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BOONGSOOQD, Ph.D., 105 PP.

Keyword : CRYOGENIC/TOOL WEAR/ MACHINE LEARNING

Cryogenic treatment represents a promising approach to achieving these
objectives. This study investigated the impact of cryogenic treatment on carbide cutting
tools, employing various treatment parameters including soaking period, tempering
temperature, and tempering time. The objective was to evaluate changes in tool wear
microstructure chang and phase transformation: To investigate the microstructural and
phase transformation induced by cryogenic treatment, scanning electron microscopy
(SEM) and x-ray diffraction (XRD) were employed. this study employed machine
learning techniques such as linear regression model (LRM), support vector machine
(SYM), and extreme gradient boost (XGBoost) to predict tool wear. The results show
that the cryogenic treatment of carbide insert tools results in enhanced hardness, wear
resistance and microstructural changes within the tungsten carbide. Additionally, a
phase transformation within the cobalt binder was observed. The machine learning
analysis demonstrated that XGBoost outperformed LRM and SVM in terms of predicting
microhardness, as evidenced by the Coefficient of determination (R2), Root mean

squared error (RMSE) and Mean absolute percentage error (MAPE).
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Prefimunieuasiiauiiidnuasseiior lnonaiisturesnisnefiavosauiuaziinan
nsfrwlavensoslansluasumihinasusnuaudelussninanisnduasdnnsazaudu
aUNIALAN?) auﬁmsazamﬂumiwaﬂiuﬁqm [33] Atlati waganiy [34] AnwINTEUIUNITNES
saiiulon Meudiniinndsnslud wagrinn1snsasdeunsdnusendainszuIunIsndniendes
ANTIAUUVUARINTIA WINKWIMUNITAzaNTaAvegiifenuinaynwazaudavalinie
nds wavagUldiniswendnvesmwduanimsmdniividlifAnmsdnuselunszuiunisndsian

WATE

ol

JUN 2.10 MInenfinvedify
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2.5  faunUstuaunag

v

Tunszurumsnds Jadunsdnideutanlneltindeslodaifaudoifen msviay
dlawarmadenldmudslunsimioustramnvandoduladuddy fulu luwdetiay
g unsuaznaniiuUmdni unumddnlunszuiunisnis Sasenoudieainisasn
das1ou uazaudnlunisdn uansisgy 2.11 fedildnanludradu mshanudilads
awddnuesulslumsdndeuiiodudsinduegedddunseuiumsdndeu madenld
fuvslumsdmdeuiivnzanivanfignnasiinnudfyednsds esannsidonldfuys
Alilaonadesiuguaniivesian envdwmaliifnanudemedeidafiands uazdsenadawa

NILNUADAMNINVBITUITUNBVEINTFUIUNITNEIBNMEY [35]

anuanluntsamdeu (d)

Frnududu —\ s _l_ farmilmi
\ : &

anuiFaiadu (N)

ansnlauseseu (f)

JAN ~

\— fianfa

A

JUT 2.11 fudsiingitesiununis

251  AUSWA
Anusada Ao AnuSmunuduseuwenadasiloaiamisndaidon
Yaqvdetunuoandiuszesmaniglunioniena madendmuiaiatiy fosfarsan
Haduiidndn Idundoyamsiumeaiiavesiantunu Jogamsdumainnestag wiesdo
din Sms1dan ArEnUeINISin AAINMIVEBANIMENURTIFBINT oy UssAnEaimued

5 ) & v 2 o ° 9 ci
LATD93NT LUUAU T,mEJmmmmmxmmmmmmmaumw 2.1

TTXDXN o
=— (@un1sn 2.1)
1000
eV Aaautslunsen (Was/ui)
T AoA1AIf dndiu LlduseUIINaY dAAi 3.14
D ADAFURUAUE A9 YRITUNY (1AT)
N ADANULEITAUVINAU (SBU/UNT)
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arudwintudusudslunmsindeundnlunszuiumandaiidmansenusio
vansinusevesdiafinndmdanszuiunands uasfsdmatuauauysaivesuung
uartuundnIsdaideu Fernandez uazaniz [36] nanitlunszuiumsnasnisld
Auadniigazdamalinunmessiunuifdewieudeutunisldanumsaend
drdmsudiadiandenslug lunendutumsldanuiwiniigedsndmalfdadiangs
finsdnnsefi saninnulusae Tuviuesadiedu Tian wazamy [37] Meidenld
A fanganfunszuaumandelidmddylunsdmaiennnnee sty
mendimsdadou uazdeirednengnisldeuveaaseadodn agrslsAni

a

UszanSnmiainaniuegiun1siiansananimuindeuuazfiiwlsdus lunssuiunis

v A '

AALIDUITINAIY

252 dnstau
Snanflou muneds svosmafiendnuesiaiesdiodnindoufiiigunusends
wihonan Tnehluimhoduiiadunsdeundt (mm/min) sisetisewit (pm) shsdlewdy
Wﬁiwﬁma%miﬁmLﬁauﬁﬁmméﬁﬁzyaﬂﬂq?ja@iaﬂﬁﬁmum@mmwﬁuﬁ’maﬁmm AUV
{7 warUszAnsamlunssuiunsndn sadsnadessezaailumsaniaulazenenisld

NUTBNAIeiladn dns1deuaunsamuInlAINANNSANUAUNUSAIAUNISN 2.2

F=fN (@un159 2.2)
g F Aeans Ueulunilaunl (Hadiuns/uni)
i Aednslousionilasaunisvyy (Hadiuns/seu)
N ADAINLSITOUTBITUINY (FaU/UNT)

mstaendnsdeunivuzauiuey iuladevargusenis 811 vilavesian

De

Fuau Uszinnveuaseslionn AMULTILTIT0RATOITNT LAzt aiInuARIuAMAINYD

e

o

Fuau nsfvuadasdeudiliminzauervdmaliiinnsdnnserenniasiedaiiguiuly
v3onmnwituiaflidulumudorinun Jiang wazany [38] naninisldsnstoudige
AulusindwalidunuliiZsvuazdsmaliiiausidaiusnalasvessaiinndwasdnals
Wadiandainmsuaniinluian
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2.53  anuantunisaaideu

anuEnlun1sdindeu (Depth of cut) mungds szpgviesswineiuiaiuves
Funuiuiuialnlfifed unendenszuiunsdadoudefiandmilssou Tuwdanaie
aunsadonldiiduszesnsiiedesfiodndrludmenie ansonluudazseurosnisen
Fou Tnefmhefnduiiadunsvdets

Asfnuaaauanlunsiad euilminaudus i Judesfinnsandade
nateUszng T,msJLawwasmﬁasﬁaﬁmumﬁmﬂmnnwﬁuﬁwaaﬁfmm mMafinaudnlunis
Fadeuazdwaliszornalunszuiunisndnanas dadunsifinyszansandiuaan
agslsfinny nsaniunisiinanetvdsnalianainumenuiia (Surface Roughness) Wi
qa%muLﬁuﬂiwmﬁaami”ulé’mummgmmswam [39]

Tumansstudin msldenudnlunsdadeuiidesasaitsuiulgnanin
Nuiliaauveuiniiany uiezdmwaliszovnalunssuiumsraniiutuseditudday
uenv1ni Seinansenusienalnnisdnrsevenadesiiedn i esnnszeznanlunsduds
sewhaiedesfledafuiunuiiiuty eralugndenanmvenaiosiledadirdu [40]

v
[ 2" =

MUY ﬂ’ﬁLa@ﬂﬁ’]ﬂ’)’]ﬂiﬁﬂIUﬂ’]iﬁﬂLﬁ@u%mﬂﬂ%ﬁu’:}eﬂL‘ﬁ‘Uﬂ’ﬁﬂﬁﬂimqﬂQWN

aunasenIUsednsanlun1sndn AMAMYBIT LY Laze1gnsidauvetaTesilonn

=

WDl LANAANSNANAA L UNTEUIUNSHER

q

2.6  dafmuualunN13IANITANNTININ UINTFIU ISO 3685:1997

mudafmunIATg I ISO 3685:1993 iusnmsguiifedeiunsnsainengmsld
suuazmsanusoveda’osdlednauiiemiefiands lnslannzeg1aBai Ui naiiadiutng e
JudnwagnsdnusefinulesuasienuddnseUssdnsameesiinnds Tnevluudinisin
nsdnnsearldndosqanssminsoaunsalinmnazifengsdus etavuinvesnsdnnsed
Antu Tnennsianisdnnseuinaiadutng wseenld 3 e Ao 1wn N e B Lam C uansdis
UM 2.12

wn N uwaiieguuilsuiaiegsulugauesassin annsgiu 1SO 3685 : 1993 14
fvusliion N Sewvindu 17 4 ves b (e b = sveztioudn)

we B Wuaiieguuiafutnaduiientuin N waziun B Alulwndiey sevinan
N fuiwn C 11m3g1u 1SO 3685 : 1993 Lilafmunianiievedan B wivginualigianiig
UYBUn B %uaejﬁ’uﬁma”ﬁwmm A uazlan C

e C iusileguuiiutiagudediuen N uaziun B 1vn C agaguen qaves
Audnwaziun C NogRnduiwn B 11935g1U ISO 3685 : 1993 lanmualiiiua C daaendia
whitusmiivaneiin
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SECTION A4

KF = crater front distance
KB = crater width

KM = crater center distance
KT = crater depth

=1
L )'r-:lank wear
( [H land

VBgmax

vBg |H
Vs _H

—-—
i
I
|

VBy

JUN 2.12 MIUULIANTANUTBUURIPNUTIRINNIATEIY 1SO 3685:1993

2.7 ASTUIUNISYULIY
N3gUIUNsYULE (Cryogenic treatment) Wuwmaliansuiulssnmuaniinenazes

a

fanlaonsldgumgiiindafussernamils Faumnsisanmsgudsanufounuudafu
M3TUAYTELIANYRINTEUINNTYUIT UMY seon T uaes sz nmana Y19 Mg d i ld
UssnmisnAenisguibuuuuiiu videdendndenilsin msyuBuuuuiiunans ddldgumnd
Tute -40 fi -114 psruwaldes Ussiamiiaesfonsyuidunuudndsldonmgilugie -114
fla 196 osrnwaldea myuBuuuuAniivsyansnmlunsudsuwiadasaimmaganie
wazsinldfunisussgndiidesnsmsusuusn et Alussiugs
Tumsusggndldnszuaumsyuiduiuiniesflodauazfagmedimnssy nszuiunis
Busudemawdsutusmiliiageauazusis anduianasgniuadusnanilieudusgng
AssifurosluifledostunisiAinauinienainnisiud sundase ungfiegransiuiy
syezaIMIruiul uogiutssanvesTan tunvesiuey wasdmmmeresnisuiulss
AauanUd Tulasaumandusinansildsuanudengsaadeninniuazainlunsldau
aruaendegs wasliudnsiviunnden udwinnisgubuaiadu Tanazgminduurlvid
gonmgiiviesetadesidudeslulunszuiuniseuiusi (Tempering) FstigUiuaugasywing
AnudsazanumileivesTanimnzauiunisldou
insesilednansludiutandlisumsusegndldinaianisyuidusgraunsvas[al]
Whmnevdndeifinengmsldnuuazanuduniunsinuse deisanduyumssanuaziia
UszAnsnmnisdinidou [42] Barbacki wazaniy [43] srydiniadsunadldldifnfisstu
i widumsdsuudadussiulassaiimnaganievesiinndauas Kalia [44] LaBuinnsyy
Bulidsafiwiedunndon wnsarnmsguiennufeuiiilossmennigiy
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INMTAATRUTTALITIUNTTY (115797 2.3) NUIINTANYINANTENUVBINITYY

[ ! = Y 1 o va v 14 ! =2 a I3
WusawnIasilodngaiiu 5 Auaudivan tawd (1) n15dn1se (2) ANUNEIURT (3) ALY

(@) lassasamegania uag (5) lassaiendn nuidedinlng@nwisunisdnuse any

MeTURY AULDY waglassadianiania vasiinsdnwilassaiimdndfldnde Fadu

Y89ININAITANWNLLAL

15197 2.3 SuTmUsirthssanssuneadesiunssuiunsyuiy

IngUszasn gunInlsin
Windinnas
- ASLuA
<
Aeu AN <
] @” &
& Z | & § = “%
@ = = < v ) &
el Sz | 2|2 |2«
e § ﬁ § §§ e € -%
c & & A e 5 =
(o) [cw (e —o —o =
1 | SreeramaReddy etal. (2009) | v/ | v/ | ¥ v
2 | Yong and Ding (2011) v | vV v
3 | Akincioslu et al. (2016) v | v v
4 | Xie et al. (2019) v | vV v
5 | Anshuman Das et al. (2019) v v v
6 | Soleimany et al (2019) v | v v
7 | Pello Jimbert et al. (2019) v v
8 | Samuel Raj (2019) v v v | v
9 | Mukkoti et al. (2020) v | v v
10 | Han Lee et al. (2021) v |V v
11 | Singh Gill et al. (2021) v | v v v
12 | Mahendran (2021) v | vV |V v
13 | Amarin et al. (2023) v v | vV |V v
14 | Gao et al. (2025) v | vV v
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2.8 AUWUS

GRRFIE Li‘ﬁluqmauf@L%Qﬂaﬁé’wﬁ’mﬁumi’aﬂ%am%ﬁqﬂ’;mmmiaiuﬂ'ﬁéfmmuﬁa
nswdsuudasgusauuamsdloldiuusinsesinameinntagduitanuudsgendn Tuds
Faanssudan anuudeawnsadewlddndunnuduniuresiannenisiinsesnn
(Indentation) N1t g3 UkuUNanadn (Plastic deformation) 53U 4AIIUA 1UNIUAD
U51n9n158l6n99 Wy n15idend (Abrasion) N153NN38UIINNTTUIUNIINES (Machining

Wear) Wagn15Unau (Scratching)

2.8.1  UszNNUDIANUUYS
FaningAnssuiuansrsfunmelivssiamvesnaniunnsiuly shograiu
Tongfianunsofuusanssunnadaforldiunn omarivhnuwuudilfdeldsunsivansens
seillos Fafommasuanuuddlunsaznsdl ilelvannsadnduladonnisldiuianfigndos
Idvioiles Tedpanmaounnuudsluudagnsdl wWeliaunsadndulaidonnsldeuiand
gndadld Ussnvmesanuudsiianua 3 Usean fe armudauuudetau anuudeuuy
nszapuuazANuUuuUTesna msaudazUszianmveseaudussndudediiniodioyn
funnsatu wenanil ammmudenntagieatu muuludasssnvendlimituansieiy
1) AMULdwuLTngIu Aerduaunsavesianlunisnunesesdngiuuy
fiui sevdntufomanafpnnuiuniivailosutuinvestandosan
msdudatuYaniiaudy dhldlunseaeuianiusy Wy wsdn 1l
d13FAHIUNITNAMENAARNLA
2) anuudsuuunszneundeazioundy fe Armudauunszaeunodn
Fonianuudauuulaundn Ussiiuainseduresdoutateinysi
nszaeusananianitldgaiele iWennawmianarmgedifmualy g
Aeteatunnudanguvesian nsnaaounuuuuUnIEABUTRS
Leeb wazsziuauudsas Bennett 113 AunTUssfiuAauds
WUUNTEABY
3) ANLTIWUIRLNA ABAIUAIUNINTRITANREN1TIdEIUAITS 0
wanadnfl oldulnaaniousanaogedeiiios usoniianuuds
iesnniduguuuunsivaslansiinuesiian
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2.8.2 NINAGBUAIALAS
aa < a s A < L%
FBneaeuaULlwULInnes n3en1snaaeunuLlsluszauyania [45]
Usenaumen1snaianvaaaumerinamysjuiseinguamasuinia dosmvaslateuvay
136 o9 neliniszlnan 1 - 100 Alansuuse luszezinan 10 - 15 Ui wazanuuh
N3TATUIALEUNLEYUTDIT0ENA Tz inlavnnaeganssal (JUA 2.13) a1ntuaunse
A Ludsldanaunisi 2.3

136

2 F
— = 0.1891 Fr

_ 2Fsin (@unns7 2.3)

HV =

e  HV  fe Arennusdamdigdnnes

A Y
a Ao LUVBWINALNYT 136 BaFN
F A Uminilaveaeu (Alansuuss, kef)
d D YUINVBAHUVLLINNAGY Tadiuns, mm)

WINANTINT

Wislngu
a4 A
Aoy d,
- i _.;-_' _-t
! < 4
TUINUNAFDL ~ |

U7 2.13 Wainaauudawuuinines
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2.9  N13RPUVBIATDINT

2.9.1 WUUTIADINITNNBYLTNEY (Linear regression model)
msanaeedady Junaliaiiuguinddgluadfvasnisiseuiveanionins

a 4 v v 6

Tnetnquszasdvoanaiiniayiinseianuduiusssriniaulsdu fufuUsnu fausini
fiuly MaonnesdadudndusaneifiunisSeuduuuiiffaou (Supervised learning) il
Tlunuinsgiuaznsyiuneg

nsannosiiuduiang vuanufgiudidnfe dudsdu uasdaulsnud
mnuduiusidaduiu ndnfe Weuusiu wWasuulas Fuvsmuazidasuudaslulufiani
Wertuuuududadiu dmsuuvusasifuguiidfulsdasaiiosdnien awsouandy

sULUUaENn37 2.4 [46]

Y=a+BX +..+BX +¢ (@aunsii 2.9)

e Y AafkUsNaa NS NHBIN1sviuIY BkUsAL)

X Aesuusduwedildvinne Fhuusaa

B fedrdudsyans niennudu deveninde X it 1
vihe Y agdsuudaitle

Q@ Aewsauny Y vderidudu uansdwes Y i5e X, wihu

Auel
E  Aemmnunaineaau (Error term) Nanadiuiwuuinaagli
arunsaasuele

Tapan aunsd 2.5 sztfiuiinsanasadaduiiingUsyasdndnfenismen
B war B, dwwnzauiian wielidunsiilfanunsauansanudiniusseninsius X,
wag Y laegrauaiugn

Tnendnnswiarfiuanzan wuusiassazmamisdmesiagldndnnisan
HATINUBIAIAINAAIALAA BUESADS (Sum of squared residuals) A1AILARIALARBUAD
drusngszninedn Y fidunaldesedelunuiseiisonldindiannismeass fudr Y 7
ATUIUINANNTT

lunszurunsinwuuitasnsaslddeyadiinn X waz ¥ asudiuaineds

Y

warliuuudaesUiuan B @adaunw) war B (Arrnudu) 919 aundiazliidunseiau
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yateyalndidesign lneaunuievesrdudszdns a1 B waz B aildainnisiinisia
wAidua 1w mdn (Weights) 7 Avuadneurvendunss lng Suaasiuie X

1

Wasuwlas 1 wthe Y aulfsuulaseny S wdae [46]

Y=8+4X (ein137 2.5)

auuAdnsiyateyansinuszneumgandeyalusuiuy (xy) 151813150

AuuAdIUsEANS laann aun1sf 2.6 dmsunisuan B (anudu) wavaunnsi 2.7

dwSunsmen B qadaunu [46]

> =) (=)

b= 5 5 (@un159 2.6)
’
zz‘:l(xi X )
B=y-Bx (aun1sn 2.7)
lagn  x' AOALRAEUBY X;,X,,.. X,
y' PRANRABUDY Vs Vas-- Y,

2.9.2  fwnasALINMBILNYTU (Support vector machine - SVM)
Fumesmanmosuusdu (SYM) usanediiunsiSeuiueseseuuiidaoud
fivsyansam WdmsursnunissuunUssavaznisannes [47) Samnavangauegiebs
dmsudgyminisinunlszan uanaruisausvlddmsudgyninisanneslaiguiu

[ v

ToguszasAananves SYM Aemsdunilaimesinay (Fuwuinsdndula) Nudauenandoya

a

Jurangaananuanneiu viieviunedudsimnesdeliedudymnisanneelaanan (3U

a

9 2.14) [48]
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X

JUN 2.14 dnwesaninmesiusdu dmsunisanaey

Funoinnnneifegadeyafioglndiulamesinau (duiivduay) unilga
wazliunumdrdglunisivuasiuniasirniwaadusdinsdndula (dudseduns) 90
ma’wﬁﬁmmé’ﬁgﬂumsﬁmumzamu (Margin) SVM a13mdnnnsvesnsanadniiieds
Tasaadna SidmanglunsGoudileituiilagdn Tu sym iWmnelnesialudenisussunaei
lafulusuuuusiolu (aumsdt 2.8)

f(xw)=>"" We(x,) (a3l 2.8)

me?l  fxw) #e Hendunisviiuie (Prediction function)
Wip A9 dulsz@nsuminues Support vector 9 | lagA1muaIn

Y

Mogetoyausariiavninarensyimuneunuelu

dwmsu n1sih SYM unldiutiyuinisanassidady wuudiaesaznatadu
sULUUTIRE1EAFsTU SVM 11msgu (uunuszinn) udunuiasmszezveuseninslemes
waufugateyalumssuunyszian uaziulufimsananuaainindoulunisuszanaan
Touldlsduiligonan Hardun1sgayiduuuy ensensitive (linear loss function) wandss
aunsit 2.9 [48]

v f () = 0if [y f (x,w)|<e

= (@uns7i 2.9)
|y—f(x,w)|—5 if Otherwise

lnenann1svineuves Maidun1saydowuy ensensitive diAuiay

p5anae "anlnwnseaziu" Iinutelanatanivuindnninel € laenanae MnAuAaIna
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AR DUTTWINANDTY () wazAviune £(x,w) faesniimiewiniu € ssuuaziednlud
AURANAIA (Loss = 0)
F9819N15VNUVDIAT €
AU4R € = 0.1
1) NA1R3e = 5.0 UagAUIY = 5.05 @anaia 0.05 < 0.1) — fadgnees
2) ¥AA1ASY = 5.0 WagAIYIUIY = 5.15 ([Aanan 0.15 > 0.1) — Ay
NANANG
Tumsudtym SYM WhmaneRensmaugasewinaaesds Tiua n1sanainy
aanaLadeuluMsig LAENIATUANANNTUTOUTDIUUTIA D Fawansldluaunisi 2.10
(48]

R= %wz + C(ZL1 ) (Fnn3i 2.10)

yi_f(‘xi7w)

Tnedi R fio Risk wiieaudeslunsyihuweRanais
w Huiiriseainiu lemesmay shuiivendn lewesinau
wu wlumeluu
c  vihmiiiasuguuiudivesuuuriiass niednindilunis
AIUAN 3¥8EUDY (Margin)

[

nsufdnmilsosegmelsidasiasedl
yi—wx—-b<e+0,i=1,...,n
wal.+b—yiS5+<9*, i=1...,n
020, 0 20,i=1,...,n

laoil 6 wag 0" unufuysauan (Slack variables)

Meduefinlsauan (Slack Variables):
1) 0" uay 0i” Aefuusauan Reyneliianuraiandeudu € 16
2) i dwmSuqediegmilerdu Tube

3) Bi” dmuanatiegldidu Tube
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2.9.3 WUUI1a89 Extreme gradient boost (XGBoost)

XGBoost @ 4¢/011191n Extreme gradient boosting Judanesfiuniaieus
voueFasiiliUsrAvEnmuazannuans TvdngdmivnunsFeuiuuuiifaou smiatams
uunUsznnuaznisanaes [49] XGBoost Wudane3fiunsiseuiuuusiungu (Ensemble
learning) #183numaiia Boosting [50]

Boosting $34n15¥1u1ev8ak1Fous o ounevateia (Inesialudesuls
#adula n30 Decision tree) tloadauvuitassiiudaunsauazusiugy Ing XGBoost azains
wuudiassuuuseid saduddu Tnoudazduldlnaid i udanazy wafulud msudly
fofiawanaiivdeaganduliiiounth nsguiunsiagduiiudeluauninsussqussansnm
e XGBoost eanslailadduiasusingn lumsuseanamuadns (aunsi 2.11) [51]

yo=y"+ny, f(U) (@un15 2.11)
Tnefl . Aewadwdfiviunedidud i srennmesnsiwes U,
7 fedudussnuaifiaenadesiulassaiedulidaseuday f;
¥ Reauigiundn (Aedsvesnniwesiadsludoyanisiin)
vy Benavmvesnsiusnnduliiimuedusseuusnauieseud (k-1)

waz f, Ao nensalvesiiussanaAlaSusduR k @Eunh 2.12)

yik =yt gr (@uns 2.12)

A Sy vt fop; Azunuibmnindidmunlitiulu (Leaves) &sinunlaenisan

[

Handuinguszasrvassuliidnun k ileeiiga wagarunsamvualanad [51]

1
fobj i 7’Z+Z;[gawa +E(ha + /1) wz} (@un1s 2.13)

1%

Tuaunsil Z Wushustidaulnue, y dumsiiwesanududeu feuauuue
vosduld, 4 1umduuszansasil uay of Ae uhminvedlufinseuaguimiindaus 1
Z way ¥ uway A dlmiiilumsndwesnisususeau (Regularization) ML

Uszdnsnmussiuudaearlesiunisiseuduiniiuly (Overfitting) uenanil g uaz A,
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Lmuwwmﬁmai‘msi’sue‘fm%’um%aﬁaﬁmmﬁL%auimﬁ’ﬂu Aerdeatuanuduvesiladdu
nsgadsSudunazieumimudduiioairsfulddviui k luazganszaredumansly
Hanfunisgaydedasuiaveulunisiiaseiainududouresuuudiaes nieauisnesung
XGBoost fiflsTuiitremuauanududouvesuuiiass lasnisldau Regularization Tag
nsansuaulu (Leaves) ludrniilisndusenly Tuvaedl Regularization Saunsoane
duinluusiarlu (Leaves) 1¢ runts USusesunuy LASSO (L1) was Ridge (L2) iitetlasfiy

v

mMaSeuiuniuly (Overfitting) denalvilanaaiiused@nsnminavy

210 msUszdiunUUsIan LAz InUsY AN AMMIUUS1ADs

3 YU szanS amuuusiass (Model evaluation metrics) fiauddyetnad gy
msUsedluaussnusvesuuuSassmsiSeuiveaniesing uazvhanudlefisanuaunsa
Tunsthuuudnaesludssgndldfudeyalsl (Generalization) Tnevily dhd¥aUssavnwi
feulddmsunsimszinisanass Toun nfidewesredsid@esvainnunainndou
(RMSE), Anduuseansnisdnaula (R2), uay ﬁi'u,a?%aﬁuaa%faaazmmﬂ@wmmé’myjaj (MAPE)

2.10.1 nfidasvasAadsindesevasnnuaainiafion (RMSE)

RMSE #38 Root mean square error Juiad fauszdns nmuuusiaesd
Hoylddmsunisinaunduguesnuudnassn1sviiuie asanizludyninisannos
(Regression problems) RMSE JaAniadgvasannunainiadsuseninsafivhueldiuaass
TngauNsNAdinAEnSYes RMSE Wansfsaunisi 2.14

RMSE = \/lZf_l( Vi —Ve) (571 2.14)
n

o v

Il n aduIudeyATIIA

A
Yai  PBA1939 (Actual value) vesAuteyai i
A

YPi

A S

aAMlA9INNNIIuIeY (Predicted value) vasddiudeyat i

Tag RMSE fidefroiiveifinfuteyaiiaulailiisiensinuuazidy
flveusulumisnuifouazangnaninssy Tnon1sinm RMSE dufte A1 RMSE Betiay
uanrinuuSeosiauutugnty (AfvhungldlndiAesfu1asemini) @1 RMSE = 0
mnofanuuiiaeninneldnssiuaimaiene @aumuezdululdlsludeyasi)
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a £ o

2.10.2 Ardudszansnsanaula (R2)
AduUszansnisdnaula nSe Re (Coefficient of determination) LuAIN14

.
aad

ananldininsuwusdasslunuudiassanunsneiuisanuuwususiuvesiuusaulauindes
Wodla R 1 Ui YaUszansamuuusiansd deuld fusgrsunswanslunisuseidiu
ULANSNINUBILUUIIAD9INI0R0BY (Regression models)

R uanadsdnadiuvasnuulsusulududsaudfiesunslamesuusdasy
luwuudiaes A1 R2 8g581319 0 819 1 MSewanudusosay 0% 83 100%) lagaunsnig

ARAANENSYBY R2 LEARIAT @UNST 2.15

R =1- z;(y/u _yPi)2

Z;(J/Ai Vi )2

(aumiﬁ 2.15)

N '

lng?l yg  ADAN939 (Actual value) vosanutoya |

ypi  feriilaainnisviiug (Predicted value) vasdiutoya i
Yy AOARRBUDIAIITIVIINNA

Tnensainy R2 anansaesunelasad

1) R? = 1 (v38 100%): LLUU?T’]&ENE]%U’]EJﬂ’JmLLﬂiﬂi’Ju%m‘ﬁ@gﬁlﬁﬁﬂ%ﬂm
(GHOTEYIRNT)
R? = 0 (58 0%): wuudaesliauisnesulenuwlsUTIuvesteayals
R2 > 0.75: Daduudasiiusea@nsnng
0.5 < R? < 0.75: fi9ILUUINaslusEansamuIunans
R < 0.5: flouuusansiuszavsamei

agalsfiniu nsimuen R2 Juegiuusunuasaniunisainsesenazuentain

[

Tuagiunseeuiulivedldanuesdie
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2.10.3 ﬁi'lm?iwm%aaaxmwﬁmwmmé’uuﬂmﬁ (MAPE)
MAPE %38 Mean absolute percentage error unilslusadauszansam
A inmnuwiudrvesuuuitassnisiueg Tnaamnzluliymasannes (Regression) uaz
nsnensalaynsuan (Time series forecasting) MAPE uansiaduaamadouluguuuy
yesfovar Mlkigronisiauuazdeansunddlifianuiduadnuindn Tnsaunisma

ARAAENSYBY MAPE Lansnd dun1si 2.16

1 Ar—A 4
MAPE = =31, fA—f| x 100% (aun137i 2.16)
t
logfl n AadUIUTRLATIIVINA
A ABA1939 (Actual value)
As ArAvIlaaInn1sviuie (Predicted value)

Tun1sAAYes MAPE [52] funanadedl
1) MAPE < 10%: 93 Uudnaedinnuuiugngs
) 10% < MAPE < 20%: D71uuud1assiianuiiugng
3) 20% < MAPE < 50%: 919714 UU18890ANMIUEIUUNENS
) MAPE > 50%: fia3uuusnassimnuusugem
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2.11  USNAU2550un5suNNEU9NUNISTIUIENITENNSD

msnumuliiemhsunssinfumuszgndldmadanisieuivenaiedunis
vhugnisdnuseveundosiefnlunszuiumsiadouan senined a.a. 2020-2024 (1579
7t 2.0) weldiuuuilduuazdosiaiiddlunsidoaund wui n1sAnwaulngjsady
nsvinensannseneldanitznisdadeusuuuds delifinsldasvdoifulusening
nszuruns lwrnefinsfnunielfannenmvdedu fdnarufidesninesaiulddn ns
nsrefeinitludnvasdasioulfifiudemusniulunsinvinansenuvesasvee
BudongAnssunisdnnseveaniesfiedaiain lud1uuszinvvesiad aedodni 14y
nsfine uandlidiuinedesfodaussianansludiauuedoufinaglindeuindungu
vaniilesuanuaulalumsiwuuuuiiassnisiuienisdnnsesemaidanisisouves
s es nstiaudidyfuied esledausviandaonndostunisldeud unsunansly
geavnssunsuanadely

'
Y o =

Fodunniidffonsnuinmaiuienisdnvsenieldanzveundesdiodnfisinu
nmsyuiiudafiduiuegadiiann ddediuroridlunsfnwinaznsiamuuudiaedy
nMsvinunensanvseveun’ ssdedaiiniunisy iy iesanmsyuidudunadadil
dnenmlunsuiuussaandinianavennsesienegeiitddy uasuimissunssuly
FuiiFadulemadidydusiunisinumnisUssgndldmaianisSeusvonaiadunisiuie

msdnusevennsesliornasluaneldantisnisyuidy
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dN138NT

. 4 gunIniAn
ARLRADU
\o'«C; - 5
a A va qé q% ﬂ%
7 YorLTeu 2 Gl S WUUIABY
€ 2| =
<
— o = =
tFre) 2| & Te| T
— = =2 =] — —
@ ) = r’u_; [cw [cw
el 3| = | & &
~ Gl @ < < <
fsnl I~y (= BN Y~ RN
cl v = S| 1=z 1=
2ol o & gl .S
I = S R (R
1 | S. Alajmi & M. Almeshal (2020) v v XGBoost
2 | Chan et al. (2021) 4 v" | RNN
3 | Ambadekar & Choudhari (2021) | v/ v LRM
4 | Xu et al. (2021) v v SVM and LRM
5 | Marei & Li (2022) v v CNN and LRM
6 | Amarin et al. (2023) v v' | SYM and
XGBoost
7 | Cheng et al. (2023) v v ANN, LRM and
SVM
8 | Qiao et al. (2023) v v | CNN
9 | Guo & Wang. (2023) v v" | CNN and RNN
10 | Zhao et al. (2024) v v Bayesian SVR
11 | Wang et al. (2024) v V| CNN
12 | Huang et al. (2024) v v | CNN




Ui 3
A5 UUN15IY

Tuunflaznaniaisnsaiiunmeass Ingasgnuisesnduassdrunande ludu
KINLNANDITUNBUNSANYINTANUTORAENSAsURUavaRnlinnaIA15lus (Fada?
3.1-3.2) hazludiuNdn99rNa1IDINITAS MU UTIa09E 1M UYNUINISEN SR ANE IS

TudfinunssuIumsyuiy (fdei 3.3)

o/

3.1 Jaquazaunsalinldluesuile

3.1.1  Jaanldlusuidy (Materials)
3.1.1.1 mdnmainay 1n3n S45C dunuaugnans 50.8 Tadluns
Tuudedidenldaunamadnnaiansuaunananse Sas5C vun

a a

urugugnans 50.8 fadwnsidudunudmsunedounsdnusaiiessn man S45C &

v
v v <

AMANTANIINATA 119 uAINude wazauwd s wasiuiidenlunisvidudau

<

s0dnsnaney wazdulunfdeulumsinienisslutudiuniesdnsuanmnge

3.1.1.2 iasdandeanslualadinfieuiias TNMG160404-MS
Tusrddedidenldon adandinsludlindouin Tnedinfinndsd
sunsafudndensuwii (Uil 3.1) siiaingln TNMG160404-MS tnsa HTI10 dldaudmsy
ndslavzuazelane ledialinndasdvun 16 Tadwms AUwW 4.67 Jadwns wazyuie

U9 0.4 TadUnNS NANAINTIALANANSLUA-TAUDAR

U7 3.1 indindsmsludliiedauin
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3.1.2  gunsalnldlunuide

3.1.3.1 1A3paNa

nsnadeunsdnusesiunisiaeliingeandeniusgs dve
Kinwa §u CH430-1700 efinnidnuazioniy Téun anuisiseugean 3,000 souseund sas
Jauasan 0.3 Tafiunsaasou Aue13lun1Indegean 1,700 Ta5iuns wazaIulsanas
Furldiduinaudnanigan 630 fadins (U7 3.2)

s andldunsindassuy Linear scale digital readout Lite
muAuALAaIaLAdauluuuILay X uaz Z lasszuudsnandanmazideslunisaiunu

AMUAAIAAABY 0.005 NaLIAT

JUN 3.2 iesesnasdmisunaaeunisdnnse

3.1.3.2 fsdmsuussqlulasiauman

a

nisneasslddeiniiululasioumaivuin 30 das (JUA 3.3) Gad
YAUINEUHIUANENA19 60 Tadiuns uwazdnnUa-Uals lassad1avesdlsenausig wils
suluiymemiuenudusazyuduuidmviuiuanuiu duduuenaaininauwnias
wazipdausiediuatudeny dedidmdnuszana 25 Alansudeussylulasiaumaiiuds
v & v & o A = %
wazansanniululasiuvadldiduia 65 Tudslidnisldam

@} YDS-1-30‘]

CHART / GOLDEN PHOEY

-

[

U7 3.3 fadniululasiaumen
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3.1.3.3 wlane
ATl e ulanydmsunsruiunseuRusa (Tempering) 4
a1unsabigamnaluyie 25-850 asrnga@ea duuianiglu n31e 22.8 817 10.1 uazgs 9
WU Susesaag 0.08 gnunarne TasnglumAndauiuiuanufeuseuntly

U7 3.4 wnaulane
3.1.3.4 \nsesusiiseulansiuuiou
wIestudnsoulansuuuiou 8% IMT Su G1-10 (5U7 3.5) Ty
Avafunsnedimeivialndezenau giauuuinlii lneduasosdudasouaunsalyd
wserulunsTusdlauinani 35 wingdraaa aunsaduguaanseulansuauuinduni

AUENAY 25 30 uaz 40 Nadluns

JUN 3.5 Wnsesudiseulansiuuiou
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3.1.3.5 invesdausuniinlay
dieusumihialangrounsnsaaoulasadianqania Muided
sudunissnenisldiniesdalans 8% Trojan 3u Gp-2A (3Ui 3.6) TnelaTesdaslanuisa
50Ug9EN 500 S0URDwT Tavsudumuaun 12 Srdmiuldfunszaunse Sszuuiae

[

MAnLAElusEINenIsIn

5UN 3.6 ATestnlane

3.1.3.5 \nsemaasuanuidauuuinnes
insemnasumidsuuinnesalddmsunaaeuniuud e
fandsitinunaglsiiumsyuiy Tneldinsesmaasunnuudauuuinnesa Bve Future-Tech
U FM800 (U1 3.7) FeRnmsinamysiidanuuds 10,000 HV ARIENYAILIONIZVDIUAT B
Usgnousae srozn1svanuluuny X wag Y 1uia 100 fadiums a13ns0fszegiiainis
neAalATENINg 5-99 Fuil LazlsinegeEa 2,000 N5

JUT 3.7 1A38dnAmILudeuuuInines
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3.1.3.6 NA0IYANTIAUNIBNNIAZTIARINUAILUY 3 Tf

naesganssmilunuidedlddmivAnvinisdnuseuazyseiiiy

v vy 4

Tassasimnaganiavesdafiandaiiunazliunisyuiu Ineldndesqanssad 8ve
Olympus 31 OLS5100 (U7l 3.8) awnsaagninlans 2 uag 3 4 divdeuiensus 5 i
uH 100 W1 wagiiunnsviauluwn X 300 Tadwns uwag Y 300 dadwns dszuunewnes

o U lﬂl dl
ANNIUNTILAFDUN

JUN 3.8 ndosganssal

u

3.1.3.7 Nd03qanssAudiannsouLuuaeInsIa (SEM)
Turideiidndesanssmididnaseunuudeansia lunsmsiasou
nalnmsdnuseuazlassaiimisganiaveiindands Tneldndes (Uil 3.9) 8ve JEOL fu
JSM-6010LV @vaninsngenmiunuldialavzuarelane ffdmenedud 10 i aufls
30000 Wi Tagumdeniliunsiianeissdusenoumandl

% L4

U7 3.9 nesganssmil

BidnnseULLUERINT A



38

3.1.3.8 inSesiiansinadsnuuiadiond (XRD)
Tunuideilfindonniosiiasginmadsavudsdiond dwiuns
nyvaunmaasuladasiaisdnveadadandaniludiiiunagliiunsyuiiu Tagld
\A3 09 D70 Bruker $u D8 Advance (3U7l 3.10) AaidnuwazlanzYosA3 8 9UTTNOUAIY
unaarifinged Cu-kal usadulvily 40 kv wagnseualudin 40 mA drsnisTauy 20 G
10-90° vzt eAT U (Step size) 0.02° LazsTezIaINsTUR et (Counting time per
step) 0.5 U7

JUT 3.10 IASoqlATIEvinSiaelunssdiend

3.2 JUABUNSANEINISANATILAzNSAsuRUasvaindiandsnnslus

duilinaueisnsuaztupeumsinunginssunisudsunlasweadedandsans
Tudludusingg Uszneusie n1sdnuse n151Ud suudaslaseadiamisgania waznis
Wasuulaslassadrendn msdnwdidumslaensuiiisuduseviadissinndediliniunig
yuifu wazidafiandsiniunsyuduneglddeulunmsyuifuiifivun lasazisuinaue
Funeumsfnudaudnsismnisndainndsdmsumsguiullauidweunsnsnasy
nswasuulasasuiiniang madasulasaiimisganiaaznisAyuuladlasaaing
wan Tnifernmdile sUfl 3.1 wansumudsduneunsduiiunisdng



39

waidanavmslud

Humsyuidu . lisumsyuidu
. Latumsyudu (RYruKYD -170 dvmwatBea Wunal 12 24 ua: 36 Hluv )

. LalumsauAudd (1Wuar 1 2 ua: 3 §luw)
« 9ruKNDluMsaUAUM (NYeuknD 100 200 uas 300 dvmBaldod )

l

naaauANILLTY

NavNQAdUNISANKSD
« Jaqusan S45C
« ANWISISAU : 100 was/uii
« daswWou : 0.22 sau/ui
« AWanlumsUau: 0.75 Daawas

N

Jamsanksd

l

asyoasunalamisanksa

asyvasumsiagunvavlasvasivnvaania

l

ol a =
asyvaaumstasuulavinsvasionan

JUN 3.11 wuradumnoum sAiunnsAny

nsAnmsasuulasnmuaniiveadedandsasludderniunusmirelag
wsoenseanduanangu fo nduimunisgudu wagnguitldinunsyudu funsunis
yaaoswiunInuEdy Rl mimaaummLm‘Nsumm”aasmﬂgmmmju NSNEMNAFBUNIT
AnmsemuiuUsnmsiadeudidnue nsiaAinsdnvse nmmsaaeunalnnisdnvseuas
nynaeulanaienaganafie SEM way minsadeunsiudsuiadassairandndae XRD
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3.2.1  ASTUIUNITYULEU

Tunszurunsyuidudadandanslualindeuin Walinazgninluugly
aruzlimnudulasidaiiandsazgndeusevlumenuduanlulnsauman fgamai -
170 psmnwaidea Ingazyinisudidindandslifidaanan 12 24 36 $2lug 3Ufl 3.12 uans
ssvuuargUnsaifisndulunszurunisyuidu Feuszneudae lulnsiauman (Liquid
nitrogen) Baduanshanudundnldiunmsiaiuludsinifvaun 30 ans Wednwgamgdl
il Susuilslunismaaes Ae iWindandanslud azgnldaslurioogfiden nsldvie
ogfidouludnunsiifiodostumsduialaenssasvhadadandefululnsaume wasdely
nsineaumgivendeiinndannslud seninanszuiunisyudu gaumgiivendadinnddlasu
msfanuegsaiiiedagldmesiuduilariin F (F-type Thermocouple) dudupsosiiotn

|
[

gaumpiiunzaudmiunisldaulurisgung i

ndsntudiniinndsazgnintunnfigamgies lunan 24 F2lus uazidonsuiim
24 §7lus WndiandaazgninluouAud dasgamad 100 200 300 ewriwaldea uaveudy
#lutisian 12 3 Halus duwunwlugudl 3.13 uaz MeazBenduusildlunisguidugn

agUllumsad 3.1

13197 3.1 Fudstunisguidu

Aaus Wiy M nang g9
narlunisguiy Hlas 12 24 36
nanlunsouAu Halag 1 2 3
gamgilunmseuAudy | eseialdea 100 200 300

Thermocouple type f

Liquid nitrogen

Carbide insert

Liquid nitrogen tank

JUT 3.12 FBsyuidudmsudadandaanslud
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vailunmsaviu
. « 1ol
yuiduioar | _ . . 2l
wan 24 31luw

ETRE z = . 1280w . 3% i
wiadandvmslud yuldu . luo _ . l.nIUt:na.au
' « 24 5luo 2ruKnilumsaviu dotududalu

.« 36 5l . 100 avFwadoa
« 200 avmwaldea
« 300 avmwalgea

JUT 3.13 urunmdunaun1syuLdy

3.2.2  N1TVAFBUAINLYS

nsvageumNkddvainuatelszian lidrazdu nsvegeuauuds
wuUSeAad MIvAgeuAMLLiwUUUSuas iseasdunmsvageunuudwuuinnesa Tu
miAdeilidenlimameaeunuuduutinnesaiionisnnaaeuaruuddusedusedu
ganavesdinianda iesainnsmaaeumnuudauuininesamnzdmiunaaeuanuuds
vosdunuruain Samuuiuggdlunsnsraaouauuds waranesaaeuauudly
ssﬁbqaﬂﬂﬁlﬁ[53]%ihmﬁuiﬁéﬁhﬂifmﬂawmu%aﬁ@wmmﬁwdhnnzwmaaumuwuu%uﬂulﬂmwu
whaifei 2.8.2

nanageuauudadadandennfluddndunisiudediaa 2 nau dud
naudilairumsyuiy waznguiikiunisyuidu Taedaiivinasuinweasininnds $1u 5
vtaiin (Ul 3.10) FeaosnduliiBnsmaaouifieatiu

oglsfinna msnshuiveadefinndadiaiemeasuauudaduies
o0 esnnidiedianfedsuiaduammasy duiddaunsaifuiafionadeinnddioy

Tusundsilivsngay (37 3.15)

qmme’mﬁaum’mlﬁa

K B K R

P w o= = ) & = =
AUAUITRIULNANANAT AU NUIANANANTI

SUN 3.14 NuURlUNITIAAIIULT

u
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nsageuAuLiwendaiinndetidunisniuunsgiu 1SO 6507-1 Tagld

WmpgeunuLdsiinnesgunselsndedwaendnsa Jsiinanunda 10,000 HY wazyune
136° Tnglunisvageumuwdald usina 1,000 N3 wazszezAINIINAA1R 15 FuIil

& = =
LAANANAY

U7 3.15 gunsalduBadmiunadialiandsdmiunaaouainuuds

Y

3.2.3 N1SNAEBUNISANNIDLALNTEUIUNISNAY

Tunsnaaauni1sannsavaddninndsluaudTedadunisaienszuIunIg
nasdmsunadiadnndsfidiusezlidunisguidu nsdenldnszuiuntsndaduisnadeu
LIB991NANNNTDAS1IANINLIN A DUT LNALABNAUNTS ITIIUITIVBLAT Bl0AR wazdinsaua

1 4‘ = (% o ‘;J 1 d'

SEMINWAIBILDARNUTUINURUUABLDY [54]

TudunounIsassuianneuNszUILNIINGY INAMMANNAIAITUBUNAIRNTA
S45C vwndurIuALENaY 50.8 dadins gndndleiA3ondesaienuduviousny 350

T8RS NISAINUAAINLYIININATILT BI91NABINTTL BN UN A1NTUNITIUTAT WU 30
fadunsidunas Tuvaeissezaugnilunsufinnuasede 300 dadwns (3UN 3.16)

ol
WIRLNAY —\

v

JUT 3.16 aMmuanamMsdumaniuiinga

AouNSNAmAdaU Wawan S45C Azgnimsauilaenisndslenialinge
urugugnans 50 fadiwns lneduneudasdldldidefianduderduiiidunquiiogisg
AUAY SLTuNUiwSeudmiunnageun1sdnvseriaiun 59 vieuw wundu 27 vieu
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dmiunmsndaeaeuiuiindandsiriunsyuiduaeldessdudand siduuvuun 27
vioudmdudindandsiiumsyuiBuluudussdusinds wae 5 vieudmiuiinilnndedilainig
M3y

anAfeitmusliudsnmsdadeulidne Wesniiinguszasdiitenu
nMsdsuuUasiunsiuniunisdnnsevesdiafiandefiiuuaslisiunisyuidu lals
nsfnwidninavesfnsnsimdeusonisdnuse dluiauuadusnisimdeu fil
AILEIER 100 wnsdeunil sns1leu 0.22 TadwnsAesou wazaudndn 0.75 Jadwns
dlenFevenAntunudussesnie 300 Sadluns (U1 3.17) Fafsrunannnisnumuuisie
WsunsIARgTesiumsinideumanasuounans [55] wagAuuziangnaniniesdlodn
iiomuauauaainiad sulunsianudndauazainuetlunisnds 1adesananie
Digital readout fifiAnuaziden 0.005 fadung Wemuauauaamadeulunsianm
andauazauelunsnas

JUN 3.17 Fuamwildnisvaaeunsdnvse

Tunisndmeaeunisinuseldinfinndsuasiuaugnivasuynasmaseinnis
ndsuly 300 fadwns enszuiumsndseniuaiedu wWedandanildlunisnageuazgn
dusnwitelulessilutuneudaly

3.2.4  N1IATREIUNITANUTD
Tumsinnsdnnseveadindinddlaendsainnszuiunsndsveaeunisdnuse
Yy 2 a = Y = - vy & @ @ o oA &

wadndiandenvun 59 Wiegnuuaiu aeangulaun 54 Wa Wudediandefiiunsyudy
way 5 Winflandedilinunisyuidu e 2 nqu gninn1sdnnseusuRaviaunIy muNInIgIu
SO 3685 (3U1 3.18) Lilpsnnmsnunudsimhssunssuifeltomuin nsdannseusiim
HIA1UY19 118931nUTIMAINa 1EANUE A ag 198 AN MAITUNULAL AL TTOUENT
naalagsau [56]
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SECTION A-A

7
I

JUN 3.18 nuuansiiufidmiunsiaaeunsdnusenuunigIu 1503685

KF = crater front distance
KB = crater width

KM = crater center distance
KT = crater depth

o
g VB, f=m
K “I c

| ~Flank wear
r C land

B N vBgmax.

VB
s HI

N 4— Notch weal

VBy

lagnsiarinisdnnselanidunisaiend 099anssauuas (Optical
microscope) iindwene 5 wh Tngldlnunfiuvdsiin (Dark-field microscopy) audulnundi
wangauuardenlunsienmlany Wadandddsunsdnnsdudnuasdisudiaiudm
ludvesndesganssmi ilelvaunsadaunanisdnvseldodistaau veulnnsinnisdnuse
ATBUARLUIATALGR LLazﬁmaUﬁmﬁaﬁ’Ui’aaﬁumu Fauansluguil 3.19 fuitfansdnuse
gnimualiil 1.5 Sadns Faduieiaseunquiinnisujduiusseninsnusinuasiianauiu
Fanluszminanszuaunisnas msiiudeyanisdnuselddidunisiigndn 5 qa sie 1 Winila
nde Meluraulunszesn1a 1.5 Tadunsaing

429n15IMNTSAN NS

:]:I.S mm

O

AMuntraasaiAnae AUt TauRaNAnE

JUN 3.19 Fuamsinnisdnuse

3.2.5 n1snsIadeunalnnIsanmise
nsAnwnalnnisanuseveadindandsiuiunislagldiados SEM dranm
dindandsfirndmens 65 wih wsaduluih 15 Alalaad wasauinduasdidnasou (Spot size)
30 wilwuns Tneldlnun Secondary electron imaging (SE) Tunsanann wlesaininun
SEl aunsalideyaisniudnuugiuiuarsuianiiiveadninndsldesnasdoauay
ANTA [57] msmmaauﬂalﬂﬂﬁﬁnmazjmﬁuiﬂﬁﬁnmmﬁwﬁm audn waziavau wesen
L?;Ju‘u%nmﬁﬁﬂwumiﬁﬂmaLLazuﬂgauwuﬁ‘Imsmimmamwmmimmaau
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mslasziesdUsznaumaaiivuiiuiniiinisinnseveadednnddldinaie
Energy dispersive spectroscopy (EDS) A3ugiulusunsa INCA Fudugensuisves Oxford
instruments fildAUAusEUY EDS TUsunsudsnanussgguieyassduszneuvessigmieg
Anulupsnesin FupeunsiasziFudufiensaisnmnsdnused Mdswens 100
useruluin 15 Alalaad wasrunduasdidnnseu (Spot size) 35 unluuns tagldluun SEI
ndsaniulusunsuazdanwlui Tusunsa INCA waziianyalunsiiATeiasAlsEnaunIe
il antfulusunsy INCA e wan1siiesigosdUsznaumaaiazianslusuuuy
Wosidulagudn (wtos)

3.2.6 tumounansraseulassEianegania

Tngluadoiiazesureistuneumansnasulassaiansganiaeadaia
Tnvagassazdonfuiduneuninaisuiatuiiu funeunisiidusud SEM auluds
fupoulumansraaeulassadiameganialaenisld SEM lunisamaaey

TngunAudieflazvihmsasiaaeumslanginelidiezdunisasaaoy
Tassaramsganiansevsdunisiinsesisinsnslulaveiidesnisduusdodinseion
Rmihlavedusenstarierliianussuuanitan Tuunnsdtunulaveuisedaiity
Enunidulundosnsefufutunuilieynmswiouia fufunistusiFeudmiveulane
Fulusedmsudagminariudreiu msdsadeudmiulansdunsihdunulanyly
vievusneTaniideuudatesninfiolhedenstuiunudmiunisuiolave eunfudn
faniisngninludmsurevilansdnidunefiues lnensvhduFeuindemhiuiunulany
fislunaliiiu wilsia idesanmidoufiiundsinduualvgiuludnsugmirludiedes
naaaUs1enlun1InTRdeunlanyinesely

3.2.6.1 funeunawieuiadadiandafienaaeulnsaiimisgania
dnfiandsgninlutuguduiousaeiinisdugdabeudou Tnedh
Sewhnuanedwasylialndevienitu lnsldwedweilneussuna 20 nfu vssansoudu
dadianddueioshiadeudeu Mnalunmstusudausou 20 it wagldeudou 140
psrmwaldea sio 1 fiSeu nesiFousziidusinugudnans 25 fadng tieliazainsionis
asvaeulasadenganiade SEM windanddudideuszgnidlaeiuiiudiwendaie

nAseenduuen dnvazveadeinndsiiiunstuguiefidousounansieguil 3.20



46

€ o4 =g o
WANANAIAS bUA

sUl 3.20 mstusdeudindands

devhnistusuiidouseuseudesudieususruvreasiniandesgn
‘U%"U‘Uism‘ué’wmzmwam%’mﬂfﬂ LUB% 200 320 400 600 800 1000 1200 1500 way 2000
pudu Tnen1sdnsudunismuuinggiu ASTM E3-11 Tnedifiunistnuiuszunureads
fandefinnuirlunisvyuresnsgatunsis 300 souseund 1aan 20 wifideTu uazksina
dewmneiadeilfusseulunisng Tneldussnalaguszan 2 fa 3 Alansy wasdleviins
Farafani avosudrazviininsreaeuinimivessiafinndedisesvosnszaruniouas
fimmdlunsdalulufiamadentu rndudledudauesioly agvinmamyuiunulnessds
nsesdaily 90 asm Ui 3.21

uaguanuaz@an

nSzAENSIE

e —— ——

irnsaglians=aEnng

JUT 3.21 dnvaguarisnmatawisuiavinvediniinnas

\avsuszurvreainiinndsaufiansemumseiues 2000 uda Fetaian
(Polishing) shusamysaua 1 uay 0.5 liilasians msldmameslumsianiiinguszasdiilo
ylsiaseuluszdvosmen ansesdndiu uaziindulansfidogunnmsdaneiu ndanms
TanunwaiFouiesud infinndegninAavidaoiheniagas Murakami ilunan 3 unil
iierndaeumeanieiruroinszatereuazunssiRnog U nmeuINTY uanand nsiin
Ranthdselfueafiunsulddmauiy
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3.2.6.2 fupouminsraeulasiainemnegania

Tutunouwsn iedandsiiiumawlsuimigndanslassadafe
NA0aNTIAULUULAN §%e Olympus 31 OLS5100 Tneisuduiifdaveny 5w Weusu
Tnlfalvidaiau udamndufinmdsveedy 10 wih uazgavefifdsvens 20 w1 Fadu
Mdswereiausoneniulasiaimisganirvedafandslddaauiigndmiundes
anssmiLuuuas Tnguszasdvastumeuiifonisussdiuauammawdsadiesis Wun ms
AyREsuUNsTaLIITusesdnua sesv U Ivasmdevi ol uasmsUszdunisAansai
finsinnsaunniulunield mndanaviusesdavsesesvuuwiy dreg1sasgninludnmena
wshmisnads lusasifoatu mamuhiimsfansaunfuluauiaonihmule adosiings

YARAWNYS ILLAENANTA LD NASS

Arsuaumy

JUT 3.22 dnwagnsEnfinasueunyiudiniinndeiimiunnstudaiseu

waannUszdfiudewumendesqanssadibuiadd Wadandsansludfiag

o

gnihluduBatuuiunafetng (Specimen stub) (Uit 3.22) Tneifindinndsazgniieviuse
fseusounaziasveumuinseuaiiainnds n1sldmsusunuaeuseuindand el
Toquszasdiiiovaglunisinluiia iesanmsdieninsaeg SEM fesordeninilvlfiilunis
fenm ansusumnUIshefinuszans mraailafiszninsnnsaneai Tunisaente
lnssasnanganinvesdiniinndsgnaneselvun SEI lunisinenin ussiulih 15 Alalad

LAZUUINEMEIDLANATEU (Spot size) 30 UIlUNAT Lagi1aswey 5000 Wi Tun1sanenw
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327 nsasedeunsilAsuuUadlassaiandnvaaiinsinngs

ilovhanudladunevesmsasuulasmaauifininavessindandaion
wazndanisyuiiu mnsaaeulaniaiiawdnielianudidyed9denisiiaudila
AasuAvenauazanssougnsiadewveadaia esnlasairmdndenalngnsaso
anuuds mnandlen mnuduniunisdnuse wesanautAdug MAadesiulszansam
nsldaureaiinge

Tumsfnwiutsmnmadeunadsuuladlassaandndy 2 nguldun
ngubiunsyuLiy uagnguitliiiunisyuidy Iﬂﬁlﬁgﬂﬁa\‘iﬂa;m]zg]ﬂﬁlﬁﬁ]a@llﬂ’liLU?ﬁIEJ‘NLL‘Ua\‘i
Taseasendn Tunsdnuiidldiag e X-Ray Diffractometer (XRD) 8 %o Bruker $1u D8
Advance nglunmsamageumaiasuuladtasassdndiidunisivas 20 fus 10
90 8371 Tngannanislduyulugaeiidesnin Wuriaaiiaseunquiiandnuenis
psanaounTUdsunUadasadandnveslane (58] Tasennisifiutuvesyy (Step size) fiay
0.02 D9 warsvEzIaNITTURBURALU (Counting time per step) 0.5 77 lHunasniiin
Sadend Cu-Ka fiusaduluidin 40 Alaload waznszualiii 40 fadueuuys

yn131eaeg i ueiluedes XRD luuinaiiiivun lnewudiuiises
defandadmundsiniinisdiond (Uil 3.23) dunsunisnmaaeuBudusismsiiaei
Tnssadandnveadadiandsiildiunsguibuiou mnduiwnaaeulasaiwinveudnia
ndsitrunisyudu eldna XRD uédm thdeyaswdonnsmidelusunsu Origin Lab Lile
Anwinsasuuladesadandnveudiniandeiiuuarlaisiiumayuiu

unasnindd@(X-ray) AduAuu

v & = =
ATUTNUDAUNANANAN ﬁ

U7 3.23 dnwaznsandiveadeiianddlueies XRD
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3.3 MRIUIENANITENNTEAEATNTREUI VR UATEINS

Tustadioll fadiumsfamiuuuiiassnmaidsuiveaaies (Machine leaming model)
Wionensaln1sdnnsevesindnndersluduuuliiadeuda (Target variable) 7 W71
N3rUINNsYUEuUNelafwUsveINTEUIUNM YUY (Input variables) laud tia1lunsyu
W1 (Cryogenic period) 1ianluni1saufiuda (Tempering time), uag gaumgiluniseudusy
(Tempering temperature) Iumia%’wquﬁmaamiﬁ'&lufsuaam%"aa%“ﬂiﬁ 14 Python wile
A59UUUI1809

3.3.1 dayalunisviunenisinuse
Tunsaauvudiaosnafeuiveneiosinsi doyafiléinanassd léun
(1) YUlATAGIEMEaNNITBNLUUNNTNARBIMUY 32 urnnaiSeadiad laun taitlunisyuidy
12 24 waz 36 $lus narlunseudusi 12 wag 3 Halus gavhegamniluniseudush 100
200 uay 300 psruadea viavun 27 gadeya (2) yudeinndantadonarlunisyudu
wattunsevfuwazenmgilunseududa lnededenailunisyuiuwinnisdulugag 14 s
40 #2lus valunseududa 1 fs 3 Falus wazgumgiluniseudud 100 f¢ 300 o
waldua lnsgadoya 27 Toya uarlunsiuenisdnaslddoyadisansyanusudu 54
Toya
3.3.2 nszuaumsidndeyadmiunisiBouiveaniasing
Tunszuaumsiseudveanissmsluandeyaainld SV (Comma-separated
values) Lutunouwsnfididyedneds osnnlng csv iusuuuuillisuedaunsvansly
msdmfiutoyadene deyamaiazgninlulilumsfindusasnaaounuusiaoamsaiious
younsesing Tasmsuutnlid csv laglélaus s Pandas

3.3.3 nszuruMsuentayad nIuTEUIvaLATaINT
TunsuendeyaiiierinisiinaeulumadmiunmsSeuivetaiesing dnduses
nsuendeyadmsumsinasunisiiouiveuniosdns wieasisundtlaininiswendsia

wUstd wazduusidmune Taglunuidetmmualy dudsdnds Ao narlunisguilu
wantlumseuaud war gamaiiluniseufiudm wagdusdmung fie nsdnnse

3.3.4 MsUTUIRSTIUAMENYMEE MU BT YR UATRIINT
Wasanduusiuuagiudsnuluanideliinnwinsdiu (Scale) Auansing
Ay NsUTunInIgIuAuanYuy (Feature normalization) JudunszuiunisinIvudoya

'
1 a

\Uasiu (Data preprocessing) NflAud1Anyeg 1981 IneliTngUssasananiiousudnaives

AasEnwe (Features) g luseaunlnaifssiu dwsdroiiudszansamlunisussanana
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Y938aN03NUN1TL T8 UFVBUATBY (Machine leaming algorithm) fatiu Tuauideiidadentd
75 Standard scaling e lalamIANURANANYDIIATIAIUTENIAUANBUEA1

33.5 wisdayaseniuyainseuuaznaseudmiuSsuiveniasing
nasudunuifed Idfinsusgndeyaoondu yateyafinaeu (Training
data set) uaz yadeyanaaey (Testing data set) fedns1dIu 80:20 LislAnANLaNna
sevinsUsnateyaildlunisilnasunuudasaarnnsussiiulszdnsam lnosnandiu
fananlesuniseensuegsunsvansluguaunisiSeuiveaniesing suilsing1unieainns
Anse iUy induasmdnmaneada dall
1) vunvesyndayaRinaoud 80% vestoyaiumatiy I wauieg
W oawenan1515oug ULV (Pattern leaming) Lagy 2815
WUUTIa09aIn150duAINdUta (Complexity) vastoyalrogndl
Usgdngnn
2) suAvesATaavAdRUTl 20% vestoyatanuatiy SUTinaifivie
dmfunsussifiudszadnsnnnvesuuudiaesldegrsindode
(Reliable evaluation) kaztasanAandssveanisUsziduilaiusiugy
(Inaccurate evaluation)
swfansudsfoyadmsunisinasunaznisnaaoud sns1drud uqgn

WSHUBU LARIAIRISIN 3.2

M1597 3.2 MslUTEULgUSRTI@IUBUMTUYANTSHNABULAaYYANTSNAGEU [59]

9n5167U (YernaaU:YANAGaY) U9 Yag11n
auna anALdedlunng
80:20 ) -
Overfitting
70:30 WUUUIAYANAZEY anUszaninmmsiseus
90:10 WRNYUAYRRNEDY \de3si0 Overfitting g

33.6 tumeudwiunisiuienisdnise
Tunisuienisdnusevesaudnnisludlaglduuudiasinisseusves
\A30adns m'ﬁﬁ’ml,ﬁam,l,umi”]amﬁmmzamfusfuaq’ﬁ’utﬁﬂwmzmwwmmﬁmmﬁﬁmmi
wensaladns aundnnsiiugiuresiygnuseviian isaneifiulafimuzandan
dm$uyndam (No free lunch theorem) fatfu Tuauddedalddonlduuudianinis
annaeldady, Snnedannmesuuedy, wazuuusiany Extreme gradient boost Liteviinas
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Wisuieuuszansnmlunisvine Swguijuazndnnisvedsuudiaesisaulanaiiluun
Aeunthilludiuvesnsyineransannsenieisn1sseuivesa3eddng

3.3.7 M3Useiun1sUTEaNSANLUUTIaDY
Tumsadrauusiasaiionsinsainadnsvesdymiiavla sududesdinis
UsediuUsgdniamusuuuinaes Wetnmnudenndasseninaamensaiildfunadnsass
vosUsngmsaitug nuidediadenldid Tauszandnmdusunismeinsalisonnes

=

(Regression performance metrics) Mdunfoulunisuseifiuanssougvosuuudans loun
SINT @DIVDIARA UNAIADIVDIANUARINAA DY, duUsEaANSN15inaula, way Aade

v '
v v a

ANNAAIALATRUANY TN Fanguuasndnnisvesindiniiiiettes Neaulananiduiite

v Ao

2.10 TuduueamsUs e UL UUINEIMaLATINUSLANS A INWUUINGD



UNN 4
NAN158LazaNUS1gNA

uniasiaueuszieudisuisansenuresmsguifudenisdnuseveadaiiands
msludfisnunszuIumandandnasueutiunans 1nga S45C fAnsiadn 100 wasseui
gns1lou 0.22 seusioui uazauanlunisdnden 0.75 Jadwns lnefmuanisndslen
Aafirmenalunisnds 300 fadluns wagkansenuvesnsiasuulasmaauifnisna ng
wWaguuladassaimisganiauas maUdsuuladassairandnveadefinndsansludi
nsyuiiu Afuuslunsyulbuiiunndsiueriigy nalunsyuidu narlumseudus
waggaumaiiluniseudud saudsdnwinalnlunsdnnseveadninnds iilevrdoyana
nsfnwiluiunensdnmsevessinfinndsiinuuazlsiunsyuiiu

<

4.1 NANTIINAFDIUAINULLYS

& N = o & | & ! ] [ B

dinfiandsildlunismaaeuanauudegnuieenduaesdiu Tngdmusnidudeianga
Pl unsgudu $1uau 5 Wie wudndaanuudegedge 1,520 HY A1auudenign 1,400
HV uagArmuwdaadie 1,470 HY aguilvimihnduiewSeuiiisunadudindandeiinim
nsgudu Wiafiandsludiuigesfewdniinndedrunisyuidundudslunisguiuiisneiu
Uszneudie antunisyudu wanluniseududs wavgamgiluniseufiudy nanisveaeu
ANULTLEnIiannsei 4.1 waziiielidiun nsinveskanisnadeuguil 4.1 laewdlofiansan

< o ] v < & < i

wanlunsyuldun 12 24 uag 36 Talusaziiuladn maiudwvesiatlunisyuiduinasie
auudvednfinndaiiiiuiu nedefinndmdnisyududanuudannigaiivatiunig
guidu 36 13109 s89aUnAe 24 waz 12 mud1au wazaamgdluniseududs A 100 200
way 300 asrwaldea aziuldinnisléeaumalilunisevfiudnasiign 7 300 walded dawa
Tidefiandsdauudafianas WewieufisudvgumgiiluniseuAudan 100 uag 200
wderiuiuaaldluniseudud Weldianlunisevfushiiiusnnvundudmaliifinge
nésdiruudenandosa

Tempering temperature 100 °C ~ Tempering temperature 200 °C Tempering temperature 300 °C

— — [SEE~Y
N ® S
= e o o
S S o o

AAnuudviaasuav
uiadanndvilikiu

1400 Et==c=gommopone ooy pb e e 5 = 1470 HV
12 18 24 30 36 12 18 24 30 36 12 18 24 30 36

Microhardness (HV)

Cryogenic time (hr)

—=— Tempering time 1 hr - #- Tempering time 2 hr --4 - Tempering time 3 hr

= o & N e
EUVI 4.1 LEANNANITNAZDUAINULLUIYDIUAUANAY



53

AN599 4.1 NANTNAFBUAIULTS

VaguLiy gaunnTaupius LaRUAUR AT
(Fla9) (93ALBRLTYE) (#l9) (HV)
12 100 1 1933.02
12 100 2 1887.24
12 100 3 1866.14
12 200 1 1864.60
12 200 2 1860.36
12 200 3 1836.28
12 300 1 1818.16
12 300 2 1809.42
12 300 3 1790.44
24 100 1 2100.18
24 100 2 1989.62
24 100 3 1930.96
24 200 1 1956.32
24 200 2 1935.51
24 200 3 1918.13
24 300 1 1930.74
24 300 2 1924.08
24 300 3 1900.24
36 100 1 2252.32
36 100 2 2161.46
36 100 3 2111.14
36 200 1 2148.24
36 200 2 2129.12
36 200 3 2123.38
36 300 1 2085.92
36 300 2 2028.81
36 300 3 1935.36

nsinauvesrukdadunauiannsnseduasaumginvesiulnsiaumad d
dsnabiianisdns e lndvadasiasisernay vsenseninnsilasuwlasaunsmulad
(Martensitic transformation) [60] TUUMELABINUY NTZUIUNITBUAURINSU dINa IiDadmY



54

ludnaniie (Retained austenite) luindinndssludasuudasduuulud (Bainite) 39
Juwmglirnuudsana [61]
ayUledn msdimnanlunsyuiludmalbinnuvendedinndaiindy Tuvaueinisiy

gampiiwazianluniseufumdmalinnuudanas

= < = = -4

4.2 Naﬂ']iﬂﬂ‘vi'ia?lax‘lLilﬂ&lﬂﬂa\‘lﬂ']‘ﬂ‘l]ﬂ
AIMTIABUNITANMIBVDIATANAITLIN AT TUNITIATIZNTENNTOUS IR
wau (Flank wear) #a31nduusinniiinanszsnulaenswonunMAITUIIUMEINTZUIUNS

o

nae wazdusadSaddalunsusaiivaussausvounsesiionn [62] Wesouiiou Winia
ndsiilirihumsyuduldfunismaaesunsndaneldtevludeaiufuidesiondsiiinunsegu
i Tagldfuysmsdmdeunazanuennsndsfimiloudy
Tumsnaaeunsdnuseveadadandeiy IdhudedaunndeTanumdnnan sasc 7
ANLEIAR 100 wnsaauil §ns1deu 0.22 seusioundl uazarudnlunisdaidau 0.75
fadiuns Iagvinisndsonfafiarmendlumsnds 300 fadiuns mveaeusudunsingld
dadiands 1 WiadeTuau 1 §u Suiwienun 5 §u wansianis@nvseusinuiadudis
wanarigean 110.87 lulasiuns Asngn 97.65 lalasiuns wazAade 104.48 lulasiuns
nansnageuNsAnusevesdiafinfiniunisyuiunanslumssi 4.2 wazangud
4.2 uansbiiuiszeznalunsyuduinanssnusenisdnuseveufiniinndsegelidudAny
Tnonsiiinszozanlunsyuiuszanmsdnuseas lumamseiudin mafingamniuasiian

TunseuAusimdinmsyubudaalinisdnvsesiniu

iefinsannsdnnsesiufunamsinnuuds (U 4.3) nuindianisveswanssny
desnnmsyuiduiinnuaeandesiu nande muudsiifistuludniaosdwaliidede
nasinsdnusefianaswnudndiu nansfinwilaenndesiuauissves zhou wavans [63]
fispyinagifenuudaistuagianuduniunsdnnsedifudumulde fadu s
anunsonanliirnuudadutadondniinuquenudununsdnusevesian

esnemnndauagmssumunisanmsedruduiuslnddadu gl Yagid
anundageardiauiumudemsdnusennnndn wieudniusilidudunsaausly way
filaduduq Ndwasion1sdnmse 1wu gamgiiluseninemsdndon muSounienuvguse
v03tuI ufviagussinenanumusensdnvseluaninuandeuni udlimumiuludn

AN INADUNTI
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Tempering temperture 100 °C  Tempering temperture 200 °C Tempering temperture 300 °C | 4

110 —_— — T —— e prp—————————— —_— an e
[ (n o4 ) uiadannavnliniu
- 100} (") ®) MsyuLdu = 104.48 pm
g 90
&
= 80
&
= 01
E
a 60 |-
50
40— L " N N " " " . L A s " " "
12 18 24 30 36 12 18 24 30 36 12 18 24 30 36
Cryogenic treatment period (hour)
—=— Tempering time 1 hour - - Tempering time 2 hour -4 --Tempering time 3 hour
a P a A W oA 2 A A Y
E‘U'V] 4.2 LLﬁGNNaﬂ’]’iﬁﬂﬁi@sﬂ’aﬂmi@ﬂmaﬁﬂﬂmﬂuﬂ’]’isq‘UL‘EJ VIQZIJ%QZJI‘LJﬂTiE]Uﬂu@']
dl U U
NEHNRNIINU
- Tempering temperature 100°C Tempering temperature 200°C Tempering temperature 300°C
95 |-
,g 90
L L
s 85 0.
80 [ o =
.
S 5| ° ‘ %
e " ©
E 70 © * *
8 6| i o
i |}
60 [ N
55 | *
50 1 1 1 1 1 1 1 1 1 1 . 1 L 1 1 L 1 L 1 L 1 L 1 1 1 1
1700 1800 1900 2000 2100 2200 1700 1800 1900 2000 2100 2200 1700 1800 1900 2000 2100 2200
Microhardness (HV)
Temper time (Color) Cryogenic time (Shape)

Tempering time 1 hr
© Tempering time 2 hr
® Tempering time 3 hr

o Cryogenic time 12 hr
O  Cryogenic time 24 hr
< Cryogenic time 36 hr

JUT 4.3 uanspnuduiusseninsmannuuduagnisdnrse
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AU gungieuAudm | nateuAum NSANYTe
(#l) (pervaLTea) (Fla9) (lulasiuns)
12 100 1 66.698
12 100 2 70.415
12 100 3 75.307
12 200 1 77.596
12 200 2 81.678
12 200 3 86.139
12 300 1 82.806
12 300 2 85.168
12 300 3 88.771
24 100 1 58.519
24 100 2 63.194
24 100 3 65.573
24 200 1 70.327
24 200 2 73.303
24 200 3 75.088
24 300 1 76.587
24 300 2 79.499
24 300 3 81.479
36 100 1 53.642
36 100 2 55.479
36 100 3 57.453
36 200 1 62.675
36 200 2 66.256
36 200 3 69.494
36 300 1 70.709
36 300 2 73.684
36 300 3 75.723

F70819N ALY DUANUAUNUSTEMI AU T IWALAITAIUNIUNITENNTDVD UL AT

ndaneldaulunsldanuinanma1eaiu aunsanulsanauideved Venture wazane [64]
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Felamudunsfinwnsndsianumainaudunuaudnans 65 fadunslugesguuuu Ao Lwan
naudfisesduwazinananilifisesdu (U7 4.9) Ingldifafiandsasludliindoui
nansAnwuansliiiuit msdnvseveadindandeiildlunisndanainaunuuiises

S '

dudlinaandinisndamainausuulifisesduegafifeddny Usingmsaitiinaindnuueznis

L]
a q'

saideuiilisadedunsdveananauiiisedy Sdmalidniandclisunsinszunndns i
vinatevendaiia Wedndunsndudussesinauiu asfiansazauvesninnaien
(Stress accumulation) usnaaneidadiands uazlufigraztlugnmsunniniuiinulane
Jndands msfnwiitiiduieuddyresieulinsldnuitdmansenusionginssuns
dnvsevenesilodn

U7 4.4 wauuuilsesdu

Tnsmsdnnsevoundesiiofaisiunszusunsyuidugnaunulaetadovdn 3 i
#un szoznalunnsyuidu szernanlunisevaudi wazgamgilunisevauda Jadauds
waniiisvinasgreiideddaseruuduasanudununsinnsevesdiaiinndsanslug
MnmsAnuaansaagUiansenuvesusas tadeldded
1) vatlumsguibu: maisnalunsguidudssalianuudaiaznsduniunis
Anvseriiviy
2) “nalumseudui: mafiunauargumniluniseudusdwalsiruuduas
NMSAUMUNSANVTORRAN
3)  gumgiluniseudud : msiugaumgilunsevduddmwalinnuuduas
NMSAUMUNTANYTOANA
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4.3 nalnn1sanusovaadinilangs

4.3.1  msdananalanisdnusaveadindanfeftendasganssaduuudasnsia

iiedanadsnalnnisdnnseveadafiandenfludndanszuaunisndsenin
Tngldndosqanssmididnaseunuudasnsia (SEM) ifdsuens 65 wih lagazutanisdang
nalnnisdnuse Aulafinndsnnsludiliinunsyuidu (3Ud 4.5) Wadiandsasludisinunis
guidudt 12 Falus suAumiigumgll 300 ssmwaldoa Wuan 3 $2lus (3U7 4.6) uay Lia
fiandannsludfitumsyuidud 36 alua suAudfigumgll 100 ssmwalea Wunan 1
s (Ul 4.7) madonszesanlunisyubud 36 uay 12 Falusdivauadenistdauded
dadiandsiriumsyuduiung 36 dluandidiuiinnsdnvseitdesfaelunduiogn
fiiunisyuidy luvaridafandsiimnsguiduduna 12 Hluwandiiiuinnsdn
nsofi i gealunguifoadu dadu dregraisaesiaduiunuvesdinssdanludu
Usgdninmnmsiununisdnnse

sU# 4.5 uamamsanusevesuindinndeiilainunisyuidy ndsnszuiumsnds
Usnilumningn S45C wumsdnusefivinaiafuiisvessindiands dadudnvaznisin
wsondnveuaiesilefinysuavandaies msdnvseuinaiaduiainannisdndsening
\Wiafiandauaztanluseminanszuiumsnas esaneyniaudsluiagiimsdadeuss
Aognadueudevnglitudaiands [65] uazdmunisdnvsenuunquuazseslmiiuiion
$8aA18LA (Chip breaker) vouindiands Usingmisaliiinanunuinveantirfinlunsg
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Spectrum 3
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Spectrum ) .

Carbon  Tungsten  Manganese  Chromium Iron Silicon
number )
(@) (W) (Mn) (Cn) (Fe) (Si)
%owt

1 54.50 9.19 1.19 0.70 33.87 0.55
2 48.17 10.23 1.18 0.67 39.18 0.57
3 48 .40 9.03 1.45 0.77 39.72 0.63
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Spectrum ) .

Carbon  Tungsten  Manganese  Chromium Iron Silicon
number )
(@) (W) (Mn) (Cn) (Fe) (Si)
%owt

1 54.50 9.19 1.19 0.70 33.87 0.55
2 50.07 9.33 1.28 0.57 38.08 0.57
3 40.40 10.43 1.05 0.77 46.72 0.63
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Spectrum ) .

Carbon  Tungsten  Manganese  Chromium Iron Silicon
number .
(@] (W) (Mn) (Cr) (Fe) (S
%wt

1 56.53 9.26 1.27 0.52 31.87 0.45
2 49.17 11.22 1.19 0.65 37.18 0.59
3 45.42 9.01 1.25 0.79 42.70 0.83
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Intensity (a.u)
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wasiinn unasusnifuyadeyadildanasesnuuumsneassuuuifussuy (Mafnansly
5739 4.2) Tnefudsdulsznousg anyuliyu gamnieudud waziiatoududa 3
Toyayaiifidnuasfunuuunuasiinsimunsssusudsedradussuufiofinwnanseny
voawsarilade ogdlsfniu Tuanmnisldausionsgpamnssy dvesiulsfumarions
limonndestuseduiidmualilumunismaaes feiu undsdeyaiiaesiadutoyadildan
nsduidenseiusiuyslunszuumsyuidunuudu Tasnsedumudsiguldandudums
yubuidiafiandsanslud anduiniseasunisfnusedaeniands masusadeyaaini
aosuvatoifionumavaILaz A INATEUARNYEI DY

nsfnvuuuiiaesalddoyaiamuaain n1seil 4.3 Sesudoyaanansied 4.2
wazdoyaiiinimaaeufiunda uazuyseeniduassaniundnnisvesnisifousves
\3esdns leun yadoysiinaeu fovay 80 uavyadeyannasy Anluievag 20



M1341 4.3 YadayauarHan1sUIENTaNTTe

72

a1y QaunNd 1810y HANININABY dmamimma
o L o msdnuse (lulasiums)
:w aunm M nsdnwse | | LRM | SvM | xGBoost

(@0 | (emnaaidea) | (Fla)

(lulaswns) | doua
12 100 1 66.698 69.959 | 67.141 69.085
12 100 2 70.415 71.453 | 70.858 | 70.142
12 100 3 75.307 72.948 | 74.129 | 75.509
12 200 1 77.596 75.248 | 74.700 | 79.260
12 200 2 81.678 76.742 | 77.354 | 81.057
12 200 3 86.139 78.237 | 78.855 | 85.625
12 300 1 82.806 S 80.537 | 81.199 | 84.100
12 300 2 85168 | = |82032|82563| 85591
12 300 3 88.771 C | 8352682195 | 88023
24 100 1 58.519 G | 61773 | 60.514 | 61.690
24 100 2 63.194 % 63.267 | 63.111 | 62.640
24 100 3 65.573 % 64.762 | 65.978 | 65.278
24 200 1 70.327 % 67.062 | 68.212 | 71.501
24 200 2 73.303 2 | 68556 |69.504 | 73.191
24 200 3 75.088 é 70.051 | 70.358 | 75.030
24 300 1 76.587 V% 72.351 | 75.285 76.639
24 300 g 79.499 m% 73.846 | 75.209 | 78.023
=

24 300 3 81.479 c | 75340 | 74.062 | 77.727
36 100 1 53.642 % 53.587 | 54.085 | 55.369
36 100 2 55.479 '”g 55.081 | 55.229 | 58.164
36 100 3 57.453 © 56.576 | 57.366 | 59.277
36 200 1 62.675 58.876 | 61.242 | 63.326
36 200 2 66.256 60.370 | 60.989 66.862
36 200 3 69.494 61.865 | 61.076 67.176
36 300 1 70.709 64.165 | 68.314 | 69.578
36 300 2 73.684 67.154 | 64.937 | 70.986
36 300 3 75.723 67.154 | 64.937 | 70.986
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M13247 4.3 Yadeyadmiuiuienisanvse (se)

nayu | augieudu | Laneu HANINAADY dmamﬁmma

o T a msdnuse (lulasiums)
;Em o P sdawse | fan | LRM | SVM | XGBoost
(@9 | (psrnwadea) | (Falua) y

(lulasiuns) | Joya
14 100 1 68.932 68.594 | 66.111 | 64.693
14 150 2 62.234 72733 | 72.945 | 63.473
14 130 3 73.541 73.170 | 74.363 | 72.867
16 200 1 70.022 72519 | 72.720 | 70.023
16 260 2 71.054 77.187 | 78.496 | 71.023
16 260 3 74.381 78.682 | 78.612 | 72.604
18 280 1 76.371 v | 75.386 | 77.327 | 75.161
18 290 ) 72.894 ;%’ 77.409 | 78.735 | 72.424
18 300 3 73.554 § 79.433 | 78.427 | 75.986
25 100 1 65.432 2 | 61.090 | 59.941 | 62.747
25 110 2 65.559 9% 63.114 | 63.019 | 66.404
26 130 3 66.187 E 64.984 | 65.744 | 65971
25 210 1 68.954 -% 66.909 | 68.403 | 70.032
26 220 2 68.887 & 68.249 | 69.329 | 68.506
[ow

27 200 3 67.552 = 68.005 | 67.994 | 66.995
28 320 1 63.983 § 70.680 | 74.119 | 65.369
26 310 2 66.725 m% 73.010 | 74.269 | 69.401
27 300 3 66.384 U(E; 73.294 | 71.762 | 70.514
35 100 1 53.785 = | 54.269 | 54.562 | 52.315
35 140 2 54.442 'n§ 57.879 | 58.017 | 53.869
35 150 3 53.334 é 59.903 | 59.814 | 55.562
35 280 1 55.387 63.789 | 67.605 | 59.829
39 240 2 55.138 60.440 | 61.461 | 57.383
39 270 3 54.392 63.521 | 61.726 | 52.733
40 290 1 53.115 60.907 | 65.489 | 53.615
40 240 2 53.095 59.757 | 60.837 | 57.383
40 300 3 54.984 64.426 | 62.165 61.803




74

4.6.1 WNAUIBNITENUTDABUUUIIADINITONDDLLT LAY

Tudmvasmsvinneianmsdnusemeuuudnaeinisanneeilady (LMR) N3
Fonld LMR Turuideifinanaddyfo LMR luuuusiaesiiugiu (Baseline model) fivh
ihiiduiuUieudsudmiunsUssdiussans amvaauuusiaesiidudouluduneusely
182] Tne Michael [83] na1131 nmsld LMR uuvusiassifugiu Swenndasiundnniside
it (Good research practice) Tusunisiseusvesadasdng Fauuzilhisuduanlunad
Bouheuandilade Weaisiuguanudilafiduasounsfnlugismsiidudeutu

NansyiuensAnusefsluUTiaes LMR uansianind 4.15 Tngguil 4.15
N wanskansuIensAnusevestuudiassiuyateyailnasu uazgUi 4.15v uansuans
yhunensinnsevesuuusiaesiugedoyanndey il nsutsdeyaanyadeyaomnmy
319 4.3 1ugedoyaiinaeu fovar 80 uazyateyanadey Touay 20 MUINAMINITLUS
yodoyaildnanlilurideismssdunui 3.3.4

nansUszifiuUsEavsnmaneadeyatinaeu (U7 4.15n) nuituuuiiass
LMR fifin R2 w1y 0.7574 wag RMSE Winfiu 4.6274 egnslsfinu n1suszifiuuszdngnm
vosuwuviasdliasionsunaindiTaiosfien 84 fafu MAPE Tegnihanldly
nsAnwaSaiduiad i Tnefiduwindu 14.38%

nansUszifiuUsE A ngadeyavaaey (3U 4.159) wuiiwuudiass
fifin Rz Wit 0.7132 uagAn RMSE Wity 4.9965 Feanasuanifisduidndesnudduiie
Wiguiiguiunaansanyadeyaingeu wazdlAl MAPE Wiy 15.14% Naawsaina1ikans
Tiuiuuudiass LMR fusgansamlunisyiunensdnusedideutnanaissninsyateya
Anaeuuarnagey

Testing Set: Actual vs Predicted

Training Set: Actual vs Predicted

R*=0.7132
4 | RMSE = 4.9965
MAPE =15.14%

55 60 65 70 75 80 85 90
Actual Tool Wear (pm)

N HaNSYUEINYATeLARNADY

Predicted Tool Wear (pm)
3
.
o

Predicted Tool Wear (um)
-
=)

55 60 65 70 75 80 85 90
Actual Tool Wear (um)

U Nam'ﬁﬁmmmﬁqsﬁ]%uﬂawmaau

JUN 4.15 NamMIvIuIeNITENNToMERUUTIABINTAND LY
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HaN15UsELIUUSEANS MNLUUIIARIIINYATRYANARRULAAIAT R2 LAY
0.7132 eaonadosiuaisores Wu uazany [85] MUSsuliteulszdvdamussuuusiand
LRM lumsviinensdnuseveaaiesieda Tnenuiuuudiassiifan Rz annndn 0.7 fedndl
UsgAndnlusedud uavanmnsniludsegndldouldasduniagnavnssy uanaini
Zhane uar Zhang [86] 71l LRM Tunsvhunenisdnnselunszuiunisia Taesieaudna
R fildaglutag 0.65-0.85 Famnildnaraine r2 lugastlimnzantunsldaudsadunig
dnmsouvuniniuazlimugniesusauia

dnsurmatssiiuuuuiiaesie RMSE Tnglugndeyavaaeuil RMSE fid
Wity 4.9965 Tneiilerfieutuadeyarianun RMSE AldAndu 6.949% Teyateyarismun
TnewloFouiisuiuusimissunsauiviinisiuensdnvsenountiidlag Chicco uas
Jurman [87] na1231 Taealuuds RMSE Aitfosndn 10% vestiadoyaioinduin uay 10-
20% o agnlsAnumsiansanmugiunsUssifiulszdvsamuuudiasiibue

WuganuAun1sUszidukuudaeeeing MAPE 31nyadeyanadsu lay
MAPE firwinitu 15.14% tfu eglunasifisensuldifleiisuiuinasguialu sl Lewis
[88] Lau8d1 MAPE Uaen11 10% o3 uaiugngs, 10-20% d831uiuef, 20-50% 8831
wsiugweld waguinnin 50% fodnliiusiugn Fefunuudiaes LMR lunisAnwildeiaany
wiudeglusyeiu

Tnwagy wanisvhuignisinusadeuuusiass LMR Seliannsausdldedng
Faruisenumngauvosuusiassieyadoyanisinused dadu Tuidedaly asiaue
HagWSNYuIEnIsE N seRaBLUUTIaId uY Wi evhnsSeufisuuszans arnves
wuuhaaeineg Allunsinu

4.6.2 WNAYUIENITANVTIAYRUUIIADITNNDSALINLADIUBTU
LUUINADITNNDSALINLHBSLUTTU (SVM) tTunuuInassndiuseansanly

4 a

msdansautymiinisanaesuaznisuunUssianidanududeou nsiaenlduuudnass

24
o Ay '

svM Tusdssiidimapadidyaessznisusznisusn lusudfodiideyaannismaassosng
$1in uazuuUSaesinwosmnmes LY Wuwuuassiivnz fuyadeyavinaidn [89]
Usgmsfiaesuuuiaesivangtugedeyailidudunss 001 Tasunfuds msfnuseves
daflandeneliioulununuiinad 1wy gamgiad usanelunisinnsd wieanmnisnde
duasil aefimnuduiusvosteyafiudadu ogslsioy luruiteditetovansedeiilyl
Asit 1wy nanlumsyuidu samgiinazanluniseudusi dedmalvimnuduiusvesdoya
duwuulihdadu dafy uvudiaes sym Ssgniunvszgadldlunis@nuaded e
Wisuifisuusgansamiuuuusiaes LRV fifunuudaesiugndiléinavelnountii
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31NN1SRNABULUUTIA0Y SYM wudrdan R? wirdu 0.8663 dmiuadoya
Anaou (U7 4.16n) uaz 0.8381 dmsuyndoyanaaeu (3UAl 4.16%) lngaziiuléin R v
yateyaiinaounazyatoyalunsnaaeuiisinefuifios 0.0282 Fsaenndesiuauiseves
Minghuikazaniz [91] ¥n1sviunenisdnusenigiuudnaes SYM dwmsudeyaiuuanney
WaENINRYIINTUSHULUUIIARINIY R2 dmsuyadeyaiinasulasyadayanagay wui
R? dwiuyadeyaiinaeude 0.9938 uaz R? Yatoyanadaude 0.9889 AIULANAINYDIAN
Rz sgwinsgedoyaRinaouLarvadpuins 0.49% Testfannuiaiosvesuuusiaeuasns

1%

Uaafiu Overfitting 1A Fadugawauddgres SVM Augadeyaiidnrin

Training Set: Actual vs Predicted Testing Set: Actual vs Predicted

@®
[~}

~
v
.

Y
o

a
o
)

Predicted Tool Wear (um)
~
=
PO 2
°
Predicted Tool Wear (um)
<
o
o

* e . -
60 o g 60! ®
551 4 ss{ 4
5 6 6 0 75 8 8 160 S5 60 65 70 75 80 8 90
Actual Tool Wear (um) Actual Tool Wear (um)
N HaN1sYUEINYALeLaRNADY U HaMFUIEINYATeANAGRY

SUT 4.16 HANISYINUIENITANNTDNILLUUIIADITNNDITALINADSWUITU

v

Tudauvesmnuaaiaad eulunisneansal wudnda RMSE dvfuyadeya
Anaouiian 3.1629 lulasiuns wazdmivyndeyavaaeuiian 3.4628 lalasiuns Fauandly
diudsrueesarmeaandeulnsiadelunsneinsel Tnsendisninlugadeyafinaeued
femnusivdfigenindntes mnuunnAnwwern RMSE senineyndeyarnaounasnnaey
Wied 0.2999 Tulaswns w3eUssa 8.67% uandliiuiinnaafesveanuudiaoduasnis
toerty Overfitting 717 Fa1TunuanAfiddgues sy lumsihnudvyadoyasuindrin
definrsandn RMSE Tuudunvasdoyanisdnuse ardinananunsaldiduiadfnnlsl
wineulumsnensalls TnelumaufiR e RMSE Algimneanuihmaneinsaldulngas
finnunaiaindousylutie +3.46 lulasiuns vesAinsdnnsediuvioss dwsunisusiiu
UseAnSnmuasiuudnaeen1sinugnsannse 11u3T8ves Twardowski waganse [92] 1a
fsrugunausimsuszdiulidd: wudiaesdiiin RMSE desndt 10 lalasms deddiaanm
usiugluseiveonidon (Excellent) A1 RMSE Tugas 10-50 lalasiuns fodregluinmsis
(Good) wagA1 RMSE Tuwae 50-100 lulasiuns deaseausule (Acceptable) d1msuns



Tl

Uszgndldann aninmsidana uuudaes SVM Tunuddeilien RMSE wirfu 3.4628
lulasiuns dmfuyadeyanaaou dnegluseduninuustugisonid oy 4afuduis
UszgAnsnmdmnzaudmiumsuszgndldluaAmnssunaznsaaneie

dlefansaniisAn MAPE nuituuudtaesilen 10.75% dmiugndoyaiinaey
uay 12.22% dwsuyadeyannaey Suansifiuiannuiianainlasndslusuvesosidus
Tnedaunaiaad eulad suszunn 10-12% vo4A1n1s8nnse93s muLnusinisUsziiiu
UsEAnsnmuuUsaesnsnensal a1 MAPE fitlesnin 10% dewendeu (Excellent), 10-
20% ¢ansegluinueia (Good), LATANTNINNT 25% F99viea1dAruLuge (Low
accuracy) [93]

lng5uLan Wuudiaed SVM wansdnanimlunisiuienisdnvsevecdaiin
ndsensluslaluseduiiumela lnefluszansamiaenndosiuszninayateyaiinasuay
yaaey eusdiannuannsolumsiluldsuteyailiineuiu (Generalizes) aghdlsfiniu
Fenafiannunaaadeulunisneinsaitne dseradiunaunananududeusessingnisel
nsdnuseungdednfnvesioyaiiiioy iilevliaafiudugrunniu lushdedaly vuidetay
Yrauen1sfAneussuisusiawmaile Extreme gradient boosting (XGBoost) @ 141
SaneSSuuviudsulsfiilussavinmaslunisdanisiuanududouse sieyauaziidnenm
TumsusulpanuiugIuensiuenIsannse

4.6.3 WAYTUIBNITANNTOALUUUINGDY Extreme gradient boosting
WUU91a89 Extreme gradient boosting (XGBoost) 1ludaneifiunisiseus
Lmuﬁ;:iaau (Supervised learning algorithm) fldmdnnisues Ensemble learning lagWaIwWA
negandnmALla Gradient boosting machine (GBM) LLUUﬁi’waaqﬁgﬂﬁwuﬂm Chen and
Guestrin (2016) waglasuautenegrsunsnarglunsudsduaiunisianesideyauas
iAfensinermanidoya Inewguavesmaidonldau XcBoost luswadeiiilasan 1

nambulumdanaunt1ind171 n1sannseluanideddanudunusy il udadu was

Fudauszrinslsiu Aeduuslumsyuiu uasdinusmufenisd@nyse 9 XGBoost o9
fifuszansamlunisvinedeyasiiad uinlundniu XGBoost dadlmnudangulunis

1Y '

USUUAINI513mes (Hypertuning parameters) [94] i ldinnnzaniuanwaglan1z o

Iauan15annse AeuluuITetInaenfnyini1siga1u XGBoost wisUsauisuniu SVYM

Y

waz LRM Miuiuudnassfiugiu iemuuudiassfinigalunisimuienisdnvse
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Training Set: Actual vs Predicted Testing Set: Actual vs Predicted
90
," s
85 o P
/"’, —
£ 80 £ .
S . 3 P
. . -
g7 Ao 375 ;
2 -~ 2 A
= - o
g7 ot ° g7 .
° 6o °
@ @G
Tes A, Les
3 % j:
& L B &
60 - 60 B
° 0.
.. e
55 .: 55 ,
S 60 65 70 75 80 85 90 Ss 60 65 70 75 80 85 90
Actual Tool Wear (um) Actual Tool Wear (um)
o }%4 =% o 1%
l mamsmmamﬂ*qmﬁua;gawﬂaau U WANIINIUNYINNYAVDYANAEFDU

JUN 4.17 HaNYIUNeNNTENTTEMELUUIIABY Extreme gradient boosting

NANITYINUIBNTENNTOAIBUUUTIADS XCBoost LanSAagUT 4.17 T
Usznaufenansinsg i doyaiindouuaznnaoy

dwiuyateyaiinaou (UMl 4.17n) wuudiaas XGBoost wansUszdvEam
R2 Winfu 0.9530 FevsnemnuiiuuitassannsaesulsnLlsUTILTesdeyanisdnuse
16519 95.30% warA1 RMSE ffiiniu 1.9374 lulasiuns uazanving (MAPE) iies 2.12%

vy adoyanadeu (U7 4.179) LUUTIADS XGBoost §3AsTNYA
Usgansandi md valunisviiune Taglsian R2 1Wafyu 0.9356 A RMSE 1infy 2.8458
lulAsiuns uazA1 MAPE iU 3.89% nud1sy wadwsvaniuandidiudsanuannsely
mMsvhuefenausiugigaasanuaissvosuuudasdlunisussndldiudeyalnilddl
AuADnAd oI UNUAT0q Lin wazame [95] ALY XGBoost Tun1svinunsmsdnuseves
iediladin nutldie R? Ae 0.97, RMSE i1y 4.17 uas MAPE infu 3.26% nadwiveq
iidvilnanssyavsnmiliussudieuls Tnefien R2 AilndiAes (0.9356 iibufu 0.97) wae
A1 RMSE @31 (2.8458 1iuiiu 4.17 lulasiums) wifine MAPE azgandndniies (3.89%
Wisuifu 3.269%) wenannil Ssuandliifiuin XGBoost HUsvaAnsammianindanaiiu LRV
uaw SVM fatil XGBoost efiamimngauildlunsiwsnisinmsevenniesiiosndisn
nsuiBuiiduuslunsguiBuiinansnani

wiglviagunalunsnsil 4.4 uansszandnmmesuuudrassiudoyaiinasy
Laym3aTl 4.5 UszAnBameanuudnassiudeyanaaeunuin wuudiass XGBoost wans
Tufwsavsnmlumsuemsdnnseveadefinndeensludlétifian viadefinnsanain
nansUszdutugadeyailnaeunazyateyanaaou 1efiarsanainansned 4.4 nui
XGBoost fiedudsravinisiaaula (R) gafian wasilrnmnunainiadou (RMSE uaz MAPE)
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Nan Welfiguiukuudnaes SYM wag LRM #3U4371 XGBoost aunsnasutganuwlsusiu

Yostayanarinisnensaiiuiugiandmiuteayanldlunsiinasunuuinaes

M1517 4.4 Usgansnnvesnuuinaesiuteyatinasu

LRM SVM XGBOOST

R? 0.7574 0.8663 0.9530

RMSE 4.6274 3.1629 1.9374

MAPE 14.38% 10.75% 2.12%

M3l 4.5 UszdvBnmussiuuinaesiudoyanaaey

LRM SVM XGBOOST

R? 0.7132 0.8381 0.9356

RMSE 4.9965 3.4628 2.8458

MAPE 15.13% 12.22% 3.89%

Tuhueudeadu efinrsanainased 4.5 dudunsussdulssandaiw
yosuuuassiudoyaiilsiineifiuanneu wuin XGBoost Ssadlinadnsiiafian nedan R2
geiidgn uazAImLAAIALAA BU (RMSE WAy MAPE) fiian iilowfisuiuuuudianidug 3
wansliiutsnnuansatunsiluldnuiudeyalva lafveswmuuinass XGBoost

dwsunisusegnaldlumafoa nsidenuuudiaesiivanzaunisiansan
MningUszasiuaztosftnvesnsldan il

Linear regression model (LRM) mmzamém%miﬂisqﬂﬁﬂ%’ﬁ'ﬁaqmi
mnuadlunsuszinanauazanudsuielunsiaunadng Tasiangluangiinny
wiursgiuumnanaduisensuld wagiitedrinsnunsneinsnsduna

Support vector machine (SVM) wxazaudnsunisldaud desnisainy
aunaszviANuiudlazaERgseUdians Tnslanzidledideyadiinuazdoanis
wUUsIaesiinLLNTIaNs Overfitting wionviilvinadwsidetioldlumadszgndldase

Extreme gradient boosting (XGBoost) mmgauﬁqmﬁm%’umiﬂﬁzqﬂﬁiﬁz’f‘ﬁ'
Aoansauwiugrgdunisviunenisdnuse wazganiumLuFauL it urasuuUTIag
Wisuaniulstavdamimiendt lnaanzluszuunisudaiifeanismsniuauaaninedng
unauazmsandunuanmsiasuaiesleflidiiu

Fadu nsidenlduuudiasinasBanuanudenisianisvesuiagnis

Uszgnald TngAdefennuaunaseninmnuuwiug anududou wasninensisle

Y
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51  #3Unan1sie
nsafiunsideliiinansfinunuszneuludmeassdiufodiunsnd@nwinanssny

2 A i = 2 = = = <
YoM syuduiiinansenunensdnnseveadiaiandeanslualunssuiunsniandn S45C
wagludiufiaes Aethdoyananisdnvendaiinndsnsludluasnaganisiseuivenasedins

Weviuensdnnse Jawansfnwagulinsl

511 wanszmuvasn1syulbuiiinadensinvseveusindandeanslud
INNFANYINANTENUTBINTEUIUNSYULBURDNSENTTevRdlndinndeans
lud wud Wiefandsansludiumsyuduiiussazing 36 42l musngmseuAudi 1
Falus a gauvindl 100 ssrwaiBea wanswnliunsdnnsotesiian lumanssiudia 15a

= =

s a1 2 & o 1 A o oA o
N@ﬂaﬂﬂ’]ﬂU@ WNqUﬂqiﬁUL‘c’JULUu3383na’] 12 EU’JI&N AIUAIYNITDUAUNIN 3 EU'UINQ U

a

QAU 300 BeFLTAYA wanwuIlNNISANMSoUINTIEN

q U

v '

uanani nam sl zanuudsseiugania wuindediandeensludikiu
nsyuifuduszezing 36 alus audieniseuAiudaft 1 9alus a gungll 100 oem
wardea fenanuudsgegn TuvaidedndsmsludiiumsquiBuduszozna 12 $alug
musemseuuiai 3 9alus fanuudsge

dmsumsitasizinisdsundasiasadnieganma wuin Tassadsgamaves
iindandsansludilaiiiunszuiunisyuifulinngdnvazvosgngu luvasilinugngu
fanariludadandsansludiiunszuiunsyuidy

Tuguresmaasuuvadassaiiawdn nuin Tnssaiandnveslaueas (Co)
Tuidiadandsansludfiiiunszuiunsyuiduinsasulaminlasadandniuuimsey
wosAa0n (Face-centered cubic: FCO) Ll ulasaasawdnuwuuianaginidalaaauiin

(Hexagonal close-packed: HCP)
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51.2 msldunsiBeuiveaniasinslunisiuienisinusevausiniinndnns
lua
nNansAnwINsUsEndldmsSeuiveandesinslunisvhuensinuseves
dinfandeslud nudtuuiiaes Extreme gradient boosting uwandlviliutiadnen e aan
Tunsyhusdsiieuiisutuuuuiasnisannesdaudy uazuuusiasanisainmes
GG

TnefasanNTI SaUsEaNEAmMmaN Tun R RMSE, way MAPE nadnéi
I§sdegnsmauinuuusiass Extreme gradient boosting fimuanunsalunisesuteain
wsUsiuvesteyansdnnselddiian An R? qadign uaziinmaaiaindoulunisnensaiii
flgn (A1 RMSE waz MAPE siian) Weiflsufunuuirasidnassuszianie wuudiasanis
annoeldady LazuuuSasAsssnnmesatiuayy

ALANA1 DU TEANE AN D LT U3 LUUI1a09 Extreme gradient
boosting fiAnamunzategBslunssuALdIRUSTITuFauserinasfudsidn (W van
Tunsyuidu vattunseududl wazaamgiluniseufium) wagdudsniu (USuunisén
mia)1§§ﬂd1uuuﬁﬂaau%uﬁﬂuasuuuﬁﬂaauﬂéauaﬂwmﬁaﬁﬂayu

ﬁhfﬁ;aWMW5aa§U15dwuuuﬁﬂaaqEernuagnxﬁentboosungLﬁuuUUﬁwaaa
fifiuszavsnnasandvunsinunensanrsenesdaiiandsanslusneliioulafidnuily

Y 9
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Carbide cutting tools are widely employed in industrial of challenging
materials. Enhancing tool life and mechanical properties is a critical concern wnhln this domain. Cryogenic
treatment represents a promising approach to achieving these objectives. This study investigated the impact
of eryogenic treatment on carbide cutting tools, employing various treatment parameters including soaking
period, tempering temperature, and tempering time. The objective was to evaluate changes in micro-
hardness and wear resistance before and after the treatment. To investigate the microstructural and phase
changes induced by cryogenic treatment, scanning electron microscopy (SEM) and x-ray diffraction (XRD)
were employed. To identify the optimal cryogenic treatment parameters for carbide cutting tools, this study
employed machine learning techniques such as linear regression model (LRM), support vector machine
(SYM), and extreme gradient boost (XGBoost) to estimate hardness, and SHAP value analysis to assess the
significance of various treatment factors. The results show that the cryogenic treatment of carbide cutting
tools results in enhanced hardness, wear resistance and microstructural changes within the tungsten car-
bide. Additienally, a phase transformation within the cobalt binder was observed. The machine learning
is demonstrated that XGBoost outperformed LRM and SVM in terms of predicting microhardness,
as evidenced by the R?, RMSE and MAE metrics. Additionally, SHAP value analysis identified the soaking
period as the primary factor influencing microhardness, followed by tempering temperature and tempering

time.

Keywords cryogenic treatment, hardness, machine learning

1. Introduction

Conventional machining entails the removal of excess
material from a workpiece to attain the desired geometric
configuration. This process invariably necessitates the employ-
ment of a cutting tool (Ref 1). Tool wear and tool life are crucial
factors in the machining process, impacting both workpiece
quality and economics (Ref 2). Furthermore, tool wear can
result in various manufacturing defects, including diminished
dimensional accuracy, altered part properties due to elevated
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temperatures, and increased machine power consumption,
ultimately leading to higher production costs (Ref 3). Conse-
quently, extending the tool life of cutting tools is paramount in
the machining process (Ref4). Conventionally, in industry, tool
life enhancement has been achieved through coating applica-
tions. Coatings enhance the mechanical properties of the cutting
tool surface, thereby improving wear resistance. Primarily these
coatings are designed to increase the cutting tool’s hardness
(Ref 5). However, coatings serve to enhance the mechanical
properties exclusively at the cutting tool’s surface (Ref 6). Once
this protective layer is compromised, accelerated tool wear
ensues. Furthermore, coated cutting tools generally cost more.

Cryogenic treatment presents an accessible, eco-friendly and
cost-effective method for extending tool life (Ref 7). Cryogenics
treatment represents a treatment method for tool materials
involving exposure to extremely low temperatures. Cryogenic
treatment can be classified according to temperature. Shallow
cryogenic treatment (SCT) is conducted within the temperature
range of — 80 °C to — 140 °C, while deep cryogenic treatment
(DCT) oceurs at temperatures below 140 °C, typically
reaching — 196 °C or lower. Materials subjected to cryogenic
treatment exhibit enhanced hardness and wear resistance prop-
erties (Ref 8). Cryogenie treatment not only enhances material
hardness but also promotes microstructural alignment, without
compromising dimensional stability. In other words, cryogenic
treatment not only increases the hardness at the surface of
materials but also induces changes in the microstructure (Ref 7).
In applications of eryogenic treatment to cutting tools over the
past few years, various researchers in the machining field have
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been conducting cryogenic treatment for various cutting tools
including carbide cutting tools (Ref9-12). In conclusion, it can be
summarized that cryogenically treated cutting tools exhibit
enhanced hardness and wear resistance.

However, the cryogenic treatment process involves several
process variables, including soaking temperature (SCT and
DCT), seaking duration, tempering temperature and tempering
duration (Ref 13). To achieve maximum efficiency of the
cryogenic treatment, the process parameters employed for the
treatment must be maintained at optimal levels. Conversely,
achieving optimal levels requires significant resource allocation
and investment of time in experimentation. Moreover, substantial
time is dedicated to post-experimental data analysis. To address
these limitations, numerous researchers have employed machine
learning techniques to develop models capable of predicting
hardness and investigating the influence of various factors on tool
properties. As depicted in Table 1, previous research has
demonstrated the application of machine learning for hardness
prediction in tool steels, alloys and aluminum. Furthermore,
previous research has revealed the application of machine
learning models within neural networks and linear regression
for hardness prediction. Previous literature reveals a paucity of
studies investigating the application of machine learning to
predict the hardness of cryogenically treated cutting tools.

Therefore, this research aims to investigate the effect of
cryogenic treatment on the hardness and wear resistance of
carbide cutting tools. Machine leaming (ML) models, including
linear regression model (LRM), support vector machine
(SVM), and extreme gradient boosting (XGBoost), were
employed to predict the hardness of carbide cutting tools
subjected to various cryogenic treatment parameters. The
performance of these models was assessed using regression
performance metrics such as root mean squared error (RMSE),
R-squared (R:), and mean absolute error (MAE).

2. The Experimental Procedure

2.1 Uncoated Carbide Insert

The cutting tool used in this study was an uncoated carbide
insert with a TNMG160404-MS geometry, featuring a 60°

Table 1 Previously published research predictions of hardness

cutting angle (EPSR), a nose radius (RE) of 0.4 mm, an
inscribed circle diameter (IC) of 9.252 mm, an insert thickness
(S) of 4.76 mm, and a fixing hole diameter (D1) of 3.81 mm.
The insert was manufactured by Mitsubishi Carbide, and its
dimensions are shown in Figure 1. The chemical composition
of the cutting insert was analyzed using scanning electron
microscopy (SEM) equipped with an energy-dispersive x-ray
spectrometer (EDS). The EDS analysis revealed that the insert
consisted of titanium (Ti) at 14.09 wt.%, cobalt (Co) at 9.26
wt.%, and tungsten (W) at 76.65 wt.%.

D1

)

EPSR ' i &

Fig. 1 The dimensions of the cutting insert

ayopenic trestment

Tiume (hours)

Fig. 2 Cryogenic treatment process

No. Author Materials type Machine learning model
1 YJ Chang et al. (Ref 37) High-Entropy Alloys ANN

2 C Fragassa et al. (Ref 38) Cast iron RFs, K-NN, Newral networks

3 J Jeon et al. (Ref 39) Low-Alloy Steels RFs

4 O Khalaj et al. (Ref 40) Oxide precipitation hardened alloys ANN, ANFIS, SVMS

5 Sehyeok Oh and Hyungson Ki (Ref 41) AISI HI3 tool steel ¢GAN, CNN

6 Xiaoxiao Geng et al. (Ref 42) Non-baron steels RFs, K-NN

7 Guibin Dong et al. (Ref 43) ‘Wear-resistant steel SVR, K-NN. RFs, GBR, ANN
8 Yongfeng Li and Shuhui Li (Ref 44) Hot-stamped parts FCNN

9 Md Syam Hasan et al. (Ref 45) A metal matrix p ANN, RFs, K-NN, SVR, GBM
10 Chan Wang ct al. (Ref 46) Superalloy LSEM

11 Efim Mazhnik and Artem R. Oganov (Ref 47) Superhard materials Neural networks

12 Ling Qiao, Jingchuan Zhu, Yuan Wang (Ref 48) High carbon pearlitic steel GRNN, FOA-GRNN, PSO-GRNN
13 Jae-Hong Kim (Ref 49) Boron steel FE, QFA, ANN

14 Saced Zare Chavoshi and Mehd: Tajdari (Ref 50) AISI 4140 Multiple regression, ANN
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2.2 Cryogenic Treatment Process

In the cryogenic treatment process, liquid nitrogen was the
refrigerant medium. The carbide inserts were immersed in a
liquid nitrogen reservoir at a soaking temperature of approx-
imately — 196 °C for varying periods of 12, 24 and 36 h. After
reaching room temperature, they underwent tempering at 100,
200 and 300 °C for different periods of 1, 2 and 3 hours to
alleviate the stress induced by cryogenic treatment. The
cryogenic treatment process is shown in Fig. 2. Cryogenic
treatment parameters are shown in Table 2. The experiment was
conducted under 27 different conditions as shown in Table 3.

2.3 Turning Process Setup

This study conducted tool wear tests on carbide inserts using
a Colchester Tomado 210 computer numerical control (CNC)
lathe. The lathe has a maximum rotational speed of 5,000
revolutions per minute (rpm) and a maximum turning length of
530 millimeters (mm). The turming parameters employed in this
study were a cutting speed of 100 meters per minute (m/min), a

Table 2 Cryogenic treatment parameters

Low Middle High

Soaking temperature, °C Decep cryogenic
2

Soaking period, h 36
Tempering temperature, °C 100 200 300
Tempering time, h 1 2 3

Table 3 Data collection of input and output variables

Soaking Tempering Tempering  Microhardness,
period, h temperature, °C time, h Hv
12 100 1 1933.02
12 100 2 1887.24
12 100 3 1866.14
12 200 1 1864.6
12 200 2 1860.36
12 200 3 1836.28
12 300 1 1818.16
12 300 2 1809.42
12 300 3 1790.44
24 100 1 2100.18
24 100 2 1989.62
24 100 3 1930.96
24 200 1 1956.32
24 200 2 1935.51
24 200 3 1918.1
24 300 1 1930.7
24 300 % 1924.08
24 300 3 1900.24
36 100 1 2252.32
36 100 2 2161.46
36 100 3 2111.14
36 200 1 2148.24
36 200 2 2129.12
36 200 3 2123.38
36 300 1 2085.9
36 300 2 2028.8
36 300 3 1935.36
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feed rate of 0.20 millimeters per revolution (mm/rev), and a
depth of cut of 1.5 mm. These parameters were recommended
by the cutting tool manufacturer’s instructions. The experi-
mental materials consisted of S45C steel with a diameter of 50
mm and a length of 350 mm. The turming process used straight
turning of a 300 mm workpiece under dry conditions.

2.4 Experimental Investigation

2.4.1 Microhardness Test. This study employed a Vick-
ers hardness tester with a 1000 gram-force (gf) load and a 15
second dwell time to evaluate the hardness of uncoated carbide
inserts both with and without eryogenic treatment. Microhard-
ness measurements were conducted at five equidistant points on
the cutting tool’s flank, with a 2 mm spacing between each
point. The test locations are illustrated in Fig. 3.

2.4.2 Microstructure and Phase Transformation Obser-
vation. To investigate the microstructural changes in cutting
tools subjected to and not subjected to cryogenic treatment, a
scanning electron microscope (SEM) model JEOL JSM-
6010LV was used. The SEM was operated in the secondary
electron imaging (SEI) mode. The SEM was configured with an
accelerating voltage of 15 kV to achieve an optimal balance of
resolution, penetration depth and charging effects. A spot size
of 35 nanometers (nm) was employed. Additionally, to analyze
the phase transformations occurring in the cutting tool, x-ray
diffraction (XRD) was used. The device utilized a Cu-Kot x-ray
source operating at 45 kV and 40 mA.

2.4.3 Tool Wear Observation. Following the tumning
process under various cutting conditions, the cutting tools,
both those subjected to cryogenic treatment and non-treatment,
were examined for tool wear using an optical microscope (OM)
at a magnification of 5x. In order to measure tool wear, this
study adhered to the [SO 3685 standard. We investigated the
flank wear area, as flank wear is a primary contributor to
workpiece quality.

Fig. 3 The

tools

area for mic testing of cutting
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3. Data Acquisition

To facilitate the training of machine learning algorithms,
namely the Linear regression model (LRM), Support vector
machine (SVM) and Extreme gradient boost (XGBoost), we
used the average microhardness value derived from each
experimental set, which was repeated five times. The experi-
mental microhardness data obtained in the laboratory served as
the output parameters. The objective of the model was to
predict microhardness based on input parameters, which
include soaking period (hours), tempering temperature (°C),
tempering time (hours) and initial microhardness (HV). Com-
prehensive information about these input and output experi-
mental results is documented and outlined in Table 3.

4. Statistical Analysis Framework

4.1 Linear Regression Model

Linear regression is a fundamental statistical and machine
learning technique used for modeling the relationship between
a dependent variable (also known as the target or response
variable) and one or more independent variables (predictors or
features). It is a supervised learning algorithm commonly
employed for tasks like regression analysis and predictive
modeling. Linear regression assumes that there is a linear
relationship between the independent variables and the depen-
dent variable. It assumes that changes in the independent
variables are associated with proportional changes in the
dependent variable. The basic form of a linear regression model
for a single independent variable is represented as (Ref 14):

Y=o+ X1 +...+ X +¢& (Eq 1)

where Y represents the output variable, X, represents the input
variables, fi; denotes the coefficient (slope) that indicates how
much ¥ changes for a unit change in X;, o is the intercept (the
value of ¥ when X; is zero), and ¢ denotes the emor term. The
primary objective of linear regression is to find the best-fitting
linear relationship between the independent variables and the
dependent variable. It aims to minimize the sum of squared
errors (the residuals) between the observed and predicted
values. To train a linear regression model, historical data with
known values for both the independent and dependent variables
are used. The model adjusts the values of fj, and f§; during
training to minimize the error. The regression coefficients f§;
and fi; of a specific input can be considered as weights, as
follows (Ref 14):

Y= fo+ X (Eq 2)

These coefficients can be determined using the least squares
method, which calculates the most appropriate straight line that
minimizes the error between the actual data and the line
estimate. Assuming the training set consists of data points in
the form (¥, 1), (%2, ¥2), ..., (xp,yp), the regression coeffi-
cients can be estimated using the following equations (Ref 14):

_ («Y:r - )K{Vl;}g
Bi= 3P ) (Eq 3)
By = =B (Eq 4)

where X’ is the average of x|, x, ..., and )/ is the average of
V1,¥2,- - -¥ The coefficients f; and f§; generally yield accurate
approximations for complex regression equations.

4.2 Support Vector Machine (SVM)

Support vector machine (SVM) is a powerful supervised
machine leamning algorithm used for both classification and
regression tasks (Ref 15). It is particularly well-suited for
classification problems, but it can also be adapted for regression
problems. The primary objective of SVM is to find a
hyperplane (a decision boundary) that best separates data
points into different classes or predicts a continuous target
variable in a regression problem (refer to Fig. 4) (Ref 16).

Support vectors are data points that reside closest to the
hyperplane and play a crucial role in defining the position and
orientation of the decision boundary. These points are instru-
mental in establishing the margin. SVM, following the
principle of structural risk minimization, aims to learn an
unknown function. In SVM, the goal is typically to approx-
imate functions of the following form (Ref 16):

Flew) = 3 Wioln) (Eq 5)
=1

For the linear regression model, this becomes
f(x,w) = b+ wx. Similarly to the standard SVM, which
employs the margin between an optimal separating hyperplane
and support vectors, regression typically utilizes an error of
approximation. A linear loss function with an &-insensitivity
zone is expressed as (Ref 16):

ek 0= fl <
}'\' ~Slxw),= {[y — flx,w)| — ¢ if Otherwise (Eq 6)

When the discrepancy between the measured and predicted
values falls below & the error is considered zero. The &-
insensitive loss function establishes an & tube. If the predicted
response lies within the tube, the error remains zero. However,
for points outside the tube, the error equals the difference
between the predicted response and the radius & of the tube. In
the context of an SVM problem, the goal is to simultaneously
minimize the empirical risk and the squared norm of the

Fig. 4 Support vector machines for regression
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weights. This involves estimating the hyperplane represented
by f(x,w) = b+ wx’, while minimizing the empirical risk, as

follows (Ref 16):

1 n ;
R=3w+C(37, b~ wl) (Eq7)
which is subject to the following constraints,

yi—wxi—b<e+0,i=
wix+b—y <e+6i
0>0:0">0i=

(Eq 8)

where ) and 6" represent slack variables, with & corresponding
to points above an & tube (0 =y—f(x,w)—¢), and 0"
corresponding to points below the tube
(0" =f(x,w) —y—¢). The constant C is a user-defined
parameter, where larger values of C impose stricter constraints
on large errors, reduce approximation errors, and increase the
norm of the weight vector w.

4.3 Extreme Gradient Boost (XGBoost) Model

XGBoost, which stands for Extreme gradient boosting, is a
powerful and versatile machine learning algorithm primarily
used for supervised learning tasks, including both classification
and regression (Ref 17). XGBoost is an ensemble leaming
algorithm based on the boosting technique (Ref 18). Boosting
combines the predictions of multiple weak leamers (typically
decision trees) to create a strong, accurate model. It builds the
model sequentially, where each new model (tree) corrects the
errors made by the previous ones. It uses various complement
functions to estimate the results using the equation below (Ref
19):

V=t i:f&(b’a) (Eq 9)
k=1

where ¥; denotes the i-th predicted output with the parameter
vector U, 5 is the number of estimators comesponding to
independent tree structures for each f, andy? is the primary
hypothesis (i.e., the mean of the original parameters in the
training data). 1 is the rate of leaming connected to improving
the performance of the model. The 4-th estimator is connected
to the model and prediction of the k-th. y,* is calculated from
the estimated Dutputy;(k" "in the next step, and the established
Ji of the k-th complementary estimator is (Ref 19):

+ Nk (Eq 10)

The value f; represents the weight assigned to leaves, which
is determined by minimizing the objective function of the i-th
tree, and it can be formulated as follows (Ref 19):

{k=1)

).F—i\

Yi

: a 1 |
T =2+ [g.,wu + 5 (ha A)uf,]

a=1

(Eq 11)

In this equation, Z indicates the number of leaf nodes, 7 is
the complexity parameter, / is a constant coefficient, and mﬁ
covers the leaf weight ranging from 1 to Z. y and 4 act as
regularization parameters, utilized to enhance the model’s
performance and prevent overfitting. ‘Additionally, g, and /i,
represent summation parameters for the cntire dataset linked to
a leaf, relating to the initial and previous loss function
gradients, respectively. In order to build the k-ih tree, a leaf is
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distributed into several leaves. The loss function is also
responsible for analyzing the complexity of the model, and if
the model becomes more complex there becomes a need to
penalize it, and this can be done using Regularization. It
penalizes more complex models through both LASSO (L1) and
Ridge (L2) regularization to prevent overfitting.

4.4 Model Evaluation and Validation Metrics

Model evaluation metrics are crucial for assessing the
performance of machine learning models and understanding
how well they generalize to new data. Three commonly used
metrics for regression tasks are root mean square error (RMSE),
R-Squared (R?), and mean absolute error (MAE). Root mean
square error (RMSE) is a measure of the average prediction
error in a regression model. It calculates the square root of the
average of the squared differences between predicted and actual
values. RMSE is sensitive to outliers and provides a measure of
how well the model’s predictions match the actual data points.
The formula for RMSE is:

RMSE = \/]; Z(,VA; —yei)
i=1

where # is the number of the data points, y4; denotes the actual
values, and yp; represents the predicted values. On the other
hand, R-Squared (Rz), also known as the coefficient of
determination, measures the proportion of the variance in the
dependent variable (target) that is predictable from the inde-
pendent variables (features) in a regression model. It ranges
from 0 to 1, with higher values indicating a better fit. The
formula for R? is:

(Eq 12)

(Eq 13)

and here, yuy; denotes the mean of the actual values. Mean
absolute error (MAE) is a simple and interpretable metric that
calculates the average absolute difference between the predicted
and actual values. It is less sensitive to outliers compared to
RMSE. The formula for MAE is:
MAE = 3 v~ (kq 14)
i=1

These mefrics provide valuable insights into the perfor-
mance of regression models, helping data scientists and
machine learning practitioners make informed decisions about
model selection and fine-tuning.

5. Results and Discussions

5.1 Statistical Analysis Findings and Medel Performance

In this study, all the machine leaming statistical analyses
were implemented using R programming. The XGBoost model
was analyzed using the “‘xgboost™ package (Ref 22), while the
SVM model was analyzed using the “el071" package (Ref
23). In the case of the SVM model, various kernel functions
were tested to optimize the model and achieve a balanced fit
between the training and test datasets, mitigating overfitting.
Ultimately, the Kernel Linear function (Ref K(x,y) = (x x y))
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was identified as the most suitable, providing the best model fit
and preventing overfitting. For the XGBoost model, the study
identified specific parameters that yielded the best model fit and
ensured a balance between training and test data accuracy.
These parameters include: objective = “reg:squarederror” (i.c.,
designing for regression task), max depth = 3, gamma = 7,
alpha = 11 and lambda = 11. It is important to mention that
max_depth was systematically decreased, while gamma, alpha,
and lambda were systematically increased from their initial
values. This approach was employed to assess the model’s
performance in terms of overfitting and underfitting.
Furthermore, to enhance the understanding of the predicted
values alongside the actual microhardness data, Fig. 5 displays
regression graphs illustrating the relationship between observed
and predicted values produced by the models introduced in this
research. These figures compare the performance of the MLR,
SVM and XGBoost models using both training and testing
data, as well as aggregated data. Additionally, Fig. 6 offers
valuable insights into the performance of the models by

illustrating the discrepancies between the experimental and
predicted microhardness values for each experiment set. The
gray-shaded area represents the deviation between the predicted
values of each model and the actual experimental data; a
smaller shaded area indicates a more accurate model prediction.
As depicted in Fig. 6, the XGBoost model consistently predicts
values across all 27 experiments that are much closer to the
actual experimental results compared to the predictions made
by the linear regression and support vector machine models.
Overall, the XGBoost model outperforms both LRM and
SVM across all three metrics (2, RMSE and MAE) on the test
set. It demonstrates higher accuracy, better ability to explain
variance, and lower prediction errors. LRM performs reason-
ably well but falls short in terms of accuracy and error metrics
compared to XGBoost. SVM, while competitive, is slightly less
accurate than XGBoost and has higher prediction errors,
particularly in terms of RMSE and MAE. In summary,
XGBoost appears to be the most suitable model for predicting
microhardness in this context, offering the highest accuracy and
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the lowest prediction errors. However, the choice of the best
model may also depend on other factors such as computational
resources and interpretability.

After the influences of factors, along with the performance
of the machine learning, have been discussed, the XGBoost
model demonstrates the highest prediction performance among
investigated machine learning methods in this study, from
which it can be inferred that the behavior of the model
representing the actual behavior of microhardness was placed
into the feature importance analysis process to investigate the
importance of each factor (Ref 24). The importance of factors
was visualized in the form of the SHAP value (Ref 25) in
Fig. 7. In the importance analysis, the priority of factors
affecting microhardness is as follows: soaking period, temper-
ing temperature and tempering time. The soaking period,
identified as the most important factor, causes the microhard-
ness value to change by approximately -200 to 200 HV from
the mean microhardness, in which low and middle levels of this
factor tend to cause a decreasing microhardness value, while a
high level demonstrates an opposing behavior. Considering the
tempering parameters (temperature and time), the results show
an opposite behavior compared to the soaking period factor,
where higher levels of these factors tend to cause a decrease in
microhardness. Specifically, the tempering temperature factor
causes microhardness to change by approximately — 150 to

Microhardness (HV)
Microhardness (HV)

100 HV, while the tempering time factor causes a narrower
change, around — 100 to 100 HV.

5.2 Microhardness observation

This study investigated the microhardness of carbide cutting
tools both with and without cryogenic treatment. The cryogenic
treatment parameters varied, including soaking period, temper-
ing temperature and tempering time. Microhardness measure-
ments were conducted using a Vickers hardness tester. The
results of the hardness testing are presented in Table 3 which
reveals that among all cryogenic treatment parameters, an
extended soaking period was the primary factor contributing to
increased microhardness in carbide cutting tools. Conversely.
elevated tempering temperatures and tempering durations
resulted in a decrease in microhardness. Based on these
findings, it can be concluded that employing a prolonged
soaking period of 36 hours, in conjunction with a low
tempering temperature of 100 °C and a brief tempering time
of | hour, will yield the maximum microhardness for the
carbide insert cutting tools. Moreover, in order to know the
influence of cryogenic treatment parameters on microhardness,
this study employed SHAP value analysis. The results, depicted
in Fig. 7, indicate that the soaking period is the primary factor
affecting the microhardness of carbide cutting tools, followed
by tempering temperature and tempering time, respectively.
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Microhardness (HV)
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B
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(a) Linear regression

(b) Support vector machine

(c) Extreme Gradient Boost

Fig. 6 Demonstration of predicted against original data of proposed models
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Fig. 7 SHAP values of the XGBoost model for microhardness
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Moreover, Fig. 8 presents the microhardness results for the
carbide inserts. The cryogenically treated inserts subjected to
the 36 hours process exhibited the highest microhardness
values, followed by those treated for 24 and 12 hours,
respectively. Untreated carbide inserts demonstrated the lowest
microhardness.

2500
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Non-treatment 12 Hr 24 Hr 36 Hr

Microhardness (HV)
o
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L

Fig. 8 Microhardness results of untreated and cryogenically treated
carbide inserts after 12, 24 and 36 hours
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Fig. 9 Tool wear analysis of carbide inserts following machining
operations within the 300 to 2100 mm range

(a) UT (b) DCTI2

Fig. 10 Tlustrating the wear pattems exhibited by the cutting tools

5.3 Tool Wear Investigation

Flank wear was investigated using an optical microscope at
a magnification of 5x, adhering to the ISO 3685 standard for
tool wear measurement. This study focused on the analysis of
flank wear. The cutting tools evaluated in this study included
both untreated (UT) specimens and those subjected to cryo-
genic treatment. The cryogenic treatment conditions varied,
with one group undergoing 1 hour of cryogenic treatment
followed by 3 hours of tempering process at 300 °C (DCT12).
While the other group underwent 36 h of cryogenic treatment
followed by 1 hour of the tempering process at 100 °C
(DCT30). These three conditions of cutting tools were subse-
quently subjected to tool wear testing.

Figure 9 illustrates the tool wear progression after the
turning of S45C steel. The cutting distance ranged from 300 to

Crater wear

Flank wear
Crater wear Burn damage
Flank wear
Burmn damage
Flank wear S

(c) Cryogenic treatment 36-hour

Fig. 11 Tool wear of uncoated carbide after turning S45C steel

(¢) DCT36
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2100 mm, and the tool wear of untreated, DCTI12, and DCT36
cutting tools was compared. The results indicate that all three
conditions of carbide cutting tools exhibited increased tool
wear as the machining distance progressed. However, when
considering the three conditions across the cutting distance
range of 300 to 2100 mm, it was observed that tool wear
decreased significantly in the DCT12 and DCT36 when
comparing with the UT condition. The observed reduction in
wear for cryogenically treated cutting tools aligns with the

enhanced microhardness of cutting tools. Figure 10 shows the
wear patterns exhibited by the cutting tools at 2100 mm cutting
distances. The predominant wear mechanism observed in all
three conditions was flank wear, resulting from the frictional
interaction between the cutting edge and the workpiece
material. Additionally, notch wear was observed in the
untreated cutting tools, as depicted in Fig. 10(a). This is
attributed to a combination of high cutting forces and
inadequate tool stiffness. In the cryogenically treated cutting

Spectrum 3

]

Spectrum  Carbon Tungsten Manganese Chromium Iron  Silicon

number ©) (W) (Mn) (Cr) (Fe) (S1)
1 54.50 9.19 1.19 0.70 33.87 0.55
2 48.17 10.23 1.18 0.67 39.18 0.57
3 41.40 9.03 1.45 0.77 46.72  0.63

Fig. 12 EDS analysis (%wt) of the worn surface of a 12-hour cryogenically treated cutting tool
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Spectrtum  Carbon  Tungsten
number (©) (W)

Manganese

(Mn) (Cr) Fe) (81

Chromivm  Iron  Silicon

1 54.04 6.62

0.70 3732 0.55

Fig. 13 EDS analysis (%wt) of the worn surface of a 36-hour cryogenically treated cutting tool
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]

(a) Non-treatment

Fig. 14 Microstructure of carbide inserts of cutting tools
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Fig. 15 XRD patterns of cryogenic treatment (a) and non-treatment
(b)

tools, both flank wear and build-up edge (BUE) were observed,
as illustrated in Fig. 10 (a) and (b). While flank wear is a
common occurrence, the presence of BUE in the cryogenically
treated tools, particularly after 36 hours, is indicative of the
challenging nature of machining tough materials with uncoated
cutting tools.

The correlation between increased hardness and improved
wear resistance in cutting tools has been previously explored by
Martin et al. (Ref 26). They investigated the influence of
material hardness on tool steel by subjecting the latter to heat
treatment. The findings of the study revealed that tool steels
subjected to heat treatment exhibited superior hardness and
abrasion wear resistance compared to untreated tool steels. It
can be concluded that there is a strong correlation between
hardness and wear resistance in materials. Generally, materials
with higher hardness exhibit greater resistance to wear, as they
are less susceptible to deformation or scratching under
equivalent conditions (Ref 27).

To demonstrate the wear mechanisms of uncoated carbide
cutting tools during the machining of S45C steel. Figure 11
presents SEM images at 65x magnification, illustrating the wear
patterns of untreated and eryogenically treated cutting tools.
Both non-treatment and cryogenically treated cutting tools
exhibited burn damage on their chip breakers. This is attributed
to the chip breaker’s role in controlling chip formation and
breakage, which exposes it to direct heat from the metal chips

during machining. Prolonged exposure to elevated temperatures
can lead to heat accumulation and subsequent surface damage
on the chip breaker. Subsequently, crater wear was observed on
the rake face of both untreated and 12-hour cryogenically
treated cutting tools. This type of wear typically results from a
combination of diffusion and decomposition processes. The
heat generated from the workpiece chips is transferred to the
rake face, leading to the degradation of tungsten carbide grains
and the formation of pits (Ref 28). As the cutting process
continues, larger pits can further exacerbate tool wear, ulti-
mately leading to tool failure. Additionally, flank wear and
BUE formation were observed on the flank face of the cutting
tool.

To examine the morphological changes on the womn surfaces
of the cutting tools, SEM images were acquired at a /00x
magnification. As previously discussed, both flank wear and
crater wear were observed. To further investigate these wear
mechanisms, EDS analysis was conducted on the worn surfaces
using a spot size of 35 nm. Figure 12 the flank wear on the
cutting edge and flank face. This type of wear is typically
caused by frictional forces between the tool and the workpiece
material, resulting in gradual wear. Spectrums | and 2 reveal
the elemental composition of the particles adhered to the
cutting edge and flank face. Excluding tungsten, the detected
elements closely match the chemical composition of $45C
steel. Similarly, Spectrum 3 confirms the presence of elements
corresponding to S45C steel. These findings indicate that the
particles originating from the S45C steel workpiece are
primarily responsible for inducing flank wear and crater wear
on the cutting tool. Additionally, BUE and metal chip
fragments were observed on the flank face of the 36-hour
cryogenically treated cutting tool, as depicted in Fig. 13. BUE
formation is typically associated with the machining of ductile
materials and can lead to accelerated tool wear and failure (Ref
29). EDS analysis of the BUE, as shown in spectrum 1,
confirmed that they were composed of elements corresponding
to the chemical composition of S45C steel,

5.4 Microstructure and Phase Analysis

To investigate the underlying causes of hardness and tool
wear variations in cryogenically treated earbide inserts, scan-
ning electron microscopy (SEM) was employed in this study.
Prior to microstructural examination, carbide cutting tools
underwent surface preparation mvolving polishing with sand-
paper grades ranging from 240, 400, 600, 800. 1000, 1500 to
2000. This was followed by polishing with 0.5 pm diamond
powder to achieve a mirror finish. Figure 14 illustrates
microstructural images of the carbide cutting tools. Figure 14
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shows the non-uniform carbide distribution within the carbide
insert microstructure. Among the observed phases was the o-
phase of tungsten carbide, characterized by its gray, imegular
and angular morphology. The o-phase exhibits a hexagonal
close-packed (HCP) crystal structure with centrally located
carbon atoms and the cobalt binder phase (B-phase), which
surrounds the o-phase. Under ambient conditions, the [3-phase
typically exhibits a hexagonal close-packed (HCP) crystal
structure. However, following the sintering process, the [3-phase
transforms to a face-centered cubic (FCC) structure. Fig-
ure l4(a) illustrates the microstructure of the non-treated
carbide insert. the a-phase exhibits a not fully developed or
unstable form, likely influenced by interactions with other
particles or the -phase. On the other hand, Fig. 14(b) illustrates

Intensity (a.u)

. . . . .
46.0 46.5 47.0 475 48.0 48.5 49.0
2 Theta (Degree)

Fig. 16 XRD patterns of cryogenic treatment (a) and non-treatment
(b) at an angle of 46° to 49°

the microstructural changes induced by cryogenic treatment.
Observations indicate that the o-phase tends to show the
stable form of a triangular prism. The low temperature of liquid
nitrogen during treatment induces a rearrangement of the o-
phase, via the phenomenon of spheroidization. The rearrange-
ment of the a-phase into a more stable configuration contributes
to improved machinability of the carbide insert, characterized
by reduced cutting forces and extended tool life (Ref 30).
Sahoo et al. (Ref 31) conducted a study on the machining of
AISI-361 steel using carbide inserts subjected to cryogenic
treatment; the research focused on tool wear analysis. The
results demonstrate that cryogenically treated carbide inserts
exhibit extended tool life compared to their untreated counter-
parts. Moreover, the study revealed that cryogenic treatment not
only extended tool life but also enhanced the hardness of the
carbide inserts.

For the (-phase transformations within carbide inserts, a
comparison of Fig. 14(a) and (b) reveals a more uniform
distribution of the [-phase within the cryogenically treated
carbide inserts. However, the relationship between [-phase
changes and the subsequent alterations in hardness and wear
resistance of carbide inserts remains unclear when analyzed
through SEM imaging alone. To elucidate the f3-phase trans-
formations, XRD analysis was conducted. Figure 15 illustrates
the XRD patterns of the carbide insert, obtained by scanning
within a 20° to 90° scanning angle range to investigate its
crystal structure. The XRD patterns reveal the presence of WC,
o-Co and e-Co peaks in both cryogenically treated and
unfreated carbide inserts. The cobalt binder exhibits two
distinct phases: a-Co, with a face-centered cubic (FCC) crystal
structure, and &-Co, with a hexagonal close-packed (HCP)
crystal structure.

Phase transformation

Cryogenic treatment

FCC

Fig. 17 Schematic representation of the phase transformation of cobalt
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The XRD patterns indicate a higher intensity of the &-Co
peak at scanning angles approximately between 45° and 50°,
confirming the occurrence of the phase transformation. Fig-
ure 16 illustrates a magnified view of this region within the 46°
to 497 scanning range. Within the 47° to 47.5° scanning range,
the XRD pattems of cryogenically treated carbide inserts
exhibits a higher intensity of the &-Co peak compared to that for
untreated carbide inserts. The transformation of %-Co to &-Co
within carbide inserts can be attributed to the disparity in
thermal expansion coefficients between the carbide (WC) and
cobalt (Co) phases. WC exhibits a thermal expansion coeffi-
cient of 5.5 x 10°¢ Kft‘ while the Co coefficient is
142 x 107° K" (Ref 32). This differential thermal expansion
results in compressive stresses within the WC phase and tensile
stresses within the Co phase when the WC-Co cutting tool is
subjected to cryogenic temperatures, as illustrated in Figure 17.
The tensile stresses induced within the Co phase lead to atomic
rearrangement, facilitating the transformation from the =-Co
phase to the &-Co phase. This phase transition involves a
change in crystal structure from face-centered cubic (FCC) to
hexagonal close-packed (HCP) (Ref 33), a phenomenon known
as martensitic transformation (Ref 34). Zhang, et al. (Ref 35)
emphasize that the &-Co phase exhibits a lower coefficient of
friction, superior lubricating properties, and enhanced abrasion
resistance compared to the o-Co phase. Moreover, Ingole, et al.
(Ref 306) state that materials with hexagonal crystal lattice
structures exhibit a reduced number of slip planes compared to
those with face-centered cubic crystal lattice structures.

In conclusion, the application of cryogenic treatment to
carbide inserts yields two significant transformations: the
tungsten carbide phase develops to a stable triangular prism
morphology and the cobalt binder undergoes a phase transition
from a-Co to &-Co. These modifications collectively contribute
to increased hardness and wear resistance in the cutting tool,
compared to its untreated counterpart.

6. Conclusions

This study focused on two main results. Firstly, the impact
of cryogenic treatment on the hardness and microstructure
changes of uncoated carbide cutting tools was evaluated. In
addition, machine learning was used for prediction of the
hardness of uncoated carbide cutting tools after cryogenic
treatment, based on our data. It can be concluded as follows:

1. Cryogenic treatment of uncoated carbide cutting tools re-
sults in improved hardness and tool wear of uncoated
carbide cutting tools.

2. Cryogenic treatment of uncoated carbide cutting tools in-
duces a transformation in the cobalt (Co) crystal structure
from FCC to HCP, leading to a significant enhancement
in tool hardness.

3. In a comparison of three machine leaming models for
hardness prediction, XGBoost achieved the highest R-
squared, lowest RMSE, and lowest MAE values when
compared with SVM and LRM.

4. This study employed SHAP to investigate the influence
of cryogenic treatment parameters on the hardness of
treated cutting tools. SHAP analysis revealed that the
soaking period exerted the strongest influence on cutting

tool hardness, followed by tempering temperature and
tempering period, respectively.
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