parti-
cular, it is interesting that TiCrAlSiN coating displays much more rapid
increase of wear with increasing sliding time and much lower maximum
sliding distance compared with TiAlSiN coating although TiCrAlSiN has
only slightly smaller hardness than TiAlSiN. This paradox may be ex-
plained by an additional oxidation mechanism. As the sliding time and
distance increase, the mechanical energy loss in dry sliding action is
transformed to heat energy, causing a temperature rise and surface
oxidation in air. The oxidized surface is hard having low adhesive in-
teraction with polymer and may help limiting adhesive wear with in-
creasing sliding distance. TiAlSiN can form a stable oxidized layer with
TiO5/AlO3 phases so that adhesive wear can be limited when the
temperature increases with increasing sliding distance. With Cr addi-
tion, TiCrAlSiN will be less oxidized due to anti-oxidation property of
Cr and adhesive wear will be less limited as the contact temperature
increases. In the case of HC-plated one, it is also observed that the wear
surface is distinct from other cases containing cracks and expanded line
pits near crack boundaries. In this case, the initial cracks already pre-
sent in the HC thick layer are quickly propagated during initial material
removal force by the adhesive wear process leading to quicker material
detachment via the fracture wear mechanism. Thus, the HC-plated hook
exhibits rather high wear rate despite its low surface roughness.

4. Conclusions

The aim of this work was to study the wear behaviours and me-
chanisms of Ti-based coatings deposited by FCA on SS machine com-
ponents, namely hooks, under dry soft-sliding against a nylon fibre. In
order to address this challenge, a set of dry soft-sliding tests were
conducted on AISI 316 SS hooks with FCA-deposited TiN, TiAlSiN and
TiCrAlSiN films along with uncoated and HC-plated ones. Based on the
results, the following primary conclusions were drawn:

1) Ti-based coatings offered substantially better wear resistance im-
provement for SS hooks and can effectively protect the SS surface
over a longer sliding distance than HC plating in an accelerated dry
soft-sliding condition of a fishing net-weaving machine.

2) Among the three Ti-based coatings, TiAlSiN coating offered the best
dry soft-sliding wear resistant characteristics with the lowest wear
rate and the longest maximum sliding distance of 189 km, which
was about 5 times as high as that of uncoated one due to superior
hardness and chemical properties.

3) Microstructural analyses suggested that the wear mechanisms of
hard tool surface such as TiAlSiN mainly involved repetitive two-
step adhesive wear processes including a corrugated transfer film
onto the hard surface and the subsequent detachment of transfer
film along with the outermost layer of hard material.

Wear 390-391 (2017) 146-154

4) The HC-plated hook exhibited rather high wear rate despite its low
surface roughness due to rapid material detachment by the adhesive
fracture wear mechanisms.
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The objectives of this study were to investigate the effect of the electroplated hard chrome (HC) and the MoN-
coated AlISI 316 stainless steel coatings on weight loss under two-body abrasion wear testing and to predict the tool
life of both materials used as a fishing net-weaving machine component, namely the hook. Both materials were
used to carry out the wear experiments under two-body abrasion behavior. These specimens were wear tested with
the in-house wear testing apparatus base on ASTM: G133-05 standard. The Taylor’s equation was used to formulate
the tool life model whereas the Monte Carlo simulation was used to predict the tool life of the machine part. The
results showed that the MoN-HC exhibited higher wear resistance than that of the HC.

Key words: AlSI 316 stainless steel, coatings, abrasion wear testing, properties, Taylor’s equation, Monte Carlo

INTRODUCTION

The two-body abrasion process is a hard particles
matched two-surface damages during relative sliding
[1]. It is observed when a matter comes into contact
with abrasive material [2]. Two-body abrasive wear was
a type of wear which was frequently found in manufac-
turing processes such as drilling, turning, milling opera-
tions, and other industries.

Applications of coated machine-parts increase the
efficiency and quality of the parts. Sovilj et al. exam-
ined the effect between base material and TiN-hard
coating [3] whereas Bidulsky et al. studied the sliding
wear between sintered and PVD coated surfaces on
chromium steel [4].

Deposition metal nitrides were popularly studied for
wear resistant coatings because this coating method in-
creased the wear resistant properties e.g. high hardness,
low compressibility and good thermal/chemical stabili-
ty [5]. The properties of MoN are typically important
for wear resistance, crack resistance, and corrosion re-
sistance [6-8]. Srisattayakul et al. studied the three coat-
ing factors affecting the elastic modulus and weight loss
of the MoN coating on a fishing net-weaving machine
component, namely the hook for improving the quality
of the hook [9, 10]. The machine component, which is
normally made of stainless steel is very important for
producing the fishing net. If the component is not of
good quality as shown in Figure 1, it causes damage to
the fishing net. The fishing net manufacturer needs to

P. Srisattayakul, C. Saikaew, Department of Industrial Engineering,
Khon Kaen University, Khon Kaen Thailand and A. Wisitsoraat, Na-
tional Electronics and Computer Technology Center, Pathumthani
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Figure 1 The damage to hooks on fishing net weaving
process.

replace the new hook before the component wears out.

Hence the prediction model of the component life of the

fishing net-weaving machine component should be

studied.

Previously, many researchers used the Taylor’s
equation as a powerful methodology for the tool life
prediction models. Karandikar et al. used this equation
in conjunction with the Markov Chain Monte Carlo ap-
proach for the tool life prediction model of carbide tool
for turning MS309 steel work material [11]. The tool
life model and tool wear mechanism analysis of carbide
tools for martensitic S41000 and supermartensitic
S41426 turning were investigated using the Taylor’s
equation [12].

Since the two-body abrasion is a stochastic process
and the worn surfaces reveal strong statistical character-
istics, the classical mathematical models are not appro-
priately used to predict the wear rate. Fang et al. veri-
fied that the relations of material hardness, particle size
and normal load with wear rate between the Monte
Carlo simulation and the two-body abrasion tests were
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in good agreement [1]. Furthermore, Fang et al. also
employed the Monte Carlo simulation to compare the
plastic deformation wear prediction with the three-body
abrasion experiments using spherical abrasive particles
with different distribution sizes [13].

In this work, the influence of the electroplated hard
chrome (HC) and the MoN coating on the weight loss
under two-body abrasion wear testing was investigated.
In addition, tool life models of the hook were created
for the HC and the MoN-coated AISI 316 stainless steel
using Taylor’s equation and Monte Carlo simulation in
order to improve the quality and operational tool life of
the hook.

EXPERIMENTAL PROCEDURE

The hook was made of AISI 316 stainless steel,
which chemical elements included 0,2 %-0,3 %C, 18
%-23 %Cr, 1,0 % - 1,5 %S 1,25 % - 2,50 %Ni and 1
%Mn. The mechanical properties of the specimen were
density 8,07 Mg/m3, compressive strength 310 MPa,
ductility 0,51, elastic limit 310 MPa, endurance limit
307 MPa, hardness 2 200 MPa, poisson’s ratio 0,275,
shear modulus 82 GPa, tensile strength 620 MPa,
young’s modulus 205 GPa and melting point 1 673 K.

Previously, the sliding wear tester used principle be-
tween the pin-on-disc (ASTM: G99) and block-on-ring
(ASTM: GT77) for lower hook of fishing net-weaving
machine [14]. The two-body abrasive wear characteris-
tics of MoN, MoC, and MoCN coatings by DC magne-
tron sputtering on AISI 316 stainless steel were investi-
gated using test a reciprocating pin-on-flat which is
homologous to that of ASTM G133-05 standard [15]. In
this work, the reciprocating dry sliding wear test was
prepared the wear tester according to the ASTM: G133-
05 standard. The schematic illustration of the wear test-
er apparatus is shown in Figure 2.

The specimens were separated into two groups
namely, HC coated on stainless steels (SS) by electro-
plating (SS-HC) and MoN coated on SS-HC by DC-
magnetron sputtering (MoN-HC). All specimens were
subjected to the wear test condition for SiC-abrasive
paper (Grit#1000), with in applied load range of 5 N
and 10 N, a speed of 70 rpm, a stroke length of 15 mm

.,
.
.
0

L0
-----

o

Machine power Sliding direction

Figure 2 Schematic illustration of the wear tester
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and continuous sliding time range of 40 min with four
replicates in each test condition.

RESULTS AND DISCUSSION

The weight loss was used to characterize the influ-
ences of SS-HC and MoN-HC on the weight loss under
two-body abrasion wear testing with the testing time
range from 40 to 880 min. The weight loss of the hook
has a major negative effect on the surface and the qual-
ity of the component and the fishing net when the
weight loss value reaches a certain level of 0,05 g. The
weight loss values of both SS-HC and MoN-HC were
plotted as a function of sliding time with applied load
range of 5 N and 10 N, which is illustrated in Figure 3.
It was noted that weight loss increased with the increase
of applied load for both materials. The MoN-HC de-
picted less serious wear than the SS-HC. This indicated
that MoN-coated AISI 316 stainless steel had longer life
than the electroplated hard chrome for producing the
fishing net-weaving machine component.

Life of the hook model was derived from Taylor’s
equation based on the results of the weight loss values
as the function of sliding time with applied load range
of 5N and 10 N. The basic Taylor’s equation was devel-
oped to relating life of the hook to the main wear ex-
perimental parameter (i.e., applied load) shown in
Equation (1):

L(M"=C (1)

where T is the life of the hook (min), L is the applied

load (N). Furthermore, n and C are the life of the hook

constants, whose values depend on wear testing condi-
tions and workpiece materials.

Based on the results as illustrated in Figure 4, the
sliding times corresponding to the average weight loss
values at the threshold level of 0,05 g with applied load
range of 5 N and 10 N of both materials are shown in
Table 1. These values were used to develop the life
models of both materials by the Taylor’s equation.

The life models of both materials modified by the
Taylor’s equation were formulated as follows:

L(M=C
nlogT —log C=-1log L

0,06
0,05 D {o
0,04

0,03

0,02 —+— MoN-HC-10N
—e— MoN-HC-5N
— s SS-HC-10N

—=— SS-HC-5N

Weight Loss / g

0,01

40 160 280 400 520 640 760 880
Time / min

Figure 3 Average weight loss versus sliding time of SS-HC and
MoN-HC
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Table 1 Sliding time corresponding to the average weight
loss values at the level of 0,05 g of SS-HC and MoN-HC
SS-HC MoN-HC
5N 10N 5N 10N
320 min 250 min 320 min 250 min

The unknown constants of the models were calcu-
lated based on the modified Taylor’s equation and the
results in Table 1. Therefore, the life model of SS-HC
was obtained as follows:

L(T)+27® = 28 135,7845 2)
which was expressed as Equation1(3)

7 _(28 135,7845]1,278
L

Similarly, the life model of MoN-HC was deter-
mined as follows:
L(T)?872 = 53948 348,77 (4)

®)

which was expressed as Equation (5)
1
e (53 948 348,77)2,8072

L

Not only the life models of both materials can be
estimated by the modified Taylor’s equation, but varia-
tion of the life values of both materials can be achieved
by using a Monte Carlo simulation. In fact, the applied
load normally varies during the wear testing on the wear
testing apparatus. Hence the Monte Carlo method ap-
plied the principle’s normal distribution by specifying
the mean and standard deviation for input at a confi-
dence level of 90 %. The applied load consisting of 6
levels (5N, 6N, 7N, 8 N, 9 N and 10N) was assigned as
the input to generate random data set for each applied
load by specifying the mean for the applied load and the
standard deviation for the variation of each applied
load. Each level of applied load generated the random
data set of 1 000 that followed normal distribution. The
result of the Monte Carlo simulation for the life models
of the SS-HC and MoN-HC is presented in Figure 4.

Considering the Monte Carlo simulation for the life
models of the two materials, all life values of the MoN-
HC exhibited a longer life than those of the SS-HC at all

®)
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Figure 4 The Monte Carlo simulation for the life models of
SS-HC and MoN-HC
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Figure 5 Hardness and Ra- values of SS-HC and MoN-HC

applied loads at least 100 %. In addition, variations of
life values at each of applied loads of the MoN-HC
were larger than those of the SS-HC. All life values of
the MoN-HC were higher than those of the SS-HC that
may be attributed to their greater hardness and higher
surface smoothness.

The hardness values of the specimens were measured
by a nanoindenter. According to Figure 5, the nano-indent-
ed hardness values of MoN-HC (~ 34,7430 GPa) were
higher than those of the SS-HC (~ 6,0794 GPa). The aver-
age roughness values (Ra-values) of the MoN-HC (~
0,5892 um) were lower than those of the SS-HC (~ 0,9205
um) as shown in Figure 5. Since MoN-coated AISI 316
stainless steel by sputtering tends considerably reduce Ra-
values, the sputtered MoN is good for surface smoothing.

' S4I08 L
efore) h) MoN-HC-10N (after)
Figure 6 The SEM micrographs of SS-HC and MoN-HC

373



Figure 6 demonstrates the scanning electron micro-
scope (SEM) micrographs of specimens under the ap-
plied load range of 5 N and 10 N. Before the wear test,
the SS-HC (Figures 6 (a) and (b)) showed rather rough
surface free from pits, dimples and line groves while the
MoN-HC (Figures 6 (c) and (d)) found little. After re-
ciprocating test until reaching the weight loss of 0,05 g,
the surfaces were mostly worn in parallel line groves
along the reciprocating directions as shown in Figures 6
(e), (), (g) and (h). It was noted that the SS-HC had
larger pits, dimples and line grooves more than those of
the MoN-HC. In addition, the applied load affected the
quantity of defects which appeared on the surfaces.

CONCLUSIONS

In this work, the Taylor’s equation in conjunction
with Monte Carlo simulation was used to construct the
tool life model for prediction of the electroplated hard
chrome and the MoN-coated AISI 316 stainless steel
used as the fishing net-weaving machine component
under two-body abrasion wear testing. Base on the
comparison of test results, the following conclusions
may be included:

- The MoN-HC coating showed the best life behav-

ior compared with the SS-HC.

- All life values of the MoN-HC were longer than
those of the SS-HC at all applied loads at least
100 %.

- The variations of life values at each of applied
loads of the MoN-HC were larger than those of the
SS-HC.

- The SS-HC had larger pits, dimples and line
grooves more than the MoN-HC.
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In this work, a titanium nitride (TiN) coating applied with the oblique-angle DC-magnetron sputtering technique was systema-
tically studied using designed experiments. The TiN layer was applied on an upper hook, which is a machine component of a
fishing-net weaving machine. The goal was to investigate the influence of sputtering process factors on the deposition rate and
to find appropriate operating conditions for statistically significant factors in order to improve the thin-film manufacturing
process, raising the quality of the TiN coating. Five process factors including the oblique angle, rotational speed, sputtering DC
current, operating pressure and Ar to N, flow-rate ratio were simultaneously investigated using the 2> fractional factorial
design method. A normal probability plot of effects, and main and interaction-effect plots of the process factors were con-
structed in order to identify the significant process factors and the appropriate operating conditions. The main factors including
the oblique angle, sputtering DC current, operating pressure, gas-mixing ratio, interactions between the oblique angle and
sputtering DC current, and interactions between the oblique angle and gas-mixing ratio were found to be statistically significant
process factors. Moreover, the appropriate operating conditions for the significant process factors were obtained with the
graphical method.

Keywords: TiN, deposition rate, statistical analysis, ANOVA, coating

Avtor opisuje sistemati¢no Studijo nacrtovanih preizkusov nanosa titan nitridne (TiN) prevleke s postopkom poSevnokotnega DC
magnetronskega naprSevanja. TiN prevleka je bila naneSena na zgornji kavelj, ki je strojni element naprave za navijanje ribiske
mreze. Cilj $tudije je bil raziskati vpliv procesnih parametrov naprSevanja na hitrost nanasanja prevleke in ugotoviti primerne
pogoje delovanja statisticno pomembnih faktorjev za izboljSanje kvalitete procesa izdelave tanke TiN prevleke. Istocasno je bilo
raziskovanih pet (5) procesnih faktorjev, in sicer nagibni kot, hitrost vrtenja, DC (enosmerni) elektri¢ni tok naprSevanja, delovni
tlak in razmerje med hitrostjo pretoka Ar in N,. Uporabljena je bila 2°~' frakcionirana faktorska metoda. Konstruirani so bili
grafi¢ni prikazi normalne verjetnosti vplivov ter glavnega in interakcijskega uc¢inka pomembnih procesnih faktorjev in ustreznih
pogojev delovanja naprave. Avtor ugotavlja, da so statisticno pomembni naslednji procesni faktorji: nagibni kot, hitrost vrtenja,
jakost enosmernega elektricnega toka naprSevanja, delovni tlak ter razmerje med hitrostjo pretoka plinov in interakcije med
kotom nagiba in DC elektricnim tokom naprSevanja ter kotom nagiba in razmerjem hitrosti pretoka plina. Nadalje je avtor s
pomocjo grafi¢ne metode dobil ustrezne pogoje delovanja naprave glede na pomembnost procesnih faktorjev.

Klju¢ne besede: TiN, hitrost nanosa prevleke, statisticna analiza, ANOVA, prevleka

1 INTRODUCTION and high-quality thin-film coating. TiN is normally pro-
duced with reactive sputtering, during which sputtered Ti
atoms are reacted with nitrogen ions to form TiN mole-
cules.*

Oblique-angle-deposition (OAD) or glancing-angle-
deposition (GLAD) technique is a modified deposition
method, in which the substrate is tilted at different angles
with respect to the normal of the deposition direction and

Titanium nitride is one of extremely hard ceramic
materials, widely used as a coating to harden and protect
cutting and sliding surfaces due to its excellent charac-
teristic properties such as friction coefficient, hardness,
abrasive wear and corrosion resistance under various
working conditions.! It has a cubic structure of the NaCl

type with a high modulus of elasticity of 250-450 GPa . s . .
and a high Vickers hardness of 18-21 GPa.? However, its rotated at an appropriate speed.> Typically, properties
and structures of TiN coatings for various applications

using this technique depend on coating conditions
thods for applying a TiN coating are physical vapor including oblique angle, Ar pressure, Ar to N, flow-rate
depositions (PVD) including sputtering, filtered cathodic ~ 'atio.*” The main advantage of this technique is the
arc, electron-beam evaporation and chemical vapor depo- ~ ability to control the diameter, shape and density of
sition (CVD).> Among these, sputtering is the most Danostructures by varying the deposition conditions con-

widely used method due to its well-controlled process ~ sisting of oblique angle, rotation speed, operating
pressure, gas-mixing ratio and sputtering power. The

*Corresponding author e-mail: technique is used for a TiN hard coating to produce a
charn_sa@kku.ac.th high-density nanocolumnar structure that can have an

surface and material properties are considerably depen-
dent on its production process. The most common me-
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extreme hardness, low friction coefficient and very high
wear resistance.!?

Fishing-net companies in Thailand and outside Thai-
land (owned by Thai people) have confronted the prob-
lem of high-cost spare parts of fishing-net weaving
machines. In this study, a TiN layer was applied on an
upper hook, which is a component of a fishing-net weav-
ing machine as illustrated in Figure 1. The TiN coating
applied using the OAD technique with DC magnetron
sputtering was systematically studied through designed
experiments in order to improve the manufacturing-pro-
cess quality of the TiN coating on the machine compo-
nent. Five process factors including oblique angle,
rotational speed, sputtering DC current, pressure, and Ar
to N, flow-rate ratio were simultaneously investigated
using the fractional factorial design method. The depo-
sition rate was a response used to achieve the effects of
the process factors.

2 MATERIALS AND EXPERIMENTAL PART

A cast stainless-steel upper hook was made with
lost-wax casting and machined with turning and milling
operations. The chemical composition of the workpiece
material was 62.28 % Fe, 6.91 % Ni, 21.99 % Cr, 3.12 %
Cu, 1.94 % Mn, 2.2 % Si, and 1.56 % Al. A vibratory
finishing machine with mixed ball-burnishing media in
different sizes ranging from 5 mm to 8 mm was used for
surface finishing.

In this study, an eight-step method of planning and
conducting the experiment was used as described below:

Setting the objectives: The main objectives of this
study were to investigate the effects of the sputtering-
process factors on the deposition rate of the TiN coating
on the upper hook and to obtain appropriate operating
conditions of the statistically significant process factor(s)
of the TiN coating. A high deposition rate was preferred
to increase the thin-film manufacturing throughput.

Identifying the important process factors: Consider-
ing the TiN oblique-angle sputtering process, we identi-

Figure 1: Fishing-net weaving machine and the upper hooks

410

fied five main process factors that control the coating
behavior including oblique angle, rotational speed,
sputtering DC current, pressure, and Ar to N, flow-rate
ratio.

Determining the upper and lower limits of the pro-
cess factors: For the current sputtering system, the
ranges of the oblique angle, rotation speed, sputtering
DC current, pressure, and Ar to N, flow-rate ratio were
70° and 80°, 32 min~! and 64 min™!, 0.35 A and 0.45 A,
40 Pa and 80 Pa, and 0.5 and 1.33, respectively.

Developing of the design matrix: The 25! fractional
factorial design for this study consisted of 16 factorial
runs. The defining relation for this design was I =
ABCDE where A represented the oblique angle, B was
the rotation speed, C denoted the sputtering DC current,
D was the pressure, and E represented the Ar to N,
flow-rate ratio. Every main effect was associated with
a four-factor interaction, and every two-factor interaction
was aliased with a three-factor interaction. Therefore, the
design was resolution V. The design provided good
information regarding the main effects and two-factor
interactions.

Applying the TiN coating as per the design matrix:
The oblique-angle coating system consisted of a high-
vacuum chamber equipped with a 3" target magnetron
gun, 600 W radio-frequency generator, 400 W DC-power
supply and a turbomolecular pump. The TiN was depo-
sited on the upper hook using DC magnetron sputtering
of pure titanium under a mixture of argon (Ar) and
nitrogen (N,). The TiN deposition experiments were
systematically carried out in accordance with the 25!
fractional factorial design. There were five samples for
each condition and the experiments were run in a random
order to avoid a statistical bias in the analyses. The dist-
ance between the substrate (i.e., the upper hooks) and the
target (i.e., titanium) was held constant at 5 cm. An
oblique-angle sputtering device and an oblique-angle-
sputtering schematic diagram are illustrated in Figure 2.

Recording the response: The film thickness was
measured with a white-light interferometric optical profi-
ler (Polytech model 2000). The deposition rate was
calculated from the film thickness and deposition time.
The surface microstructure was examined by means of a
scanning electron microscope (SEM). SEM measure-
ments (Hitachi model S-4700) were performed in the
secondary electron mode at an accelerating voltage of
10 kV.

Analyzing the results using the graphical tools for a
data analysis and interpretation: Analysis of variance
(ANOVA) was used to investigate the effects of the five
sputtering-process factors on the average deposition rate.
Graphical tools included a normal probability plot of the
effects and the main and interaction effect plots of the
significant process factors.!!:12

Determining an appropriate operating condition for
the system: The objective of this analysis was to maxi-
mize the deposition rate in order to increase the manu-
facturing throughput of the machine component. The
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Figure 2: Oblique-angle-sputtering schematic diagram

main and interaction effect plots as well as response
surface and contour plots were used to obtain the
appropriate statistically significant process factor(s).

3 RESULTS AND DISCUSSION

Table 1 shows the matrix design consisting of the
five sputtering-process factors together with the corres-
ponding responses (deposition rates). In Table 1, A, B,
C, D and E represent the factors including the oblique
angle, rotational speed, sputtering DC current, pressure,
and Ar to N, flow-rate ratio, respectively.

Table 1: 2°~! experimental design for the deposition rate

Factor Dep. rate

A B C D E

70 32 0.35 40 1.33 3.8
80 32 0.35 40 0.50 1.8
70 64 0.35 40 0.50 2.6
80 64 0.35 40 1.33 24
70 32 0.45 40 0.50 4.0
80 32 0.45 40 1.33 3.0
70 64 0.45 40 1.33 6.2
80 64 0.45 40 0.50 2.2
70 32 0.35 80 0.05 3.2
80 32 0.35 80 1.33 3.5
70 64 0.35 80 1.33 5.1
80 64 0.35 80 0.50 3.2
70 32 0.45 80 1.33 7.3
80 32 0.45 80 0.50 3.0
70 64 0.45 80 0.50 5.2
80 64 0.45 80 1.33 4.2

Figure 3 illustrates the probability plot of the
deposition-rate data set. The probability plot shows that
the plotted points approximately formed a straight line
and fell within the C.I. The AD statistic was small with a
high p-value compared to the level of significance (a =
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Figure 3: Probability plot of deposition-rate values

0.05). This confirmed that the normal probability distri-
bution fitted the data set of the deposition rate very well.

The adequacy of the underlying model should be
checked before performing the statistical analysis and
interpretations of the ANOVA. The primary diagnostic
tool is a residual analysis.!® Figure 4a illustrates the
normal probability plot of residuals for the deposition
rate of the TiN coating on the upper hooks. Generally,
the normal probability plot of residuals does not show
anything particularly troublesome, although some resi-
duals bend down slightly on the left side.

If the model is adequate and the assumption is satis-
fied, the residuals should be structureless. The residuals
should be unrelated to any other factors including the
predicted response. A plot of residuals versus predicted
values is employed to check the non-constant variance.
Figure 4b does not show any violation of the assumption
of homogeneity of variances because the plot does not
look like an outward-opening funnel or megaphone.

The plot of residuals versus run order or time is used
to check the independence assumption. Figure 4c¢ dis-
plays the residuals and the time sequence of data collec-
tion for the deposition-rate data. There is no reason to
suspect there was a violation of the independence
assumption since the plot does not have a pattern such as
the sequence of positive and negative residuals.

A normal probability analysis of effects was used to
identify the statistically significant main effects and
interaction effects on the deposition rate of the TiN
coating. The main and interaction effects of the process
factors were plotted against the cumulative normal pro-
bability (in percent) in this analysis.'® Figure 5 illustra-
tes a normal probability plot of effects of the sputter-
ing-process factors on the deposition rate for the TiN
coating. It is worth noting that the effects that fall off
from each end of the straight line were deemed to be
statistically significant whereas those that fall roughly
along the straight line were deemed to be statistically
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Figure 4: Model adequacy checking of the residuals for deposition-rate values: a) normal probability plot of residuals, b) plot of residuals versus

predicted values, c) plot of residuals versus run order

insignificant. The normal-probability data showed that
the four process factors, oblique angle (factor A), DC
current (factor C), pressure (factor D) and Ar to N,
flow-rate ratio (factor E) had significant impacts on the
average deposition rate. Furthermore, interaction effects
between oblique angle and DC current (A x C) and
oblique angle and Ar to N, flow-rate ratio (A x E) were
statistically significant at a significance level of 0.05.
The result from Table 1 was analyzed with ANOVA,
which was employed for investigating the effects of the
five sputtering-process factors on the average deposition
rate of the TiN coating. Table 2 shows that the model
F-value of 87.85 with a very small p-value was adequate,
having a large coefficient of determination (R?) of
0.9832; it was defined as the ratio of the explained
variation to the total variation and was a measure of the
degree of fit. The adjusted R? of 0.9720 and predicted R*
of 0.9469 were in reasonable agreement where the
difference between the two values was less than 0.2.
Table 2 also shows that the sources of variation with a
p-value of less than 0.05 were considered to have a
statistically significant contribution to the average depo-
sition rate. The ANOVA results for a reduced model
obtained by selecting the statistically significant terms
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50 A Angle
B Speed
o Effect Type C DC current
30 @ Not Significant D Pressure
20+ L
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0.0 0.5 1.0 1.5 2.0
Absolute Effect

Figure 5: Normal probability plot of effects for the deposition rate of
TiN coating

with the 0.05 level of significance indicated that the most
statistically significant factor affecting the average
deposition rate was the oblique angle, which explained
the largest contribution, accounting for 37.64 % of the
total variability. The Ar to N, flow-rate ratio, DC current
and pressure had lower contribution levels; similarly, the
interaction of oblique angle and DC current, and the
interaction of oblique angle and Ar to N, flow-rate ratio
also had lower contribution levels.

In order to interpret the interaction effect effectively,
interaction plots were constructed as shown in Figure 6.
Here, non-parallel lines reveal that there were interac-
tions between the oblique angle and DC current as well
as between the oblique angle and Ar to N, flow-rate
ratio. The effect of the oblique angle on the deposition
rate was different at low and high levels of DC current.
This showed that the maximum deposition rate was
obtained when the oblique angle was at a low level (75°)
and the DC current was at a high level (0.45 A). Simi-
larly, the interaction effect plot also clearly indicated that
the maximum deposition rate was found when the
oblique angle was at a low level (75°) and the Ar to N,
flow-rate ratio was at a high level (1.33).

To determine the appropriate operating conditions of
the significant process factors affecting the deposition
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Figure 6: Interaction plots of angle, DC current and Ar/N, for the
deposition rate of TiN coating
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Table 2: ANOVA table for the deposition rate of TiN coating

Source of variation | Sum of squares foegerggn(if Mean square F-value p-value % contribution
Model 31.96 6 5.33 87.85 < 0.0001
A-Angle 12.24 1 12.24 210.82 < 0.0001 37.64
C-DC current 5.26 1 5.26 86.84 < 0.0001 16.20
D-Pressure 4.79 1 4.79 79.07 < 0.0001 14.75
E-Ar/N, 6.17 1 6.17 101.73 < 0.0001 18.98
AC 2.40 1 2.40 39.60 0.0001 7.39
AE 1.10 1 1.10 18.06 0.0021 3.37
Residual 0.55 9 0.061
Total 32.50 15

rate for the TiN coating of the fishing-net weaving-
machine component, a numerical analysis using the res-
ponse surface methodology was carried out. After
performing the regression analysis, the empirical rela-
tionship between the deposition rate and the oblique
angle, pressure, DC current and Ar to N, flow-rate ratio
was:

R=3.77 - 0.87A + 0.57C + 0.55D + 0.62E - 0.39AC —
0.26AE (1)

Response-surface plots and contour plots for the
deposition-rate response in terms of oblique angle and
DC current and oblique angle and Ar to N, flow-rate
ratio were constructed using Equation (1) as shown in
Figure 7. We can notice that the deposition rate was
higher in the region of a low oblique angle, high DC
current and high Ar to N, flow-rate ratio. The positive
signs for the coefficients of pressure, DC current and Ar
to N, flow-rate ratio in the fitted model for the deposition
rate indicated that the deposition rate increased with

(@) (b)

C: DC current

Deposition rate
P .

045

© (©)

E: AUN2

Deposition rate
o an e s oo

g

A: Angle

Figure 7: a) Response surface plot, b) contour plot for oblique angle
and DC current, c) response surface plot, d) contour plot for oblique
angle and Ar to Nj flow-rate ratio
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increasing levels of the process factors. On the other
hand, the negative sign of the oblique angle showed that
the deposition rate increased with a decreasing level of
this factor. Furthermore, the negative signs for the
coefficients of the two interactions meant that an
increase in the deposition rate was obtained due to
simultaneous changes of the process factors in the oppo-
site directions. The contour plots and response-surface
plots also confirmed that the maximum deposition rate
was found when the oblique angle was at a low level
(75°), DC current at a high level (0.45 A) and Ar to N,
flow-rate ratio also at a high level (1.33). Jing et al.
stated that the deposition rate of TiN deposited on a
316L stainless-steel substrate increased with a decreas-
ing inclination angle, which could be treated as a geome-
trical issue.'*

Figure 8 shows the plot of experimental observations
and predicted values, used to investigate whether the
statistical model fits the experimental observations.'* The
plot illustrates that most of the data points lie in a
straight line. This indicates that the statistical model fits
the experimental observations for the TiN coating on the
machine component.

7.3

5.8 —

44
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29—

0.0

T I I I T I
0.0 15 29 44 58 73
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Figure 8: Relationship between the actual deposition rate and predic-
ted deposition rate
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Figure 9: Photographs of the upper hooks: a) before, b) after the TiN
coating

Figures 9a and b show photographs of the upper
hooks before and after the TiN coating, respectively.
Before the coating, the upper hooks were silver, with the
small one being shinier. This was because the small one
was pre-coated with chromium. After the coating, the
upper hooks were of a dark yellowish color, indicating a
successful TiN coating.

Figure 10 shows typical SEM micrographs of the
upper hooks before and after the TiN coating. First, the
hook surface was very rough indicating many micro-
scratches and pits. After the coating, the hook surface
became smooth. Large pits and scratches were dimi-
nished whereas most of the fine scratches and pits
disappeared. Thus, the surface roughness of the upper-
hook surface could be significantly decreased by coating
it with sputtered TiN. The coating was expected to
provide a considerable improvement in the surface
quality regarding the wear resistance of the upper hook.

4 CONCLUSIONS

This work investigated the effect of sputtering
process factors on the average deposition rate in order to
enhance the manufacturing-process quality of a TiN
coating on a machine component of a fishing-net weav-
ing machine. A 25! fractional factorial design, ANOVA
and other statistical-analysis tools were used to find the
statistically significant process factors and to obtain the
appropriate operating conditions for the significant
factors. The results of this study can be summarized as
follows:

The oblique angle made the largest contribution to
the total variability at a 0.05 significance level.

414

50 micron

Figure 10: Typical SEM micrographs of the upper hooks: a) before
and b) after the TiN coating

The Ar to N, flow-rate ratio, DC current and pressure
had lower contribution levels.

The interaction of the oblique angle and DC current
and the interaction of the oblique angle and Ar to N,
flow-rate ratio had lower contribution levels.

The highest deposition rate was found when the
oblique angle was 75°, DC current was 0.45 A and Ar to
N, flow-rate ratio was 1.33.

Further research should investigate the performance
of TiN by carrying out wear experiments on the machine
components of a real fishing-net weaving machine.
Moreover, appropriate operating conditions for the
process factors should be determined using the response
surface methodology coupled with the desirability
function approach, based on the data sets for the
deposition rate and wear rate.!>!
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Chrome Plated Stainless Steel
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Abstract: Experimental analysis was performed to evaluate the performances of hard-chrome plated stainless steel and TIAISIN and TiCrAISIN hard coatings deposited on
cast stainless steel based on wear experimental data. The wear tests were carried out using a reciprocating wear tester modified from ASTM: G133. The analysis of
variance and other statistical tools were used to explore the influences of coating type, applied load and workpiece surface roughness on the average weight loss values of
the workpiece materials. The results showed that coating type, applied load, and workpiece surface roughness and the interactions between coating type and applied load
as well as between coating type and workpiece surface roughness were statistically significant at the level of significance of 0.05. Furthermore, the TiCrAISiN coating had
the highest wear resistance followed by the TiAISiN and the hard-chrome plated stainless steel, respectively.

Keywords: Wear test; weight loss; ANOVA,; coatings; hard chrome

1 INTRODUCTION

TiN coatings are extensively employed in various
industries to increase the wear resistance and lifetime of
machine component [1, 2]. They have limitation of
preventing O, condensation reaction. If Al and Cr are
added, preventing O, condensation reaction will increase
[3]. TiAIN have been developed to prevent high
temperature O, condensation [4]. However, TiAISIiN has
better wear resistance than TiAIN and TiN by adding Si
[5-7]. This technology has leaded to development of
TiSiN and TiAISIN to provide preferable protection O,
condensation, wear resistance and mechanical properties
[8]. TIAISIN coated in a vacuum chamber has better
mechanical properties and good thermal stability [9]. The
coatings will increase the wear resistance and hardness if
it has a multi-layer coating [10].

Generally, Ti-based coatings can be deposited by
a variety of techniques such as PVVD magnetron sputtering
[11, 24] and filtered cathodic arc (FCA) which are
extensively used processes for hard coatings because of
high surface smoothness, quality coatings, coating rate
and coating repetitions. TiAISiN and TiCrAlISiN coatings
are developed on the basis of magnetron sputtering [12-
14], FCA [15-18], hybrid of sputtering and FCA
techniques [19]. In the past decade, wear behaviours of
TiAISIN and TiCrAISiN deposited on various materials
have been studied such as stainless steel (SS) [12], Ni-Cr
based alloys [17], tool steel [18] and Ni-based high-
temperature alloys [19]. Wear behaviours of the coatings
were examined including microstructure, hardness,
friction coefficient and wear characteristics by the
standard testing apparatuses such as pin-on-flat, pin-on-
drum, pin-on-disc and reciprocating ball-on-flat
depending on a variety of industrial applications [20].

In this research work, the performances of TiAISIN
and TiCrAISiN hard coatings deposited on cast stainless
steel (SS) were compared with the hard-chrome plated
stainless steel (HC) under abrasive wear tests in dry
condition. A three-factor factorial design and analysis of
variance (ANOVA) were employed to investigate the
influences of the HC, TiAISiN and TiCrAlSiN coatings,
the workpiece surface roughness and applied load on wear
resistance in term of weight loss measurements of the
workpiece materials.

2 EXPERIMENTAL PROCEDURE

The test specimens were the cast stainless steel (SS)
with the length of 4 cm and the width of 1.5 cm. The SS
was produced by the lost wax casting process and was
machined by turning and milling operations. The
specimens were developed for surface finishing
employing a vibratory finishing machine with mixed ball
burnishing media in different sizes varying from 5 to 8
mm. The chemical composition of the SS included
61.28% Fe, 20.75% Cr, 6.23% Ni and 3.06% Cu.
Improvement of SS surface quality was accomplished
through  multi-layered  depositions  with  Ti-based
materials. TiAISIN and TiCrAlISiN were coated on the SS
by the FCA system (Nanoshield Co., Ltd). The detailed
descriptions of TiAISIN and TiCrAISiN coatings by the
FCA method were stated in the previous work [23].

The hardness of each specimen was measured by a
hardness tester (UMIS: model UMIS I1) after coating the
specimens and before the wear tests. The surface
roughness was measured with a standard roughness tester
(Mahr: model MarSurf PS1). The specimens were
separated into two groups: the average surface roughness
(Ra) lower than 0.02 um (Rz < 0.05 um) and the average
surface roughness (Ra) higher than 0.5 um (Rz > 1.5 yum).

SiC-abrasive paper

Sliding Direction

Figure 1 Schematic illustration of the abrasion wear tester [21]

Wear tests of TiAISIN, TiCrAISiN and HC were
performed by a reciprocating wear tester modified from
ASTM: G05-133 as shown in Fig. 1 [21]. The wear tests
were performed on a 1000 grit silicon carbide (SiC
grit#1000: Struers) and applied load at 5 and 10 N. The
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oscillating frequency was 1.167 Hz (70 rpm). The testing
time was 100 min and the length of the forward-backward
movement was 15 mm. The weight loss values of all
specimens were collected as per three-factor factorial
design of experiments. Each treatment combination of
coating type, applied load and surafce roughness factors
was repeated three times. The thirty-six specimens were
weighed using an electronic balance before wear tests.
After wear tests, the specimens were weighed again. The
weights before and after the wear test of each specimen
were used to calculate a weight loss value. A comparison
of average weight loss data from the wear tests was
performed to identify the statistically significant factors
using ANOVA and statistical graphical tools. The model
for the three-factor factorial design was expressed as
follows:

Vi = M+ 7 + fj + 0 + (88)i + (20)ik + (B9)jk + (z60)ijk + Eiju
(1)

where i represented the ith level of coating type factor
(HC, TiAISIiN and TiCrAlISiN); j expressed the jth level
of applied load factor (5 N and 10 N); k represented the
kth level of workpiece surface roughness factor (Ra of
0.02 and Ra of 0.5 um); | denoted the Ith replication of
each treatment combination. Generally, yjjq was the
observed weight loss value from the wear test, 1 was the
overall mean effect, 7; was the effect of the ith level of the
coating type factor, f; was the effect of the jth level of the
applied load factor and dy was the effect of the kth level of
the workpiece surface roughness factor. In addition, (z6);;
was the effect of the two-factor interaction between z; and
Bi, (w0)i was the effect of the two-factor interaction
between z; and dy, (B0); was the effect of the two-factor
interaction between p; and o Similarly, (z59)ij
represented the three-factor interaction between z;, §; and
ok while &g was a random error component.

The testing hypotheses about the equalities of all
treatment effects of the three factors were defined as
follows:

Ho:ti=1,=13=0

H,: at least one z; not equal to zero 2
Ho: p1=$.=0
H,: at least one S not equal to zero 3)
Ho: 01=0,=0
H,: at least one dy not equal to zero 4)

The testing hypotheses about the interactions between the
two factors were expressed as follows:

Ho: (6);j =0 forall i, j

H,: at least one ¢4);; not equal to zero (5)

Ho: (z0)i = 0 for all i, k

H: at least one (zd); not equal to zero (6)

Ho: (80)j =0 forall j, k

H,: at least one (f9);c not equal to zero  (7)

Similarly, the testing hypothesis about the interaction of
the three factors was defined as:

Ho: (Tﬁé)ijk =0 foralli, j, k
H,: at least one (z60);j not equal to zero  (8)

3 RESULTS AND DISCUSSION

Tab. 1 illustrates the experimental results of weight
loss values of each treatment combination after carrying
out the wear test. The HC plated specimens had the
highest weight loss values followed by TIiAISIN and
TIiCrAlSiN, respectively. Generally, it was found that
most weight loss values after carrying out the wear
experiments using the applied load of 5 N were lower
than those after carrying out the experiments using the
applied load of 10 N regardless of coating type. In
addition, most weight loss values after performing the
wear experiments using the workpiece surface roughness
of 0.5 um were higher than those after carrying out the
experiments using the workpiece surface roughness of
0.02 um. On the other hand, after carrying out the
experiments using the applied load of 10 N, the weight
loss values of TICrAISIiN coated specimens were
different. It showed that the coating material and the
workpiece surface roughness indicated interactions.
However, the ANOVA and the statistical graphical tools
were useful approaches for investigating the effects of the
factors on the average weight loss values.

Table 1 Experimental result for weight loss

Applied load of 5N | Applied load of 10 N
Coating type | Ra-002 | Ra-05 | Ra-0.02 Ra-=0.5
0.0695 0.0972 01113 01314
HC 0.0803 0.0935 0.0991 01357
0.0745 0.1070 0.1027 0.1425
00351 0.0472 0.0495 0.0581
TIAISIN 00324 | 00456 | 00522 0.0593
0.0346 0.0452 00518 0.0607
0.0236 00311 0.0398 00413
TIiCrAISIN 00278 | 00305 | 00384 0.0401
0.0245 0.0297 0.0388 0.0421

The model adequacy should be checked before
carrying out the analysis and interpretations from the
ANOVA. The primary diagnostic tool is residual analysis
[22]. Fig. 2a presents normal probability plot of residuals
for the weight loss values from the wear experiments. If
the underlying error distribution is normal, the plot will
look like a straight line. The trend of the normal
probability plot bent down marginally on the right side
and upward moderately on the left side. Generally, the
normal probability plot of residuals did not indicate
a violation of the assumption of normality, although some
residuals on the right and the left sides slightly bent down.

A plot of residuals versus fitted (predicted) values is
commonly used to perform a nonconstant variance
checking. If the model is adequate and the assumption is
satisfied, the residuals should be considered structureless.
The residuals should be independent to any other factors
including the predicted response. If the plot looks like a
megaphone, nonconstant variance arises [22]. Fig. 2b
does not illustrate a violation of the assumption of
nonconstant variances.

The plot of residuals versus run number is used to
check the independence assumption. The experimental
observations are not independent if the plot exhibits a
pattern such as sequence of positve and negative residuals
[22]. Fig. 2c exhibits the residuals and the run order of
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data collection for the weight loss values. The plot did not
present the violation of the independence assumption. Fig.
2d displays the relationsip between the experimental
observations (actual) and the predicted values. The plot is
used to examine whether the statistical model fits to the
experimental observations and the model can be used to
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predict the response values. The plot indicated that most
of the weight loss values lay in a straight line. This
implied that the three-factor factorial model fitted to the
experimental observations and the model could be used to
predict the weight loss values very well for the wear
experiments.
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Figure 2 Residuals plot of weight loss (@) normal probability plot of residuals, () plot of residuals versus predicted values, (c) plot of residuals versus run number and (d)
plot of experimental observations and predicted values

Table 2 The ANOVA table for results for weight loss

Source of variation | Sum of squares | Degree of freedom Mean square F-value p-value % contribution
Model 0.04043 8 0.00505 349.62 < 0.0001
A-Coating type 0.03279 2 0.01639 1145.19 < 0.0001 81.10
B-Load 0.00371 1 0.00371 259.21 < 0.0001 9.18
C-Ra 0.00177 1 0.00177 123,51 < 0.0001 4.38
AB 0.00079 2 0.00040 27.64 < 0.0001 1.95
AC 0.00098 2 0.00049 34.31 <0.0001 2.42
Residual 0.00039 27 0.00001
Lack-of-fit 0.00006 3 0.00002 1.52 0.2349
Pure error 0.00032 24 0.00001
Total 0.04043 35
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Figure 4 Interaction effect plots of weight loss between (@) coating type and applied load and (b) coating type and workpiece surface roughness

The effects of factors (coating type, applied load and
workpiece surface roughness) and interactions among the
factors on the average weight loss were investigated using
ANOVA. Tab. 2 shows that the F-value of the model was
349.62 with very small p-value. The coefficient of
determination (R?) defined as the ratio of the explained
variation to the total variation and was a measure of the

degree of fit. The R® was 0.9904. The adjusted R? and
predicted R* were 0.9876 and 0.983, respectively. The
difference between the the adjusted R® and predicted R
was less than 0.2 indicating a good model adequacy.
Furthermore, the lack-of-fit value was used to measure
the variation of weight loss values around the fitted
model. If the model fits the data well, the lack-of-fit value
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will be not statistically significant [22]. The F-value and
the p-value for the lack-of-fit test were 1.52 and 0.2349,
respectively. It was not statistically significant at the level
of significance of 0.05 indicating a good model. Tab. 2
also shows the sources of variation with a p-value less
than 0.05, which are considered to have a statistically

of 0.05 indicated that the most statistically significant
factor affecting on the average weight loss was coating
type, which explained the largest contribution accounting
for 81.1% of the total variability. The applied load,
workpiece suface roughness, interaction of coating type
and applied load, and interaction of coating type and

significant contribution to the average weight loss. The workpiece surface roughness had much lower
ANOVA results for reduced model by selecting the contribution levels.
statistically significant terms with the level of significance
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Figure 5 Interval plot of weight loss

This study used a main effect plot and an interaction
effect plot to evaluate and compare the relative strength of
the influences across the three factors. Main effect plot of
the average weight loss values at all levels of each factor
was constructed in order to assess the average weight loss
values changing across the levels of a factor. Fig. 3
illustrates the main effect plots of weight loss for the three
factors. Fig. 3a indicates that the weight loss of
hardchrome plated-stainless steel was the highest with the
a maximal value of 0.08 g whereas the weight loss of
TIiCrAISiN coating material was the lowest. Fig. 3b
exhibits the effect of applied load on average weight loss
values during the wear tests. The weight loss decreased
when the applied load was at 5 N. Similarly, Fig. 3c also
reveals that the weight loss decreased if the workpiece
surface roughness of 0.02 um was used to carry out the
wear experiments. Although the ANOVA in Tab. 2 and
analysis results from the main effect plots indicated the
statistical significances of the influences of the three
factors on the average weight loss values, interaction
effect plots were the most useful tools to evaluate the
effects of the three factors on the average weight loss
values.

Interaction effect plot isone of the simplest and
powerful graphical tools used to determine whether at
least two factors are interacting or not [22]. There is

interaction between the factors if the two lines in the
interaction effect plot are non-parallel. This indicates that
the change in the average response from low level to high
level of a factor relies upon the level of another factor. If
the degree of departure from being parallel is higher, the
interaction effect will be stronger. Fig. 4a illustrates the
interaction effect plot between the coating type and
applied load. The plot showed that the effects of the
coating type at the two levels of applied load on average
weight loss values were different. In addition, the effects
of applied load at the three levels of coating type were
different. Similarly, the results from the ANOVA
indicated that the interaction between coating type and
applied load was statistically significant at the level of
significance of 0.05. The coating type of TiCrAISiN
exhibited the minimum weight loss when the applied load
was kept at 5 N. Fig. 4b also showed that the coating type
of TICrAlISiN provided lower weight loss values when the
workpiece surface roughness of 0.02 um was used to
carry out the wear tests. This confirmed that wear
resistance increased with decreasing surface roughness of
the coated materials. Furthermore, hardness of the
coatings should be evaluated. The average hardness
values of HC, TIAISIN and TiCrAISIN were
approximately 8.9 GPa, 30.8 GPa and 29.6 GPa,
respectively. The hardness values of TiAISIN and
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TIiCrAISIN were not significantly different. More
statistical analysis for wear resistance of these materials
should be further studied. Moreover, the optimal settings
for wear resistant improvement should be investigated
using graphical plot.

The 95% confidence interval plot is used to present
average response and confidence interval for one or more
factors [22]. This plot illustrates both a measure of central
tendency (i.e., average response) and variability of the
data (i.e., 95% confidence interval). Fig. 5 depicts 95%
confidence interval plot of the weight loss values of HC,
TIAISIN and TiCrAISiN with different applied loads and
workpiece surface roughness values. The results clearly
indicated that the average weight loss values of HC were
higher than those of TIAISIN and TiCrAISIiN when
carrying out wear tests at different applied loads and
workpiece surface roughness values. Moreover, the
variations of weight loss values of HC were larger than
those of TiAISIN and TiCrAlISiN because the surface after
HC plating allowed Cr atoms to consistently filled in the
surface cavities causing substantially different weight loss
values [23]. On the other hand, the averages and
variations of weight loss values for TIAISIN and
TiCrAISIiN were not significant different. Some interval
plots of the weight loss values of TiAISIN and TiCrAISiN
exhibited overlapping. The 95% confidence intervals with
overlapping implied that the difference in averages among
wear testing conditions was statistically insignificant at
the level of significance of 0.05. Hence the analyses
suggested that the suitable operating conditions for wear
resistant improvement were poposed as follows: 1) using
the coating type of TiAISIN with the workpiece surface
roughness of 0.02 um by carrying out the wear
experiments at the applied load of 5 N 2) the coating type
of TiCrAlSiN with the workpiece surface roughness of
0.02 um by performing the wear tests at the applied load
of 5 N and 3) the coating type of TiCrAISiN with the
workpiece surface roughness of 0.5 um by carrying out
the wear tests at the applied load of 5 N.

4 CONCLUSION

This work investigated the performances of TiAISIN
and TIiCrAlSiN coatings obtained by the FCA process
compared to the hard-chrome plated stainless steel under
the reciprocating wear tests in dry condition. A three-
factor factorial design was used to prepare wear tests of
the three materials with different applied loads and
workpiece surface roughness values. The ANOVA was
employed to investigate the influences of coating types,
workpiece surface roughness and applied load on average
weight loss values of the coatings from the wear tests.
The findings of this study could be summarized as
follows:

- The coating type, applied load and workpiece surface
roughness were statistically significant at the level of
significance of 0.05.

- The interaction between coating type and applied
load was statistically significant at the level of
significance of 0.05.

- The interaction between coating type and workpiece
surface roughness was statistically significant at the
level of significance of 0.05.

- If the workpiece surface roughness of 0.02 um with
the applied load of 5 N was used to carry out the
wear tests, TIAISIN and TiCrAlISiN coated specimens
exhibited the lowest weight loss values.

- TIiCrAlSiN coated specimens revealed higher wear
resistance if the workpiece surface roughness of 0.5
pm with the applied load of 5 N was used to perform
the wear tests.

- Wear resistance increased with increasing hardness
of the coated materials.
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Abstract. In this work, effects of sputtering process factors including DC current, pressure and
Ar to N, flow rate ratio on wear resistance of TiN coated on cast stainless steel of a fishing net-
weaving machine part namely, an upper hook were systematically investigated using 2%
factorial design, analysis of variance (ANOVA) and other statistical tools. Wear testing
experiments of the TiN coated upper hooks were carried out on the real fishing net weaving
machine. A normal probability of effects and main and interaction effect plots of process
factors were constructed in order to identify the statistically significant process factors and to
determine an appropriate operating condition of the process factors with the lowest weight loss.
The Ar to N2 flow rate ratio and the interaction between the pressure and the Ar to N flow rate
ratio were found to be statistically significant while pressure and sputtering DC current were
not statistically important.

1. Introduction

Titanium nitride (TiN) is widely used as a coating to harden and protect cutting and sliding surfaces in
abundant tribological applications [1]. It has a cubic structure of NaCl type with modulus of elasticity
of 250-450 GPa and high Vickers hardness of 18-21 GPa [2]. Its surface and material properties are
considerably dependent on its creation process. The most common techniques for TiN coating are
physical vapor depositions (PVD) including sputtering, filtered cathodic arc and electron beam
evaporation and chemical vapor deposition (CVD) [3]. Sputtering is the most generally used method
because of high quality thin film coating and well-controlled process. Normally, TiN is produced by
reactive sputtering, in which sputtered Ti atoms are reacted with nitrogen ions to form TiN molecules
[4].

Obligue angle deposition (OAD) technique is a modified deposition method, in which substrate is
tilted at an angle greater than 70° with respect to the normal of deposition direction and rotated at a
suitable speed [5]. It provides a functional control of surface nanostructures by shadowing effect and
surface diffusion [6]. The main advantage of this technique is ability to control the diameter, shape
density of nanostructures by varying the deposition conditions including rotation speed, oblique angle,
operating pressure, gas mixing ratio and sputtering power. The technique is applied to TiN hard
coating to produce high-density nanocolumnar structure, which could have an extreme hardness, low
friction coefficient and very good wear resistance [7].

In this work, TiN was coated on cast stainless steel of a fishing net-weaving machine component
namely, an upper hook by OAD technique with DC magnetron sputtering. A three factor, two level
full factorial design was selected to investigate the effects of the three sputtering process factors on
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average weight loss and determine an appropriate level of each process factor with minimization of
weight loss.

2. Materials and procedure

The cast stainless steel upper hooks were made by the lost wax casting process and were machined by
turning and milling operations. Chemical composition of the workpiece material consisted of 62.28%
Fe, 21.99% Cr, 6.91% Ni, 3.12% Cu, 2.2% Si, 1.94% Mn and 1.56% Al. A vibratory finishing
machine with mixed ball burnishing media in different sizes ranging from 5 to 8 mm was used for
surface finishing. The oblique angle coating system included a high vacuum chamber equipped with a
3" target magnetron gun, 600 W radio frequency generator, 400 W DC power supply and a
turbomolecular pump. Figure 1(a) illustrates an oblique angle sputtering schematic diagram. The
titanium nitride was deposited on the upper hooks by reactive sputtering of pure titanium target under
a mixture of argon (Ar) and nitrogen (N2) gases. The oblique angle and rotation speed were fixed at
70° and 45 rpm, respectively. Figure 1(b) depicts a typical photograph of the upper hooks coated by
TiN. Three process factors including DC current, operating pressure and Ar to N flow rate ratio were
simultaneously investigated using the full factorial design method. The ranges of sputtering DC
current, pressure and Ar to N flow rate ratio were 0.35 to 0.45 A, 50 to 100 Pa and 0.5 to 1.5,
respectively. The TiN coatings were systematically performed according to the 22 factorial design as
shown in Table 1. The TiN coated upper hooks were then used to carry out the wear testing
experiments on the fishing net-weaving machine with direct sliding between the upper hooks and the
fishing net (nylon 6). After carrying out the wear testing experiments, each upper hook was cleaned
with a dry cloth and then wiped clean with alcohol. Each hook was weighed with 4-digit scale and the
weight loss data was recorded. The analysis of variance (ANOVA) was employed to investigate the
influences of the three sputtering process factors on the wear resistance according to designed
experiments.

Vacuum
(a) chamber

Cathode shield

Cathode
(source material)

Anode 4+—Hp -
. N;and
Argon
High Voltage Inlet

To Vacuum pump

Figure 1. (a) An oblique angle sputtering schematic diagram (b) a typical photograph of upper hooks coated by
TiN

Table 1. Factors and their levels in TiN coated on cast stainless steel process

Experimental run DC current (A) Pressure (Pa) Ar /N
1 0.35(-) 50 (-) 0.50 (-)
2 0.45(+) 50 (-) 0.50 (-)
3 0.35(-) 100 (+) 0.50 (-)
4 0.45 (+) 100 (+) 0.50 (-)
5 0.35(-) 50 (-) 1.50 (+)
6 0.45(+) 50 (-) 1.50 (+)
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7 0.35 (-) 100 (+) 1.50 (+)
8 0.45 (+) 100 (+) 150 ()

3. Results and discussion

Before performing ANOVA, the data set of weight loss values should be evaluated whether it
distributes as normality. The probability plot was used to illustrate the data points, fitted line of the
data points and associated confidence intervals (C.l.) based on parameters estimated from the data set
along with an Anderson-Darling (AD) goodness-of-fit statistic and associated p-value [8]. Figure 2(a)
illustares probability plot of weight loss value. The probability plot shows that the plotted points of the
complete data set of weight loss roughly form a straight line and fall within the 95% confidence
interval. Moreover, AD statistic of the data set was small with high p-value compared to the level of
significance of 0.05. This confirmed that normal probability distribution fitted the data set of the
weight loss values capably. Furthermore, the adequacy of the underlying model should be checked
using a primary diagnostic tool, residual analysis. Figure 2(b) displays a normal probability plot of
residuals. If the underlying error distribution is normal, this plot will resemble a straight line [8].
Obviously, the normal probability plot of residuals for weight loss did not indicate anything
particularly troublesome problem of normality. Hence the residual analysis was satisfactory.

The results from the 23 full factorial experiment were analyzed by a half normal probability plot of
effects using the Design Expert software package [9]. A half normal probability plot of effects is a plot
of the absolute value of the effect estimates against their cumulative normal probabilities [8]. The
significant effects with nonzero means will not lie along the straight line while the effects that are

imperceptible are normaly distributed, with mean zero and variance o and will contribute to fall
along a straight line on this plot. The straight line on the half normal plot always passes through the
origin and passes close to the fiftieth percentile data value. Figure 3(a) presents the half normal plot of
the effects for weight loss value. The important effects for the weight loss were factor C (Ar to N
flow rate ratio) and interaction between factor B (pressure) and factor C. Factor B was included to
preserve hieraarchy in the model. This implied that if the BC interaction was in the model, both the
main effects B and C should be included. Pareto chart of effects is another tool used to evaluate the
effects of the process factors. Figure 3(b) illustrates the Pareto chart of effects for this study. The
lower horizon line indicates Student’s t-test value for the minimum statistically significant effect
magnitude for a level of significance of 0.05. Only factor B and BC interaction were higher than the
threshold. Like the half normal plot of the effects, factor B was included to preserve hieraarchy in the
model. Thus, only pressure, Ar to N, flow rate ratio and the interaction between pressure and Ar to N»
flow rate ratio were statistically significant at the level of significance of 0.05.
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Figure 2. (a) Probability plot of weight loss value and (b) normal probability residual plot for weight loss
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Figure 3. (a) Half normal probability plot of effects and (b) Pareto chart of effects for weight loss value

Table 2 shows the effect estimates, sum of squares and percent contribution of the three sputtering
factors on the weight loss of the TiN coated upper hooks. Based on variance component estimates,
61.94% of the total variation in weight loss value was due to the difference between the Ar to N flow
rate ratio levels while 19.91% resulted from the differences between pressure levels and Ar to N> flow
rate ratio levels. Hence Ar to N flow rate ratio was approximately three times as influencial as the
interaction between the pressure and the Ar to N flow rate ratio.

Table 2. Effect estimates, sum of squares and percent contribution

Model term Effect estimate Sum of squares Percent contribution
A-DC current 0.17 0.057 4.80
B-Pressure 0.22 0.096 8.06
C-Ar/N, 061 0.740 61.94
AB -0.17 0.057 4.80
AC -0.044 0.004 0.32
BC -0.34 0.240 19.91
ABC -0.031 0.002 0.16

The effects of the statistical significance of the three sputtering factors on the weight loss of the
TiN coated upper hooks were evaluted by ANOVA as shown in Table 3. The results in Table 3 were
analyzed with ANOVA used for investigating the influence of the three sputtering factors on response
weight loss. Table 3 reveals that the model F-value of 11.89 with a p-value of 0.0184 was adequate. A
coefficient of determination (R?) of 0.8992 defined as the ratio of the explained variation to the total
variation and was a measure of the degree of fit. The adjusted R? of 0.8235 was in reasonable
agreement. This concluded that the Ar to N flow rate ratio and the interaction between the pressure
and Ar to N flow rate ratio significantly affected the mean weight loss at the level of significance of
0.05.

The statistical model of weight loss as the function of pressure, Ar to N, flow rate ratio and the

interaction between the pressure and the Ar to N flow rate ratio was expressed in Eq. (1):
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weight loss =0.75+0.11B —0.3C —0.17BC 1)

where weight loss represented the response variable, B denoted pressure and C was Ar to N2 flow rate
ratio. The equation was in terms of coded factors on the -1, +1 scale.

Table 3. ANOVA table for weight loss

Source Df SS MS F-value p-value
Model 3 1.07 0.36 11.89 0.0184
B-Pressure 1 0.09 0.09 3.20 0.1482
C-Ar/Nz 1 0.74 0.74 24.57 0.0077
BC 1 0.24 0.24 7.90 0.0483
Error 4 0.12 0.03

Total 7 1.19

PRESS =0.48 R?=0.8992 Adj. R>=0.8235

Figure 4(a) presents a plot of actual weight loss versus the predicted weight loss values. This plot
shows the prediction capability of the model. The relationship between the actual value and the
predicted value of weight loss was expressed in Eq. (2):

P =0.076 + 0.8992weight loss (2)

where P represented the predicted weight loss whereas weight loss denoted the actual value. The R?
was 0.899 indicating the model in Eq. (2) accounted for 89.9% of the variability in the data. The
intercept of the linear model was close to zero and the slope was about 1. The plot indicated that
model could satisfactorily be used in predicting the weight loss response. Similarly, Figure 4(b) also
shows the pair difference between the actual value and the predicted value of weight loss in each
experimental run. This plot clearly indicated that there was a small difference between the actual value
and the predicted value of weight loss in each experimental run. This also confirmed that the model in
Eqg. (1) was adequate.
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Figure 4. (a) Scatter plot between actual weight loss and predicted weight loss and (b) the pair
difference between the actual value and the predicted value in each experimental run
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The objective of this study was to minimize weight loss of the TiN coated upper hooks after
carrying out the wear testing experiments. To assist in accomplishing this objective, graphical methods
can be effectively used. A main effect plot is a graph of the averages at each level of a factor [8]. A
main effect occurs when the average response changes across the levels of a factor. The main effect
plot is employed to compare the relative strength of the effect of the factor. Although this plot is useful
to compare main effect, the ANOVA table is a primary tool used to significantly assess the influence
of the factor. The main effect plots displayed in Figures 5(a) and 5(b) prove that there were no
statistically significant differences of the averages weight loss values between the two levels of the
factor DC current and the factor pressure. On the other hand, there was a statistically significant
difference between the two levels of the factor Ar to N, flow rate ratio as shown in Figure 5(c). The
main effects do not have much meaning when they are involved in statistically significant interactions
[8]. Hence it is necessary to evaluate any interractions that are important. In order to interpret
interaction effectively, an interaction plot was constructed as illustrated in Figure 5(d), (Pressure and
Ar/N; interaction). The non-parallel lines revealed that there was a strong interaction between pressure
and Ar to N> flow rate ratio. The interaction indicated that Ar to N, flow rate ratio had little effect at
high (+) Ar to N2 flow rate ratio but a high positive effect at low (-) Ar to N> flow rate ratio. The
pressure effect was very small when the Ar to N, flow rate ratio was at the high level and very large
when the Ar to N, flow rate ratio was at the low level. However, the effect of Ar to N, flow rate ratio
was not different at low level of pressure. Therefore, the minimum weight loss value was obtained
when pressure and Ar to N flow rate ratio were at low levels (i.e., pressure at 50 Pa and Ar to N, flow
rate ratio at 0.5). This would allow the reduction of the Ar to a lower production cost. The previous
studies have found that as a flow rate of Ar decreases, the grain size of TiN coating decreases resulting
higher hardness as well as wear resistance improvement [1,10,11]. In addition, the effect of DC
current was not different. Hence weight loss value was prefered for lower level of DC current.
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Figure 5. Effect graphs for factors (a) DC current (b) pressure (c) Ar to N flow rate ratio and (d)
interaction between pressure and Ar to N, flow rate ratio

4. Conclusion

This study had shown how statistically designed experiments combined with other statistical
techniques could be used for investigating the influences of sputtering process factors affecting weight
loss of TiN coated fishing net weaving machine component during carrying out the wear testing
experiments. A normal probability of main and interaction effects of process factors was plotted
against cumulative probability in order to identify the statistically significant process factors. The Ar
to N2 flow rate ratio and the interaction between the pressure and the Ar to N flow rate ratio were
found to be statistically significant at the level of significance of 0.05. An appropriate operating
condition of the process factors was at DC current of 0.35 A, pressure of 50 Pa and Ar to N flow rate
ratio of 0.5.
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Wear resistance of lower hook, an important fishing net-weaving machine component made from spring steel wire, was
improved by systematically investigating the influences of manufacturing factors using experimental design and response
surface methodology (RSM). Three manufacturing factors of hard-chrome plated lower hooks including hook forming
temperature, plating time and polishing condition were studied and optimized for maximum wear resistance. It was found by
statistical analysis of variance (ANOVA) that the polishing condition and the interaction between hook forming temperature
and plating time significantly affected the hardness of hooks. The hook forming temperature of 30°C, plating time of
80 min, and thread and polishing condition were found to be the optimal manufacturing condition by RSM coupled
with desirability function and were proven to give higher wear resistance of the hook compared with those produced with

non-optimal condition.

Keywords: Spring steel wire, Fishing net-weaving machine, Sliding wear, Wear resistance, Hard chrome process

Wear rate of a tool and a work-piece depends on the
tool/work-piece material, its manufacturing process as
well as operating/application conditions. For abrasive
or sliding wear mechanisms, the key factors that
determine wear rate include the friction coefficient of
materials, the frictional force, sliding speed and the
hardness of softer material. Under the same working
conditions, the type of work-piece material is the
main factor that determines the wear rate. For
instance, the wear rate of typical steel (AISI 1340) is
affected by the grinder roughness while the rubbing
force has very little influence on the wear rate. In
contrast, the sliding distance is a major factor that
affects the wear rate of tool steel (AISI 1020 and
1050)'. In addition, the wear rate increases
significantly with increasing applied pressure and
sliding distance but decreases with increasing sliding
speed because the friction coefficient decreases™.
Wear resistance of a material is also affected by
treatment process. It has been reported that the wear
resistance of steel alloy is increased after heat
treatment due to microstructure transformation®.
However, the work-piece operates under high
temperature conditions, wear of material will increase
due to decreasing of the bonding strength of atoms at
high temperature’.

*Corresponding author (E-mail: charn_sa@kku.ac.th)

The surface roughness of contacting surfaces is
another important factor affecting the wear resistance.
The wear resistance will decrease if the roughness of
contacting surface increases because the friction
coefficient (n) of the surface reduces with increasing
surface roughness’. However, the wear rate does not
depend on the frictional coefficient alone because the
coefficient will be changed due to the surface
modification as a result of abrasion. Nevertheless, a
rough surface with a low friction coefficient generally
suffers from a relatively high wear rate and surface
smoothening can help reducing the adhesive or
fretting wear’. In addition, the smoothened surface
should also have high hardness to minimize abrasive
wear and it should be resistant to chemical oxidation.
Hard coating is one of the most effective approaches
to obtain these surface properties.

Hard chromizing coating is a widely used hard
coating technique to deposit a layer of hard chrome as
well as chromium compounds such as chromium
nitride and carbide. It has been applied on various
metal structures such as P110 oil casting tube steel
and austenitic alloys to improve the wear performance
and increase the operating life-time®’. The chromizing
coating has been shown to exhibit excellent adhesion
strength and high surface hardness, resulting in
substantially improved wear resistance and low mass
loss compared with untreated surface. Hard chrome
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plating is a common chromizing-coating method,
which is well-known for more than 80 years. It is a
low cost and effective mean to improve structural
strength, hardness, surface smoothness, and wear
resistance of a solid part. The thickness of the hard
chrome plating can be largely varied from 5 pm to 1
mm, which can increase the surface hardness to over
60 HRC. In addition, the wear resistance of plated
hard chrome surface is substantially improved with
increasing hard chrome thickness'®. The hard chrome
thickness monotonically increases with increasing
plating time as well as temperature of plating solution.
It also increases with the concentration of chromic
acid in the plating solution but will begin to decrease
if the concentration exceeds 282 g/L''. The ratio of
sulfuric to chromic acid is another important factor
that affects the thickness with 0.0075 being an
optimum value. In addition to the hard chrome
thickness, other key factors affecting the wear
resistance of hard chrome coating include the
smoothness and cleanliness of the work-piece, which
depend considerably on specimen preparation prior to
chrome plating.

To effectively apply hard chrome, it is thus
important to optimize the conditions of hard chrome
plating process for each tribological application to
maximize wear resistance, reduce production cost,
and increase product quality. Fishing net-weaving
machine for industrial net production is an interesting
tribological application that has considerable
economic impact due to its large commodity market.
A fishing net-weaving machine generally uses two
kinds of hook called upper and lower hooks to
perform net weaving operation. Typically each
machine contains 500-700 lower hooks, depending on
the machine size. Normally, these hooks must be
frequently replaced due to rapid dry sliding wear
occurred at non-lubricated contacts between lower
hooks and high-tension nets during weaving operation
and each hook is made to be easily substituted by a
technician. It is thus an important component that
affects the quality of net products and its consumption
per machine is large. The lower hook is usually made
from spring steel wire with 1.8 to 2.0 mm in diameter
and 4-6 cm length. It can be produced by a standard
forming process, including cutting, folding, grinding,
and plating with hard-chrome as illustrated in Fig. 1.
The cost of the hook contributes a considerable
portion of net production cost. It is thus of interest to
improve the wear resistance of the hook, resulting in

increase of lifetime, reduction of the number of hooks
required in weaving operation, and improvement of
the net product quality. In this work, the
manufacturing factors of hard-chrome plated lower
hooks of a fishing net-weaving machine for fishing-
net production were studied and optimized by means
of experimental design and RSM.

Materials and Methods

Materials used in the experiment was spring steel
wire JIS G 3522-1991 SWP-A (C = 0.60-0.95 wt%,
Si = 0.12-0.32 wt%, Mn = 0.3-0.9 wt%). Fiber nets
used in the experiment was made of nylon 66 with a
diameter of 0.12 mm. Since the smoothness and
thickness of the coating surface substantially affected
the wear resistance”'’, the work-pieces were polished
to smoothen the surface before hard chrome plating.
From the production process consideration, there were
three main factors affecting the quality of hard
chrome surface. These included temperature for hook
forming, hard chrome plating time, and condition of
hook polishing. In the present study, each factor was
assigned into two levels. The lower and upper levels
of hook forming temperature (factor A) were 30 and
180°C, respectively while the lower and upper values
for plating time (factor B) were 40 and 80 min,
respectively. For polishing condition (factor C), the
first one (considered as the lower level) was
scrubbing with abrasive filament (thread) and the
upper level combines scrubbing and fine polishing
(thread & polishing). All hooks were scrubbed with
thread to a 40-60 um surface finish and then divided
into two sets. The first set will proceed to cleaning
and chrome plating while the rest will be fine polished
using an in-house polishing machine with emery cloth
and 5 um polishing slurry for one hour. Next, they are
cleaned by dipping in a sulfuric acid-based solution
and rinsing in deionized (DI) water. Electroplating of
hard-chrome was then conducted in the standard
chrome bath containing chromic acid (250 g/L) and
sulfuric acid (100:1) at 55°C with a current density of
~0.3 A/cm’. Lastly, the samples were rinsed in DI
water and dried by nitrogen.

A series of hook production experiments were then
conducted according to the central composite design
(CCD) with 3 factors as given in Table 1. A, B, and
C represent process factors of surface treatment
temperature, time for hard chrome plating, and
surface polishing on the smooth curved hook,
respectively. T represents a type of surface polishing
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with thread whereas T & P represents another type Table 1 — The central composite design matrix with the values
of surface polishing with thread and polishing. of process factors
The hardness of the produced hook was measured by Trial Factor
a micro hardness testing machine (Galileo, Microscan A B C
OD). Wear resistance test was then carried out using a 1 30 40 T
fishing net-weaving machine (Fig. 2) with direct 2 180 40 T
sliding between the hook and woven net over a set of 3 30 80 T
controlled sliding distances of 18000, 36000, 54000 4 180 80 T
and 72000 m, respectively. Wear rate was determined 5 0 60 T
from weight loss of hard chrome plated hook 6 211 60 T
calculated from the difference of weight before and 7 105 32 T
after testing with each sliding distance using a 5-digit 8 105 88 T
precision scale. The ANOVA was then used to 9 105 60 T
evaluate the influence of each factor in the hard 10 105 60 T
chrome plating process on the wear resistance and 11 105 60 T
hardness of the hooks produced according to the 12 105 60 T
designed experiments. In addition, RSM was used to 13 105 60 T
determine the appropriate values of the factors in the 14 30 40 T&P
hook production process that provide the maximum 15 180 40 T&P
wear resistance or the lowest weight loss. 16 30 80 T&P
17 180 80 T&P
Results and Discussion 18 0 60 T&P
The hardness values of hooks produced in all 19 211 60 T&P
experiments are plotted as shown in Fig. 3 and the 20 105 32 T&P
weight lost values from all phases of the wear 21 105 88 T&P
experiments are graphically illustrated in Fig. 4. It is 22 105 60 T&P
seen that the hardness and weight lost values in each 23 105 60 T&P
phase of the test are not always in correspondence and 24 105 60 T&P
the hook with higher hardness does not necessarily 25 105 60 T&P
26 105 60 T&P

have lower weight lost or higher wear resistance.
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Fig. 2 — Fishing net-weaving machine and the lower hooks
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Fig. 4 — Weight loss of lower hook after wear experiments with various sliding distances

Effect of the three factors on hardness

Significant factors affecting the hardness of the
hook were identified by ANOVA as shown in
Table 2. From the table, the small model p-value of
0.0068 indicated that the obtained hardness model
was statistically significant. In addition, the lack of
fit p-value of 0.2102 was insignificant relative to
the pure error at the significance level of 0.05.
Non-significant lack of fit suggested a good fit of the
model to the data set. The polishing condition (factor
O) significantly affected the hardness of hooks at the
level of significance 0.05. The interaction between
hook forming temperature (factor A) and plating time
(factor B) also significantly affected the hardness
of hooks. In general, the analysis of effect from

interaction between factors provided more meaningful
interpretation than the impacts of main factors
(main effect)lz. In this case, the hardness change
dependence on the change of hook forming
temperature (factor A) depended on the level of
plating time (factor B). The change was in one
direction at the low level of plating time (factor B) of
40 min while it would be in the different direction at
the high level of plating time (factor B) of 80 min.
Conversely, it could also be interpreted that hardness
change dependence on the change in plating time
(factor B) depended on the level of temperature
(factor A). The change was in one direction at the
low level of temperature (factor A) of 30°C and
then diverted to another direction at the high level
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Table 2 — ANOVA for hardness

Source Sum of squares df Mean square F-value p-value
Model 10.47 4 2.62 4.77 0.0068
A-Temperature 0.15 1 0.15 0.28 0.6045
B-Time 1.22 1 1.22 2.23 0.1502
C-Surface polishing 3.70 1 3.70 6.74 0.0168
AB 5.40 1 5.40 9.83 0.0050
Residual 11.52 21 0.55
Lack of fit 8.56 13 0.66 1.78 0.2102
Pure error 2.97 8 0.37
Cor Total 22.00 25
of temperature (factor A) of 180°C. The regression
model obtained from ANOVA yielded the
relationship between the predicted hardness value and
all factors as Eq. (1):
m
hardness=62.18+0.097A+0.28B +0.38C —0.82AB
(D .
The regression equation could be represented as the EGO_
contour plots as shown in Fig. 5. The analysis results &
of the contour plots were consistent with the results
of ANOVA. The polishing condition (factor C) had
larger positive coefficient value than other factors, 50—
indicating its relatively high level of significance.
In addition, the higher polishing level (thread &
polishing) would result in the higher surface hardness.
Moreover, the large negative coefficient of interaction 40 T T T T
30 60 90 120 150 180

term between the hook forming temperature and the
plating time indicated the strong influence of the
interaction on hardness. The experimental results
showed that hardness was high for lower hook
forming temperature (room temperature or 30°C) and
long plating time (80 min) and the hardness would
be further increased if the work piece was better
polished. This was consistent with the general
forming theory that cold forming will produce high
surface hardness due to induced strain on the surface
(strain hardening)'® and is in agreement with several
reports that longer plating time results in thicker
coating and higher hardness'".

Effect of the three factors on weight loss

Key factors influencing the weight loss of the hook
were determined by ANOVA. The model p-value of
0.007 implied the model was significant at the level of
significance 0.05. Also, the lack of fit p-value of
0.9439 was not significant relative to the pure error,
indicating that the data set is fitted well with the
model. The analysis results indicated that the effects

A: Temperature
80

62.8]

70

I |
30 60 90 120 150 180
A: Temperature

Fig. 5 — Contour plots for hardness by holding (a) thread constant
and (b) thread & polishing constant
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Table 3 — ANOVA for weight loss after conducting wear resistance testing on the fishing net-weaving machine

Source Sum of squares df
Model 1.506 x 107 5
A-Temperature 3.643 x 107 1
B-Time 4332 %108 1
C-Surface polishing 9.846 x 1071 1
BC 3.475 x 108 1
A? 6.785 x 10° 1
Residual 1.358 x 107 20
Lack of fit 4.800 x 107 12
Pure error 8.784 x 108 8
Cor Total 2.864 x 107 25

with sliding distance of 72,000 m

Mean square

3.011 x 10°®
3.643 x 107
4332 x 10
9.846 x 107"
3.475x 10°®
6.785 x 10°
6.792 x 10”
4.000 x 107
1.098 x 10

F-value

4.43
0.54
6.38
0.14
5.12
9.99

0.36

p-value

0.0070
0.4725
0.0201
0.7074
0.0350
0.0049

0.9439

of all factors and interactions among them on the
weight losses of the hook after wear testing with
sliding distances of 18000, 36000 and 54000 m were
not statistically significant at the level of significance
0.05. Thus, the hook forming temperature, the plating
time of hard chrome, and surface preparation
conditions did not affect the wear of the hook when
the sliding distance was less than 54000 m. However,
when the sliding distance was increased to 72000 m,
the results of ANOVA as given in Table 3 revealed
that the plating time (factor B) as well as the
interaction between the plating time (factor B) and the
polishing condition (factor C) became important
effects at the level of significance 0.05. The
regression model based on ANOVA gave the
relationship between the predicted weight loss value
and all factors as Eq. (2):

weight loss =2.426x107* +1.509x107> A+ 5.203x10> B
+6.154x1070C - 4.661x107 BC —6.924x107> A2
(2

The contour plots representing the regression
equation are shown in Fig. 6. From the contour plots,
the weight loss of the hook with only thread condition
decreased as the plating time reduced at a fixed hook
forming temperature (Fig. 6 (a)). In contrast, the
weight loss of the hook with thread & polishing
condition was almost independent of the plating time

(Fig. 6(b)).

Optimal manufacturing condition

The optimal manufacturing condition is determined
by RSM coupled with desirability function'>'. At the
optimal condition for a minimum weight loss, the hook
forming temperature (factor A), plating time (factor B),
and polishing condition (factor C) were 30°C, 80 min,

0.00021
0.0002
0.0019
0.0018
0.0017

50+

40 T T T
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0.000205
0.00021
° 0.00022
Eso 0.00025 0.000215
=50 0.000225
m 0.00022
0.00023 0.000225
2y 0.000235 LI
0.000235]
0.00024 0057510-00024
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Fig. 6 — Contour plots for weight loss by holding (a) thread constant
and (b) thread & polishing constant
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and thread & polishing, respectively. The result
confirmed that lower hook forming temperature, long
plating time, and fine polishing resulted in an
optimum wear resistance. This result was consistent
with the preceding analysis that wear resistance was
improved with low forming temperature due
to increased hardness induced by strain and fine
polishing due to better surface smoothness while the
long plating time was selected to maximize allowable
weight loss due to the increase thickness, which were
in accordance with other reports®”'’.

Scanning electron microscopic images in Fig. 7 (a)
and (b) illustrate wears of the hook tested with sliding

15KV, <. X80
25 4

15 kV X3,000

15 kV X3,000 Sum

distance of approximately 100000 m. The hook was
produced using a non-optimal condition with a hard
chrome plating time of 60 min, a lower hook forming
temperature of 30°C, and thread polishing condition,
which was considered as a conventional condition for
hook manufacturing. The wear surface was smooth and
the material removal was unidirectional indicating
abrasive wear mechanism. Many cracks were seen on
sliding edges, signifying the fracture wear mechanism,
which was believed to occur when the wear extended
beyond the plated hard chrome layer.

Figure 8 shows high-magnification SEM images
of hook surface produced with non-optimal

Fig. 8 — SEM micrographs of a conventional lower hook surface (a) before and (b) after wear test with the sliding distance of 72000 m
and SEM micrographs of an optimized lower hook surface (c) before and (d) after wear test with the sliding distance of 72000 m
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Fig. 9 — Weight loss values of lower hooks made with the
conventional and optimized hard chrome process

(conventional) and optimal conditions before and
after the wear test with a sliding distance of 72000 m.
It was apparent that the wear surface of the hook
produced at the optimal condition was considerably
smoother than that produced at the non-optimal
conditions. Figure 9 shows a comparison of the
weight loss of the hook produced at non-optimal and
optimal condition. It was obvious that the average
weight loss of the hooks manufactured at optimal
condition was significantly lower than that of those
made at non-optimal condition. Therefore, the wear
and life time of the hook were effectively improved
by means of designed experiments and RSM.
The methods were potentially useful for improving
wear resistance other products, which would
eventually lead to lower operating cost and better end-
product quality.

Conclusions

In conclusions, three manufacturing factors of
hard-chrome plated lower hooks including hook
forming temperature, plating time, and polishing
condition were studied and optimized for minimum
wear by means of experimental design and RSM.
It was found that the polishing condition and the
interaction between hook forming temperature and
plating time significantly affected the hardness of
hooks. In addition, the hardness was high for lower
hook forming temperature and long plating time.
The hardness would be further increased if the work
piece was better polished. It was observed statistical
insignificance of the studied factors for the wear tests

with sliding distances up to 54000 long. The plating
time as well as the interaction between the plating
time and polishing condition became important when
the sliding distance was increased to 72000 long.
The hook forming temperature of 30°C, plating time
of 80 min, and thread & polishing condition were
considered as the optimal manufacturing condition by
RSM coupled with desirability function. The optimal
manufacturing condition was proven to give lower
weight loss and surface wear compared with those
produced with non-optimal conditions.
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Abstract. This work investigated the influences of DC current, pressure and N, to Ar gas flow rate on hardness of a
TiN hard coating material for coating a fishing net-weaving machine component of a fishing net-weaving machine,
namely upper hook. The target of this study was to maximize the hardness of TiN coated upper hook in order to
maximize the corresponding wear resistance. Three process factors including DC current, operating pressure and N, to
Ar flow rate ratio were simultaneously investigated using the factorial design with replicates at the center point of the
three factors method. Analysis of variance was used to investigate the effect of the three factors on the hardness of the
TiN coated upper hook and the contour plots based on empirical model were plotted to obtain an appropriate operating
condition of the statistically significant process factors with maximizing hardness value leading to the wear resistance
of the upper hook. The results showed that the operating pressure and the N, to Ar flow rate ratio and interaction among
the three process factors significantly affected the average hardness at the level of significance of 0.05. Finally, an
appropriate operating condition of the significant process factors was obtained at the higher levels of the operating
pressure and the N, to Ar flow rate ratio.

Introduction

A fishing-net weaving machine is used to produce a quality fishing net. A fishing-net weaving machine uses two types
of hook called upper and lower hooks to achieve net weaving operation. The hooks have been frequently replaced
because of rapid dry sliding wear occurred at non-lubricated contact between the hooks and high-tension nets during
weaving operation. The costs of the hooks contribute a high fishing net production cost. Hence surface quality of the
hooks needs to be improved by coating.

Titanium nitride (TiN) is one of the most widely used hard coating ceramic materials in various industries such
as machining, transportation and other tribological applications [1]. This coating material has high Vickers hardness of
18-21 GPa, high modulus of elasticity of 250-450 Gpa, good wear and corrosion resistance. TiN has a cubic structure of
NaCl type [2]. It has been employed as wear resistant coating for cutting tools and dies. It also has been applied to
machine components in automotive industry and other industries [3-5]. The ordinary techniques for TiN coating are
physical vapor depositions (PVD) consisting of sputtering, filtered cathodic arc and electron beam evaporation and
chemical vapor deposition (CVD) [6]. Sputtering is the most widely used technique because of well-controlled process
and high quality thin film coating. TiN is typically produced by reactive sputtering, in which sputtered Ti atoms are
reacted with nitrogen ions to form TiN molecules [7]. Oblique angle deposition (OAD) or glancing angle deposition
(GLAD) technique is a modified coating technique, in which substrate is tilted at an angle greater than 70° with respect
to the normal of coating direction and rotated at an appropriate speed [8].

The influences of the coating process factors such as pressure, temperature, gas flow rate ratios on coating
behaviors, growth of TiN, the microstructural, mechanical and tribological properties have been reported in the previous
research works [9,10]. Nevertheless, it is a good opportunity to formulate a relationship between the coating process
factors and hardness of TiN coated on the fishing-net weaving machine component. Fig. 1 illustrates a fishing net-
weaving machine with inset of the machine component namely, the upper hook.

This work aimed to investigate the effects of DC current, operating pressure and N, to Ar flow rate ratio on
average hardness in coating TiN on a fishing-net weaving machine component by OAD technique using full factorial
design couple with carrying out the experiments at the center point of the three process factors and to obtain an
appropriate operating condition of the statistically significant factors with high hardness leading to wear resistance
improvement of the machine component.



Materials and experimental procedures

The workpiece material, cast stainless steel, was made by the lost wax casting process and was machined by turning and
milling operations. Chemical composition of the cast stainless steel included 62.28% Fe, 21.99% Cr, 6.91% Ni, 3.12%
Cu, 2.2% Si, 1.94% Mn and 1.56% Al. A vibratory finishing machine with mixed ball burnishing media in different
sizes ranging from 5 to 8 mm was used for surface finishing. The oblique angle coating system consisted of a high
vacuum chamber equipped with a 3” target magnetron gun, 400 W DC power supply 600 W radio frequency generator
and a turbomolecular pump. The titanium nitride was coated on the upper hooks by reactive sputtering of pure titanium
target under a mixture of argon (Ar) and nitrogen (N,) gases. The rotation speed and oblique angle of the oblique angle
coating system were fixed at 45 rpm and 70°, respectively.

follows:
1.

oA
v/ ’/

| s

Fig. 1 A fishing net-weaving machine with inset of the upper hooks

In this study, a seven-step approach involved planning and carrying out the experiments was described as

Setting the objective: The main objective of this research study was to investigate the influence of coating
processes including DC current, operating pressure and N, to Ar flow rate ratio on average surface hardness
and to determine an appropriate operating condition of the significant process factors.

Identifying the important process factors: In this research work, there were three process factors consisting of
DC current range of 0.35-0.45 A, operating pressure range of 50-100 Pa and N, to Ar flow rate ratio range of
0.5-1.5.

Developing of the design matrix: The 2° full factorial design plus center point consisting of 8 factorial runs and
4 replicate runs at the center point.

Performing hardness testing: The hardness of the TiN coated upper hook was measured by a micro hardness
testing machine (Galileo, Microscan OD) based on the full factorial design with center point.

Recording the response: The hardness of the coated upper hook was measured at three different positions on
each sample for each experimental run.

Analyzing the results: Analysis of variance (ANOVA) was used to analyze the data set of hardness by
Minitab® software package and Design Expert® [11, 12] for investigating the effect of the three process factors
on average hardness.

Determining an appropriate operating condition: The contour plots were used to obtain an appropriate
operating condition of the statistically significant process factors with maximizing hardness value in order to
improve the wear resistance of the machine component.



Results and discussion

Model adequacy checking is used to perform analysis of residuals for the primary diagnostic tool of ANOVA [13]. The
residuals for the 2° factor factorial model plus center point are defined from the difference between the observed
response (yi) and the fitted response when DC current is at the i level, operating pressure is at the j" level and N, to
Ar flow rate ratio k™ level. The probability plot shows the data points, fitted line of the data points and associated
confidence intervals (C.I.) based on parameters estimated from the data sets [11,13]. Fig. 2 depicts normality
assumption of the hardness data set and model adequacy checking of the residuals. Fig. 2(a) illustrates the probability
plot of the hardness data set. The probability plot indicates that the plotted points of the complete data set of hardness
roughly form a straight line and fall within the 95% confidence interval. This confirmed that normal probability
distribution fitted the data set of the hardness values well. Fig. 2(b) shows that values of residuals lie well along the
linear line, approving good model adequacy, while Fig. 2(c) exhibits the validity of the independence assumption of
model. The plot of these residuals versus time sequence of data collection is useful in detecting a correlation among the
residuals, confirming no reason to suspect any violation of the independence. Fig. 2(d) depicts high randomness against
the fitted values, suggesting good constant variance. These tests confirmed that the 2° factor factorial model plus center
point design model is effective for investigating the influence of DC current, operating pressure and N, to Ar flow rate
ratio on hardness using ANOVA.
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Fig. 2 (a) Probability plot of the hardness data set (b) normal probability plot of the residuals for the data of hardness (c)
plot of residuals versus run order and (d) plot of residuals versus fitted value for the data of hardness



The ANOVA for hardness of the TiN coated machine component is summarized in Table 1. The p-values less
than 0.05 indicated model terms were statistically significant. According to the p-value of the model, operating pressure
and N, to Ar flow rate ratio and interaction among the three process factors significantly affected the average hardness
at the level of significance of 0.05. The curvature F-value of 491.02 implied there was statistically significant curvature
in the design space (as measured by difference between the average hardness value carried out at the center points and
that at the factorial points). There was only 0.01% chance that a curvature F-value was very large due to noise from the
coating process and the hardness measurement. The lack of fit F value of 0.044 implied that the lack of fit was not
statistically significant relative to the pure error. There was a very high chance (95.12%) that a lack of fit F-value was
extremely small. Non-statistically significant lack of fit was good for the model fitting to the hardness data set.
Furthermore, the model also indicated high coefficient of determination (R?) of 0.9933 which defines as the ratio of the
explained variation to the total variation and is a measure of the degree of fit. It indicates the variation of data and
posses a value within the range from 0 to 1, where higher is better. The adjusted R? excludes statistically insignificant
factors. The adjusted R* of 0.9831 was in reasonable agreement in which the difference between the R? and the adjusted
R? was extremely small. It was noticeable that the model was adequate in predicting the behavior of the hardness of the
TiN coated upper hook.

Table 1 ANOVA for hardness

Source Sum of squares df Mean square F-value p-value

Model 64.80 6 10.80 98.12 0.0003
Pressure (B) 5.61 1 5.61 50.96 0.0020
N, to Ar (C) 6.42 1 6.42 58.33 0.0016
AB 2.57 1 2.57 23.35 0.0850
AC 10.03 1 10.03 91.11 0.0007
BC 15.97 1 15.97 145.06 0.0003
ABC 24.21 1 24.21 219.89 0.0001

Curvature 54.05 1 54.05 491.02 <0.0001

Error 0.44 4 0.11
Lack of fit 0.00065 1 0.00065 0.0044 0.9512
Pure error 0.44 3 0.15

Total 119.30 11

R?=0.9933 Adj.R? = 0.9831

Hence the experimental results were fitted to a linear and interaction model. The following expression was
obtained in terms of coded factors:

H=9.29+0.84B + 0.9C + 0.57AB + 1.12AC — 1.41BC + 1.74ABC 1)

where H denoted hardness of the TiN coated upper hook, A represented DC current, B was operating pressure and C
denoted N, to Ar flow rate ratio.

The contour plot is an effective tool to examine the behavior of a response on the graphical plot in terms of two
factors illustrated as X-axis and Y-axis. The contour plots were generated by the model expressed in Eq. (1) and used to
investigate whether the upper hooks could improve the surface hardness and lead to wear resistance during fishing-net
weaving operation. Only two process factors were chosen for any given contour plot. Fig. 3 exhibits the contour plots of
the hardness in terms of DC current and pressure, DC current and N, to Ar, and pressure and N, to Ar.

Rather than choosing these arbitrarily, make use of a perturbation plot illustrated in Fig. 3(d). The perturbation
plot shows the effects of changing each factor while holding other factors constant. A steep slope or curvature in the
resulting trace illustrates sensitivity of the response to that factor [13]. According to the perturbation plot, Factors B
(pressure) and C (N, to Ar flow rate ratio) showed the most dramatic impact on the hardness whereas factor A (DC
current) illustrated linear and paralleled to the X-axis. This plot indicated relatively influential factors B (pressure) and
C (N, to Ar flow rate ratio) which made a good choice for the axes on the more relevant contour plot.
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Fig. 3 Contour plots of (a) DC current and pressure (b) DC current and N, to Ar and (c) pressure and N, to Ar and (d)
perturbation plot of the hardness

Fig. 4 illustrates the contour plots of the hardness in terms of pressure and N, to Ar by keeping DC current at
0.35 A and 0.45 A, respectively. By keeping DC current at 0.35 A, Fig. 4(a) shows that hardness was higher in the
regions of either low pressure and high N, to Ar or high pressure and low N, to Ar. However, by keeping DC current at
0.45 A, Fig. 4(b) illustrates that the amount of hardness increased with increasing levels of pressure and N, to Ar. This
indicated that hardness can be increased if the operating condition has been performed at higher levels of pressure and

N, to Ar.
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Fig. 4 Contour plots of pressure and N, to Ar by keeping DC current at (a) 0.35 A and (b) 0.45 A
Conclusion

This research work investigated the influences of direct current, operating pressure and N, to Ar flow rate ratio on
average surface hardness and to determine an appropriate operating condition of the significant process factors for hard
coating of TiN on a fishing-net weaving machine component for fishing-net industry. The 2° factor factorial plus center
point designed experiments were employed to carry out the hardness experiments of the TiN coatings. Analysis of
variance and contour plots based on empirical model were successfully used to evaluate the effects of the three factors
on average hardness and to obtain an optimal operating condition of the statistically significant factors. The results
showed that the hardness increased if the operating condition has been performed at higher levels of pressure and N, to
Ar. This operating condition should be recommended to the fishing-net manufacturers for preparing the process factor
that produced a higher hardness leading to wear resistance of the machine component. This research work provided a
contribution to wear resistance of the machine component for not only fishing-net industry but also for machining
industries and other industries.
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