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ROZSIRENY ABSTRAKT

1. Uvod

1.1 Uvod do problematiky

Chlazeni v fezném procesu bylo poprvé pouzito F. W. Taylorem pocCatkem
20. stoleti. Nasledné pokraCovala éra uzivani procesnich kapalin ve velkém
mnozstvi za uCelem zlepseni fezného procesu. Tento trend pokracuje napfic
celym 20. stoletim. Az ke konci stoleti se zaCina nahled na véc meénit.
Pouzivani procesnich kapalin ma sice pozitivni dopad na fezny proces, ma
ovsem i své negativni aspekty. Procesni kapaliny znecCistuji zivotni prostfedi a
$kodi zdravi pracovnikl pohybujicich se v jejich blizkosti. Nej¢astéjSimi
problémy jsou onemocnéni kuze a dychacich cest. Navic recyklace téchto
kapalin je naro¢na a nakladna. To nas privadi ke druhému aspektu, coz je
ekonomicka stranka véci. Naklady spojené s procesnimi kapalinami (kapaliny
samotné, filtry, udrzba atd.) se pohybuji mezi 7-17% vsech vyrobnich nakladu.
Je tedy logické, ze firmy se snazi tento podil minimalizovat. Nejlevnéjsi a
bézné provadi nékteré soustruznickeé a frézovaci operace. V pfipadech, kdy je
obrabéni za sucha velmi komplikované az nemozné se pouziva metoda
minimalniho mnozstvi maziva, tzv. MQL (Minimum Quantity of Lubrication).
Aplikované mnozstvi maziva je v radu ml/h, zatimco pfi konvencnim chlazeni
pocitdme s I/min. MQL tedy pouziva mnozstvi o 6 fadu mensi, pficemz
vysledky tykajici se kvality obrobeného povrchu ¢&i feznych sil jsou mnohdy
srovnatelné s konve¢nim uziti kapalin. Navic v porovnani s obrabénim za
sucha MQL dosahuje vysledku lepsich.

1.2 Organizace prace

Cilem prace je porovnani fezivosti 4 rlznych oleju v aplikaci MQL. Zakladni
charakteristiky oleju jsou sepsany v tab. 4.7, nazvy oleju v§ak z dlivodu utajeni
zminovany nebudou. Obrabéné materialy jsou korozivzdorna ocel AISI 316L a
vytvrditelnd hlinikova slitina EN-AW 7020. Oba materialy jsou testovany pfi
soustruzeni (ortogonalnim fezu) a vrtani.

Prace je rozdélena na dva bloky; teoreticka reSersni Cast a Cast
experimentalni. Prace obsahuje 6 kapitol: Uvod, kapitola zaméFenou na
procesni kapaliny a bibliograficka reSerse, jejimz ucelem je ucelit informace
pfed provadénymi testy, patfi do teoretického bloku prace. Experimentalni
¢ast obsahuje také tfi kapitoly, a to popis pfipravy a prubéhu experimentd,
vysledkovou Cast a zaveér.



2. Procesni kapaliny

2.1 MQL

MQL je zpUsob mazani za pouziti minimalniho mnozstvi maziva. Jedna se o
smeés proudu vzduchu s miniaturnimi kapkami oleje, ktera je dopravovana do
mista fezu v podobé aerosolu ¢i mlhy.

Jak uz napovida anglické slovo lubrication ze zkratky MQL, hlavni funkci MQL
je funkce mazaci. Vedlejsi funkce, vykonavany hlavné proudem vzduchu, jsou
chlazeni a odvod tfisek.

Olej neni po aplikaci MQL neni recyklovan, protoze se prakticky vSechen
vyparli v dusledku tepla vznikajiciho pfi obrabéni.

Pfivod MQL mUze byt externi nebo interni (skrz nastroj mazacimi kanalky)
stejné jako klasické mazani €i chlazeni. Externi pfivod byva pouzivan pro
vétSinu vnéjSich operaci (napf. soustruzeni), interni mazani je durazné
doporu€eno napf. pro vrtani dér s pomérem /D vétsSim nez 3. Jelikoz interni
privod je nejCastéji uplathovan pro rotaéni nastroje, muze zde vzniknout
komplikace, ze MQL smés je v dusledku odstfedivé sily jaksi uvéznéna
v nastroji, drzaku, Ci vfetenu a neni ve spravném mnozstvi dovedena do mista
Fezu.

Pro interni i externi pfivod existuji 2 systémy vedeni: jednokanalovy a
dvoukanalovy pfivod. Jednokanalovy pfivod znamena, ze vzduch a olej jsou
privedeny do mista fezu spolec¢né jednim kanalkem. Druha varianta je jeden
kanal pro vzduch a druhy vnitfni kanal pro mazivo. Tyto 2 kanalky se slucuji
tésné pred tryskou. Dvoukanalovy zpuUsob je obecné lepsi, protoze mlha je
tvofena az v misté, kde je potfeba. V pfipadé jednokanalového systému je
problém, ze olej spise teCe po sténé hadi¢ky a tvorba mlhy pomoci trysky
muze byt problematicka.

pohybuje se vrozmezi 5 — 80 ml/h a mél by byt nastavitelny na kazdém
Cerpadle MQL. Druhym proménnym parametrem je tlak vzduchu. Udava se
v barech a pohybuje se mezi 4 — 8 bary. V nékterych pfipadech se mize ménit
i prutok vzduchu. Pratok vzduchu byva pomérné vysoky (25-350 I/min), aby
olej, co nejlépe prostupoval do mista fezu a aby byl zachovan chladici a Cistici
ucinek MQL.

2.2 Funkce procesnich kapalin

Existuji 2 zakladni funkce procesnich kapalin, mazaci a chladici. Mazaci
funkce je zajiStovana oleji a kapalinami na olejové bazi. Chladici funkce je
provadéna kapalinami na vodni bazi, nejCastéji tzv. emulze. Voda ma vysokou
meérnou tepelnou kapacitu, a proto ma velmi dobrou ochlazovaci schopnost.
Mazani je obecné aplikovano pfi nizSich rfeznych rychlostech, chlazeni pfri
vy$sich, protoze teplota roste s feznou rychlosti.



Maziva snizuji opotfebeni nastroje, treni, ¢astecné teplotu a udrzuji si svoje
vlastnosti po dlouhou dobu. Jejich vilastnosti zavisi na smacivosti, viskozité a
schopnosti pronikat na rozhrani nastroj / tfiska.

Obecné se tvrdi, ze olej snizuje tfeni diky tenké vrstvé vytvorené v misté fezu.
Pravdou v$ak je, Zze hlavni duvod snizovani tfeni spociva ve zmenseni
kontaktni délky mezi odchazejici tfiskou a nastrojem na cCele.

Nevyhodou pouzivani maziv je vysoka cena, horlavost a vétsi skodlivost pro
lidské zdravi nez kapalina na vodni bazi.

Chladici fezné kapaliny pUsobi na nastroj, tfisku i obrobek. Vysoka teplota pfi
fezu zkracuje zivotnost nastroje. Dale chlazeni snizuje tepelnou roztaznost a
tim pfispiva k lepSi rozmérové presnosti obrobku. Kapalina navic odvadi tfisky
pry¢ z pracovniho prostoru. Stejné jako maziva chladici kapalina snizuje
kontaktni délku na rozhrani. Obecné nizSi teplota zkracuje kontaktni délku
nebo délka mlze byt zkracena chlazenim tfisky z vnéjsi strany (ne mezi ¢elem
a tfiskou), coz tfisku zkrucuje a tim minimalizuje kontakt tfisky s Celem
nastroje.

Procesni kapaliny mizeme rozdélit na nékolik kategorii:

2.2.1 Cisté oleje

Jedna se o nerozpustné oleje bez pfisad. Aplikuji se pfi nizSich feznych
rychlostech (v;=30 m/min). Jejich plvod muze byt mineralni, rostlinny,
zivocisny nebo synteticky. Existuji smési jedlych a mineralnich olejl, nebo
mohou byt pridavana aditiva zvysujici uc€innost pfi vysokém tlaku. Aditiva jsou
sirného, chlorového nebo fosforového puvodu.

2.2.2 Rozpustné oleje

Jednd o smés oleje a vody v urCitétm poméru, od 1/10 az po 1/50.
NejcastéjSim prikladem téchto kapalin jsou emulze. Emulze maji vysokou
chladici schopnost, nicméné diky pritomnosti oleje pfispivaji i k mazani.

2.2.3 Syntetické kapaliny (na vodni bazi)

Neobsahuji zadny olej. Je to smés vody a anorganickych chemickych latek.
Maji vybornou chladici schopnost, ale kvali absenci oleje velmi Spatnou
mazaci. Vyhodou je jejich pruhledna barva, coz umozriuje lep$i viditelnost na
obrabéci proces.

2.2.4 Polosyntetické kapaliny (na vodni bazi)

Obsahuji 5-50% oleje. Kombinuji vyhody ¢Cistych oleju a syntetickych feznych
kapalin. Jsou méné skodlivé nez mineralni oleje a stejné jako syntetické
kapaliny jsou prahledné.

2.2.5 Plyny

je vzduch, ktery muze byt pfiveden do mista fezu jako stlaéeny nebo muzeme
s jistou mirou nadsazky fici, ze vzduch pfi atmosférickém tlaku ochlazuje
fezny proces pfi obrabéni za sucha. Inertni plyny (Ar, He, N) se nékdy
vyuzivaji jako ochranna atmosféra proti korozi



2.2.6 Pevna maziva

Mohou byt pouzity pfi zavitovani, vystruzovani nebo brouseni nozl, obecné
vSak jejich vyuziti pfi obrabéni je prakticky nulové. Vyuzivaji se spiSe na
udrzbu stroju.

3. Bibliograficka reserse

Procesni kapaliny mohou byt hodnoceny vice zplsoby. Zakladni rozdéleni je
na metody pfimé a nepfimé. Prikladem pfimych metod jsou hodnoceni
trvanlivosti nastroje, rozmérové presnosti obrobku, kvality povrchu ¢i spotfeby
energie béhem obrabéciho procesu. Nepfimé metody jsou vétSinou spojeny
s feznymi silami, takze je nutné je méfit pfimo pfi obrabéni. Jsou to napf.
kroutici moment a posuvova sila pfi vrtani, jednotlivé slozky feznych sil,
studovani vibraci, kontaktni délky na Cele nastroje ¢i soucinitele péchovani
trisky.

3.1 MQL

Podle literarnich prament se objemovy prutok oleje 5 mlh se zda byt
nedostatecny, fezné sily se hodné blizi silam naméfenym pfi chlazeni
stlaéenym vzduchem. Naopak pritok 15 nebo 23 ml/h dosahuje vlastnosti
blizicim se konvenénimu chlazeni.

Kvalita dér pfi vrtani oceli AlSI 86400 je shodna pfi pouziti MQL a emulze.

Pfi obrabéni hlinikovych slitin je MQL uc€innéjsi prfi vysokych feznych
rychlostech, méné materialu pfilina na nastroj. MQL navic dosahuje vyssi
opakovatelnosti vysledkU pfi méfreni drsnosti povrchu nez konvenéni chlazeni.
Kontaktni délka na Cele nastroje se snizuje se zvysujicim se prutokem MQL,
zajimavé je mnozstvi objemové pratoku MQL nema vliv na trvanlivost nastroje
pfi vrtani.

Obecné pouziti MQL snizi fezné sily o 1-37% oproti obrabéni za sucha.

Kromé klasické technologie MQL existuji i rizna vylepseni. Jednim z nich je
pfidani rdznych plynt (02, Arz, N), pficemz kyslik zaznamenava nejlepsi
vykonnost. Druha moznost je pfidani mikrokapek vody do smési olej — vzduch.
Spole¢nym znakem téchto modifikaci je zlepSeni uc€innosti MQL, hlavné
z hlediska reznych sil.

3.2 Ortogonalni rezani

Ortogonalni fezani je experimentalni metoda. Je tfeba spinit 2 podminky. Aby
fezani bylo opravdu ortogonalni, tak uhel nastaveni hlavniho ostfi musi byt
K/=90° a uhel sklonu hlavniho ostfi A;= 0°. Ortogonalniho fezu je mozno
dosahnout pfi soustruzeni nebo pfi hoblovani. Pfi soustruzeni existuje nékolik
metod. Podélné soustruzeni trubky (celé stény), pficné soustruzeni tenkého
disku nebo misto disku mUze byt pouzit valcovy polotovar, ktery byl
predobrobeny tak, aby na ném byly 2 rizné priméry — vice disk( na valci



(Fig. 3.3). Dulezitym parametrem je Sifka disku (Ci stény trubky). V literature
byly nalezeny hodnoty 1,2 mm a 2,5 mm, v protokolech z laboratofe 3 mm.

3.3 Vrtani

Pro testovani vykonnosti feznych kapalin pfi vrtani se nejcastéji provadi test
trvanlivosti a méreni reznych sil. Test trvanlivosti vyzaduje vétSi mnozstvi ¢asu
a opakovatelnost neni pfili§ dobra. Méreni reznych sil je Casové méné
naro¢né a opakovatelnost je lepsi.

Zivotnost nastroje je definovana jako poéet vrtanych dér (&i vrtana délka) do
uplného znieni nastroje. Trvanlivost nastroje se zhorSuje s rostouci teplotou,
takze chlazeni ma pozitivni vliv. V nékterych pripadech vSsak muze mazivo
paradoxné puUsobit nepfiznivé na trvanlivost nastroje tim, Ze odstranuje
narUstek, ktery sice poskozuje geometrii bfitu, zaroven ho v$ak chrani.

Pfi vrtani potkavame dva zakladni problémy: odvod tfisek a teplota. Oboje se
teoreticky zlepsi aplikaci kapaliny. Vrtani hlubokych dér je mozné pfi aplikaci
MQL s vnitfnim pfivodem.

Hlinikové slitiny jsou nejCasteji vrtani nastroji z rychlorezné oceli, nebo karbidy
nepovlakovanymi nebo povlakovanymi DLC. Na karbidovych nastrojich se
vétsinou netvofi narlstky jako na rychlofezné oceli. Rezné podminky pro
vrtani hlinikovych slitin se pohybuji okolo v,=100 m/min pro nastroje
z rychlofezné oceli a v fadu stovek m/min pro karbidové nastroje. Posuv na
otacku se nachazi v rozmezi 0,1 — 0,25 mm pro oba obrabéci materialy.

Korozivzdorna ocel AISI 316L je obecné povazovana za hufe obrobitelny
material diky nizké tepelné vodivosti, sklonu k velkému deformacnimu
vytvrzeni a tvorbé narlUstku. Tento materidl byva témér vyhradné vrtan za
pomoci konvencniho chlazeni. Proto v dostupné literature nebyl nalezen
zadny priklad vrtani této oceli za pouziti technologie MQL.

Stejné jako v pfipadé hlinikovych slitin, AlISI 316L byva obrabéna vrtaky bud
karbidovymi (povlak TiAIN) nebo z rychlofezné oceli. Rychlofezna ocel muze
nepovlakovana, povlakovana TiN nebo s pfidavkem kobaltu. Nalezené fezné
podminky pro nastroj z rychlofezné oceli jsou v = 15 — 40 m/min a f = 0,1 mm.
V pfipadé karbidového vrtaku se hodnoty pohybuji okolo v, = 40-80 m/min
(vyjimec¢né 100 m/min) a f = 0,04 — 0,2 mm. V8echny uvedené hodnoty jsou
v situaci konvenéniho chlazeni.

3.4 Mérici techniky

Méreni teploty pfi vrtani slepych dér probiha témér vyhradné termoclanky.
Termoclanky byvaji rozmistény podél vrtané diry, mohou obklopovat diru
z vice stran. Kazdopadneé je treba pfedem vyvrtat do soucasti diry pro vlozeni
termoclankd. Dulezité je zachovat vzdalenost mezi koncem termoclanku a
sténou budouci diry, literaturou doporu¢ena hodnota je 0,3 mm.

Kromé klasického termoclanku existuje i bezdratovy systém, ktery spolehlivé
funguje az do rychlosti 20 000 min™'. Je véak tfeba specialni vrtak s drazkou



pro zavedeni termoclanku podél Sroubovice vrtaku od drzaku az k ostfi. Od
drzaku je signal radioveé prenasen do zesilovace a pocitace.

U pruchozich dér je mozné mérfeni teploty termokamerou v misté, kde vrtak
vystupuje z materialu.

Méreni teploty pfi ortogonalnim rfezani je jednodussi protoze se jedna o vnejsi
operaci. Lze tedy jednoduse pouzit termokameru, ktera s urCitou frekvenci
vyfoti obrazky ve stupnich Sedi. Tyto obrazky je mozné napriklad v MATLABuU
transformovat na barevné obrazky s odpovidajici teplotni skalou. Existuje
levnéjsi varianta, tzv. CCD kamery, které casteéné nahradi termokamery.
Nevyhodou je, ze funguji blizko infraCervené oblasti, takze neni mozné jimi
meéfit nizsi teploty, napf. pfi obrabéni hlinikovych slitin.

Méreni silového pulsobeni pfi obrabéni probihd bez ohledu na druh operace
piezoelektrickymi dynamometry. Signal je pfenasen do zesilovace a dale
zpracovavan v pocitaci programem LabView nebo DasyLAB. U soustruzeni a
frézovani jsou méreny sily ve 3 osach (Ci fezng, posuvova a pasivni slozka). U
vrtani se nejCastéji méfi kroutici moment a posuvova sila. Sily pfi vrtani je
mozné méfit sily dvéma zpUsoby; bud statickym dynamometrem na soucasti,
nebo rotacnim dynamometrem na nastroji.

4. Prubéh experimentalni ¢asti

4.1 Ortogonalni rezani

Vybrana byla moznost obrabéni disku. Disky jsou pro oba materialy shodné.
Jsou vyrobeny z valcového polotovaru d=75 mm. Polotovary byly podéiné
osoustruzeny na 70 mm. Do nich byla vyvrtana dira o d = 25 mm, nasledné
byly upichnuty disky o Sifce 3 mm.

Pro tyto pokusy byl vyroben pfipravek, ktery byl upnut do skli¢idla a
umoznoval rotaci disku pri obrabéni.

Pokusy byly provadény na CNC soustruhu SOMAB T400. Bylo méfeno silové
pusobeni a teplota. Rezna a posuvova slozka sily byly méfeny za pomoci
dynamometru KISTLER 9121 a softwaru DasyLAB. Teplota byla méfena
kamerou s infracervenym filtrem, coz znemoznilo méfeni teploty pfi obrabéni
hlinikové slitiny kvali nizké teploté. Ziskané obrazky ve stupnich Sedi byly
zpracovany za pomoci programu MATLAB.

Mazivo ve formé MQL bylo vytvareno pfistrojem Lubrimat L60 od némeckého
vyrobce Steidle. Jedna se o externi dvoukanalovy pfivod.

Proménné parametru pokusl jsou 4 oleje, 2 fezné rychlosti, 2 objemové
pritoky oleje a 2 tlaky vzduchu. Také jsou 2 materialy, ale pro kazdy material
je odlisSny experimentalni plan. Plan vychazi z Taguchiho tabulky, kde pro tuto
konfiguraci experimentu je tzv. kompletni plan 32 testd na material. Kompletni
plan se v8ak vétsinou omezi na tzv. optimalni plan, ktery je v tomto pfipadé 16
testll na material. Na kazdy pokus bylo pouzito nové ostfi nastroje.



Na obrabéni AISI 316L byly pouzity vyménitelné britové desticky povlakované
TIAIN + TiN od firmy SECO. Na hlinikovou slitiny nepovlakované karbidove
desti¢ky taktéz od firmy SECO.

4.2 Vrtani

Soucasti pro vrtaci testy byly nejprve fezany pasovou pilou z pomérné velkych
kvadrl, poté frézovany na kone¢né rozmeéry 73x40x45(50 pro EN-AW 7020).
Jedna soucast slouzi pro vrtani 8 experimentalnich dér prdméru 12mm a
hloubky 36 mm. Byly vyrobeny 4 soucasti z kazdého materialu, coz poskytuje
dostateCnou rezervu pro pokusy. Dale musely byt vyvrtany diry pro vliozeni
operaci vzhledem malému priméru a velkému /D poméru. Podél kazdé
experimentalni diry bylo vrtano 6 dér pro termoclanky, coz dohromady
znamena 192 dér na material. Rozte¢ mezi jednotlivymi dirami je 5 mm. Pro
vrtani 1mm dér byly zvoleny nepovlakované karbidové vrtaky od firmy SECO.
Jeden na predvrtani, ktery umoznuje vrtani do hloubky pouze 2mm a druhy,
ktery vyvrta diry do potfebné hloubky. Vrtani téchto dér probihalo za
intenzivniho chlazeni emulzi.

Pokusy jsou provadény na 3-osé CNC frézce DMG DMC 65V. Zdrojem MQL
je tentokrat numericky fizené cerpadlo od firmy SKF. Umoznuje interni
jednokanalovy pfivod MQL. Je mozné vybrat ze 16 pfednastavenych
konfiguraci MQL. Jednotlivé konfigurace se li§i objemovym pratokem oleje a
vzduchu, tlak vzduchu je fixni 6 bar(.

Ze silového pusobeni byly mérfeny veli¢iny pro vrtani typicky, tzn. kroutici
moment a posuvova sila pomoci rotacniho dynamometru KISTLER 9123C a
softwaru DasyLAB. Pro mérfeni teploty byly vyuzity termoclanky a taktéz
software DasyLAB.

Experimentalni plan se nezménil co se tyCe velikosti oproti ortogonalnimu
fezani, co se tyée obsahu vSak ano. S pfihlédnutim k vysledkim
ortogonalniho fezani bylo shledano, ze jediny opravdu vlivny parametr je
fezna rychlost. Pro tentokrat byly pro kazdy material stanoveny fixni fezné
podminky. Zafizeni SKF neumoznuje ménit nezavisle 2 parametry MQL,
pouze celou konfiguraci. Proménné parametry experimentalniho planu tedy
jsou 4 oleje a 2 konfigurace MQL. Kompletni plan je 8 pokusu, tento plan bude
opakovan, ¢imz se dostavame na pocet 16 pro kazdy material.

Pro testy vrtani do hlinikové slitiny byly pouzity nepovlakované karbidové
vrtaky od Sandvik Coromant. Na pokusy s kazdym olejem byl pouzit jeden
nastroj, tzn. nastroj na 4 diry, pficemz po kazdé diry bylo pripadné opotfebeni
nastroje visualné kontrolovano na optickém mikroskopu KEYENCE. Pro
meéfeni teploty vSak byly pouzity pouze 4 termoclanky proti plvodnim Sesti,
protoze bylo pouzito jiného pfislusenstvi, které neumoznuje pfipojeni 6
termoclanka.



Na vrtani korozivzdorné oceli byly vybrany povlakované karbidové vrtaky.
Kvuli problémUm pfi pfedbéznych tzv. COM testech (pro uréeni optimalnich
feznych podminek), kdy doslo ke znic¢eni nékolika nastroji, musela byt
zredukovana fezna rychlost i hloubka vrtané diry na kone¢nych 15mm. Pro
tuto hloubku bylo ucelné zapojit pouze 2 termoclanky. Kazdy nastroj byl pouzit
na 2 diry, pokus a jeho opakovani.

5. Vysledky a komentare

Vysledky byly zpracovany rozptylovou analyzou. Rozptylova analyza urci,
jestli faktor (proménny parametr — olej, objemovy prutok atd.) ma podstatny
nebo zanedbatelny vliv na konkrétni méreny parametr (fezné sily, teplota).
Tabulky s témito vlivy jsou umistény v pfilohach.

5.1 Ortogonalni rezani

Vysledky ortogonalniho rfezani je mozno rozdélit na 3 skupiny: fezné sily,
teplota a drsnost povrchu. Zplisob méfeni prvni dvou veli¢in je popsan vyse,
kvalita povrchu byla mérfena dotykovym pfistrojem Somicronic Surfascan.
Kazdy disk byl méren tfikrat.

Ze silového pusobeni byla méfena primérna hodnota fezné a posuvové
slozky a také vychylka fezné slozky. Sily jsou ovlivhovany prakticky jen feznou
rychlosti, pficemz pfi vySsi rychlosti jsou obecné sily menSi, stejné tak
vychylka F. pfi obrabéni AISI 316L.

Vysledky teploty byly zpracovany pouze pro AISI 316L, protoze dostupné
vybaveni (kamera s infraCervenym filtrem) neumozrnuje méfeni teplot nizsich
nez cca 450°C. Cili nebylo mozné zmétit teplotu pti obrabéni hlinikové slitiny.
Na teplotu ma podle rozptylové analyzy vliv fezna rychlost a tlak vzduchu.
Teplota roste sfeznou rychlosti, tlaku vzduchu sice méni teplotu, ale
zpUsobem natolik nepravidelnym, Ze jej nelze spolehlivé interpretovat.

Jako parametr popisujici drsnost povrchu byl vybran Rt. Vzhledem k povaze
testll ortogonalnino fezani, kde Rt neni klasicky ovlivihiovano hodnotou
posuvu, je kvalita povrchu velmi dobra. Pro hlinikovou slitinu jsou hodnoty Rt i
odchylky mezi jednotlivymi oleji natolik malé, ze Zadny rozdil nemulze byt
konstatovan. V pfipadé korozivzdorné oceli jsou sice hodnoty i rozdily vyssi,
ale jejich charakter je pfiliS nahodny, coz je potvrzeno i rozptylovou analyzou.
Podle ni nema na strukturu povrchu zadny faktor rozhodujici vliv.

Zavér ztestl ortogondlniho obrabéni je, Ze neni patrny zasadni rozdil ve
vykonnosti jednotlivych olejl. V nékterych pripadech jsou dokonce vysledky
testl za sucha lepsi nez pfi pouziti MQL. Celkové olej B (s nejvyssi viskozitou)
dosahuje nejhorsich vysledkl, rozdily jsou vSak natolik nepatrné, ze se
pohybujeme spiSe v oblasti hypotéz. Vysvétlenim téchto vysledkll muze byt
uréitd nenaroCnost operace ortogonalniho fezani. Nebot se jedna o vnéjsi
operaci a pouze 2D fez, takze se UCinky jednotlivych oleji nemohly plné
rozvinout.



5.2 Vrtani

Pri vrtacich pokusech byly mérfeny stejné veli€iny jako pfi ortogonalnim fezani,
drobny rozdil je v méreni silového pusobeni, zde je méfen kroutici moment a
posuvova sila. Kvalita povrchu se rovnéz méfi pristrojem SOMICRONIC
Surfascan, pfiCemz povrch obvodové stény kazdé diry je méfen tfikrat.
VSechny grafy obsahuji vysledky pro 4 oleje a kazdy olej pro 2 objemové
pritoky, coz znamena 8 sloupcl. Do vybranych grafli je pro ilustraéni srovnani
pridana hodnota dané veliiny pfi vrtani za sucha z predchozich testu.

Vrtaci pokusy pfinesly daleko zajimavejsi vysledky. Rozdily mezi jednotlivymi
oleji jsou patrné, coz je potvrzeno i rozptylovou analyzou. V oblasti feznych sil
jsou rozdily mnohem znatelng&jsi na krouticim momentu nez na posuvoveé sile.
Vysledky krouticiho momentu ukazuji, ze aplikace MQL snizuje silové
pusobeni oproti obrabéni za sucha. Ze silovych vysledkl vychazi jako
jednoznacéné nejlepsi olej D, nejhorsich vysledkl dosahuje olej A.

Namérené hodnoty teploty jsou tézko vysvétlitelné. Napriklad olej A ma
nejmensi chladici u€inek pro AISI 316L a naopak nejvétsi pfi vrtani EN-AW
7020. AvSak rozdily mezi jednotlivymi teplotami nejsou markantni.

Vysledky drsnosti povrchu jsou velmi rozdilné pro oba materialy. V pfipadé
korozivzdorné oceli jsou vysledky vSech oleju velmi podobné, ale mnohem
lepSi nez pfi vrtani za sucha. U hlinikové slitiny zaznamenavaji oleje A a C
velmi dobré vysledky, naopak C a B velmi Spatné (pfi pouziti oleje B je
hodnota Rt dokonce vys$si nez za sucha).

Celkové pomysinou soutéz s prehledem vyhral olej D, ktery dosahuje
nejlepsich vysledkl ve vétSiné parametrl. Olej D je na syntetické bazi.
Vykonnost ostatnich tfi oleju je velmi vyrovnana. Olej A byl sice nejhorsi, co se
tyCe snizovani silového pusobeni, nicméné predcil zbylé dva oleje v chladicim
ucinku a v drsnosti povrchu.

6. Zavér

Prace se zabyva pomérné komplexni problematikou, byt to neni na prvni
pohled zfejmé. Kromé obrabéni je zde problematika Feznych kapalin a
systému MQL. Je dulezité také pracovat s pomérné velkym pocétem méficich
systému.

Testy vrtani ukazali mnohem vice rozdill v fezivosti oleji nez ortogonalni
fezani. Diky vrtacim pokusim mulzeme konstatovat, ze pro studované
parametry je nekvalitnéjsi olej D. Poradi dalSich olejl je velmi obtizné uréit.
Ponékud prekvapivé je zjisténi, ze objemovy prutok nema podle provedenych
testll prakticky zadny vliv na studované parametry ani pfi ortogonalnim rezani
ani pfi vrtani.



Zajimavym obohacenim prace by byly testy trvanlivosti nastroje pfi vrtani,
z ¢asovych dlvodl bohuzel v§ak nemohly byt uskuteénény v ramci této prace.

Na zaveér bych rad pridal nékolik osobnich doporuceni vypozorovanych béhem
experimentl. Vrtani korozivzdorné oceli AISI 316L pfi aplikaci MQL je
komplikované a pravdépodobné i ekonomicky nevyhodné.

Pfi pouzivani pfivodu MQL stfedem nastroje, je vhodné mit k dispozici
dvoukanalovy systém, aby smeés byla tvofena az tésné pred vrietenem.
Nicméné druhy problém s odstfedivou silou bude i tak pretrvavat.

MQL je ekologickd metoda z hlediska spotfeby kapaliny. Mlha, vznikajici pfi
MQL, je vSak =zdravi skodliva a dosti nepfijemna pro pracovniky obsluhy
stroju. Odsavaci systém by tedy mél byt soucasti kazdého stroje, na které je
MQL pouzivano.

Kli¢ova slova: MQL, rezné oleje, ortogonalni fezani, vrtani



ABSTRACT

This paper deals with the Minimal Quantity Lubrication (MQL) application. The
aim is to compare experimentally the performance of 4 different cutting oils.
The oils will be called A,B,C and D and their elementary characteristics are
listed in the chapter Experimental part. Their commercial designations won't
be mentioned because of confidentiality reasons.

The performance of the oils will be tested at turning orthogonal cutting and
drilling. Two workpiece materials are used for the both operations: stainless
steel AISI 316L and aluminum alloy EN-AW 7020. Evaluated parameters for
turning and drilling tests are the cutting forces, the maximum temperature and
the surface roughness.

The experimental part is preceded by bibliographic research about cutting
fluid, the MQL application in general, the machining operation (orthogonal
cutting and drilling) with accent on the fluid application and the measurement
of the temperature and cutting forces.

Keywords: MQL, cutting oils, orthogonal cutting, drilling
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1 INTRODUCTION

1.1 Background of the project

The cooling by water was used for the first time at the beginning of
20" century by F.W. Taylor and the result was the increased tool life. It started
a large use of cutting fluids. [1] Machining of nowadays tends to decrease the
amount of process fluids. There are several reasons for this: It is especially the
economical and ecological motives, or there could be also technological
reasons. The economic reason is paramount. Lubricants, including the
equipments, accessories, recycling system and maintenance, represent
7-17% of the total production cost. Therefore the companies look for reducing
these costs. The principle is simple, less fluids the company consumes, less it
costs. Consequently, the techniques that avoid heavy watering develop. It is
the dry machining and the near-dry machining (NDM) which uses the
technology of minimum quantity lubrication (MQL). [1, 2, 3, 4, 5, 6, 8]

COST OF COOLANT MANAGEMENT

Coolant}
rool cost cost | . 3~5times higher cost,
2-4% 7~17% compared with the
tool cost.

Other cost

Fig 1.1 — Cost of coolants in manufacturing process [2]

The second aspect of the use of MQL is the ecology and the health protection.
In our age, we must protect the nature and the environment. Even if the fluids
are recycled, anyone cutting fluid is more or less harmful whatever it is, an
emulsion or an oil. During the machining process, the fluids evaporate and
they soil workspace of the machine at the same time. These effects are
unfavourable to the global environment, but especially for operators who find
themselves in daily contact with the fluids. Operators touch the fluid wetted
parts and breathe the vapors containing fluids which can cause skin and lungs
diseases. Moreover, many cutting fluids contain extreme pressure (EP)
additives such as chlorinated paraffines, which have been identified as
potentially carcinogenic substances. [3, 7]

That is why the state governments and international organizations try to
motivate companies to make production more environmentally friendly. There
are established a system of rules by means of laws and punishments in one



side, but also some motivation by means of various certificates if the company
fulfills certain conditions. A certificate of ecology can improve the company
image in the market and can be used for advertising purposes. This links the
economic and ecological aspect of using the MQL.

Equipment

- int. / ext. feed
- 1 or 2 channels

Fluids

- fatty alcohol
- synthetic esters

Tools

- internal feed
- external feed

Economic
Dry Machining
with MQCL

Settings Machine Tool

- MQCL supply
- upgradabhility

- oil flow
- air flow

Fig 1.2 — Aspects of MQL [4]

The optimum is to achieve the completely dry machining, because there is of
course no cost of lubrication, no maintenance required and the machine
environment stays clean. The dry machining is already widely used for several
applications, for example the turning of hard materials or the machining of
aluminum or magnesium. [1]

Nevertheless dry machining is not feasible for all types of operations.
Especially inside operations (such as drilling or tapping) require the use of fluid
to remove chips from the hole and to reduce cutting forces.
This brings us to the second option, the machine near-dry machining using the
minimum amount of lubrication. Henceforth, we will call them by the
abbreviations (NDM = Near Dry Machining and MQL = Minimal Quantity of
Lubrication). The amount of lubricant used in MQL is counted in mil/h,
meanwhile in the conventional watering in liters per minute. That makes the
difference of flow by order of 10°. It is the coefficient of one million. [9]
However, the results of cutting forces and surface condition using MQL are
often comparable or even better in some cases compared to conventional
cooling. Moreover, the MQL achieved clearly better results in the mentioned
criteria relative to the dry machining. This is the purpose of the MQL. [10]



1.2 Organization of the work

The work is divided into the theoretical and experimental part and it contains
overall 6 chapters and the appendices.

1.2.1 Theoretical part

The introduction mentions the ecological and economical aspects of using the
MQL and the organization of the work.

The second chapter of this work is focused on the issues of cutting fluids. The
objective of this review is to deepen the knowledge about the cutting fluids,
their division. The MQL application is also explained in this chapter.

The third chapter summarizes the bibliographic research done about all main
topic of this project. The first part of this the theoretical review concerns the
orthogonal cutting. About that there are not many useful publications on the
internet. On the other side, several orthogonal cutting tests were carried out
during the previous years in the laboratory of Cluny. Therefore, internal
laboratory documents, reports written by former students, were studied. |
would like to compare different ways of orthogonal cutting and choose the one
most suitable. At the same time, the experimental plan of the tests is based on
the Taguchi table. [11]

The portion after is directed to the other test run of the project, that is to say
the drilling. It is necessary to find how the drilling tests are routinely done.
Information on several things were searched: the hole diameter, the drilled
depth, the coating of machining material and cutting conditions.
What is strongly related to drilling tests, it is the tool life tests, which are
included in the theoretical review.

In parallel, some information is gathered about the acquisitions and forces and
temperature measurement. The force and temperature measurement
temperature is common for all tests, but the measurement way is different for
orthogonal cutting and drilling.

1.2.2 Experimental part

The 4™ chapter describes the samples preparation and the experimental setup
of the both provided tests, the orthogonal cutting and the drilling.

This chapter is logically succeeded by results and commentaries. The work is
terminated by the conclusion and practical recommendations.



2 PROCESS FLUIDS
2.1 Description of the MQL
2.1.1 Principle of MQL

The MQL lubrication is composed of oil and compressed air. These two
components form an aerosol mixture, which is applied to the cutting area. The
oil is introduced at a determined rate, the amount of air is regulated by the inlet
pressure. Once the oil and the air are mixed, a mist forms and lubricate the
cutting area. Because the amount of the oil is very minimal (order of ml/h), the
heat generated during machining evaporates practically the integrity of the oil.
So, the workpiece is got out dry and clean, which present a significant
advantage over the conventional lubrication, because neither degreasing nor
cleaning of the workpiece is necessary. [1, 3]

Oil is the main component because it provides the lubrication of the cutting
area. The primary function of the air is to blow and transport the oil into the
application area. The secondary functions are to help to evacuate the chips
(e.i. drilling) and also cool, but this capacity is not important.

2.1.2 MQL application

We distinguish two types of MQL application: external and internal supply. The
external supply sprays the aerosol on the cutting edge via external nozzles.
This method can be used for the operations where the fluid accessibility on the
cutting edge is not very limited, such as milling, turning, sawing or drilling with
I/D ratio < 3. The internal application is used for tapping, reaming and deep
hole drilling. For both types of MQL, there is the one-channel supply and two-
channel (dual) supply system. The one-channel supply means that the MQL
mixture is formed outside the spindle and there is only one channel which
brings the aerosol towards to the tool. The two-channel supply feeds the oil
and the air separately, and the mixture is produced just in front of the tool.
2, 4]

A disadvantage of internal system is that the mist could be easily dissipated in
the toolholder or in the tool and the effect is limited. [12]
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Fig 2.1 — MQL supply systems [4]

2.1.3 Adjustable parameters of the MQL

The practical information on adjustable parameters of the MQL must be
analyzed to be able to perform the tests. This information is contained in the
vast majority of articles. This is the oil rate, the air pressure and some
publications specify also the air rate. The oil rate usually varies between 10
(exceptionally 5 ml/h) and 100 ml/h, but usually the oil rate does not exceed
80 ml/h. The air pressure is expressed in units of bars, the most common
value is 6 bars, the current range is from 4 to 8 bars. The magnitude of the air
rate is about hundreds of liters per minute. [1, 5,13, 14, 15,16, 17,18, 19]

2.2 Cutting fluid action

The aim of cutting fluids is to improve the efficiency of machining operations in
terms of tool life, surface finish, dimensional tolerances, cutting forces,
vibrations and energy consumption. Another function is to flush away the chips
and protect the workpiece from corrosion. But their effect depends not only on
the fluid properties but also on the workpiece material, tool material and
geometry and cutting conditions. [1, 20, 21]

There are two basic types of cutting fluid action. It is the lubrication and the
cooling. The lubrication ensured by oil-based fluids, is effective at lower cutting
speeds and prevents the formation of the BUE.

At higher cutting speeds, the cooling capacity of fluid becomes more needful,
therefore the water-based solutions are applied. [1]

The ensemble of cutting media can be divided according to the physic state
onto liquid, semi-solid (colloidal), solid and gaseous. The liquid category is the
most common and it includes mineral, vegetable and animal, synthetic oils and



generally all coolants. Some fatty lubricants, emulsions and parrafines are
classed into the semi-solid (colloidal) group. Solid lubricants are lamellar,
polymeric, soft metals, oxides and powders. The compressed air or the air at
the atmospheric pressure (simply the case of the dry machining) can be
considered as a gaseous coolant. [20, 22]

2.2.1 Lubricating action

Some of general functions of a lubricant are the reduction of the tool wear, the
friction decreasing, cleaning of contact surfaces, the cooling effect and
maintaining its properties for a long term. [22]

The lubrication efficiency depends on the fluid wettability, viscosity, layer
resistance and the ability of penetrating on the chip-tool interface. [1]

Classical theories say that the oil creates a soft film at the chip-tool interface
and reduces the friction coefficient. But the main goal of the lubrication is the
restriction of the contact area and contact length on the interface. This implies
the chip speed increasing and the reduction of vibrations, BUE formation, chip
temperature, chip compression ratio (thinner chip), cutting forces and energy
consumption. This causes a lower load on the rake face, better fluid
accessibility and reduced chip adhesion. The decrease of the contact length
improves the surface finish quality especially at low cutting speeds. The tool
rake face or the clearance face can be lubricated. [21, 23, 24, 25, 26, 28]

Disadvantages of using oils are high cost, fire risks, smoke formation and
higher risk to the human health comparing to the water-based cutting fluids. [1]

2.2.2 Cooling action

The energy consumed during machining process is almost completely
transformed on the heat. This heat is dissipated into the chip, the workpiece
and the tool. [28]

Qs = Qcp +Qw + Q¢ [28]
(2.1)

The coolants act on tool, part, machine tool and swarf. The cutting
temperature has a negative influence on the tool wear, here is the first aim of
the coolants. The cooling capacity decreases with the increase of cutting
speed and depth of cut [1]

Then, the cooling process contributes to keep the dimensions within the
tolerances by lowering the thermal dilatation of the tool. [14, 21]

The carry the chips away is also one of important functions of a coolant [23]
One big problem when machining aluminum alloys or stainless steel is the
BUE formation. The use of coolant shifts the range of BUE formation towards
to higher cutting speeds. [21]



The cooling of the chip backsurface results in increase of chip curl which
reduces the contact length without requiring the fluid access to the interface.
The reduction of contact area can be due to overall lower temperature.
[21, 23, 25, 26]

2.3 Mist systems

It is a mixture of oil with the air. This technology is also used for MQL. A small
jet disperses a process fluid as very fine droplets which form a kind of mist.
The air pressure is 69-552 kPa. Since the oil is applied as little droplets, it
evaporates and rapidly removes heat by vaporization. A mist system reaches
a better tool life than the dry machining, but there are other advantages. This
system is able to apply the fluid to otherwise inaccessible areas, gives better
visibility during cutting than a flood system and the fluid velocity in the cutting
zone is greater. Unlike the cooling capacity is limited. [2, 20]

2.4 Cutting fluids categories
2.4.1 Neat oils

They are called also as straight oils or insoluble oils. Straight oils contain no
water, which explains their lower cooling capacity. Their main function is the
lubrication. They are applied at relatively low cutting speeds (v; < 30 m/min),
on difficult-to-machine materials, more difficult operations and to reach better
surface finish. The oils have generally a long life and require less maintenance
than coolant [2, 20, 27]

2.4.1.1 Straight mineral oils
Their advantage is lower cost, a corrosion protection and chemical stability,
but the lubrication capacity is weaker. [20]

2.4.1.2 Fatty oils
This type of oils is extracted from the lard or the colza and is used mainly as
additives. They can be divided on the vegetable and animal ones. Their
lubricating properties are very good, but their direct use is impossible due to
the high cost and quick deterioration. [1, 27]

However, they are used as additives to in mineral oils to increase lubricating
properties. [1, 20]

2.4.1.3 Compound cutting oils
It is a mineral oil with polar additives which improve cutting capacity by
penetrating to the chip-tool interface. [20]

2.4.1.4 Fatty mineral oils
It is a mixture of fatty and straight mineral oils. [20]



2.4.1.5 Extreme pressure (EP) additives
This type of oils is used in machining operations such as tapping or broaching
where the cutting forces are important. They dispose of antiweld properties
and minimize the BUE formation. EP additives such as sulfur, chlorine or
phosphorus improve the oils wettability. [2, 20]

2.4.1.6 Active cutting oils
These oils are suitable for using at high pressure applications, they have
antiweld properties and increase the tool life at high temperatures. The
additives commonly used are the sulfur, the chlorine and the phosphorus. [20]

2.4.2 Water-miscible (water-soluble) fluids

It is a concentrated mixture with the water. The ratio concentrate/water is
generally from 1/20 to 1/30 for machining operations and 1/40, 1/50 for
grinding, but it can vary from 1/10 to 1/100. The water disposes of the high
specific heat, high thermal conductivity and high heat of evaporation, which
makes the water one of the best cooling fluids. Therefore the water miscible
fluids have great cooling capacities, reduce the abrasive wear at high
temperature and their application is for higher cutting speeds. [2, 20]

2.4.2.1 Emulsifiable oils (soluble oils, emulsions)

Soluble oils contain additives (emulsifiers) which form soap. The emulsions
dispose of lubricating and rust-protection properties of oil and at the same time
they contain cooling properties of water. An example of anticorrosive additives
is the sodium nitrite. Biocides are also contained to avoid bacteria growing.
They are commonly used in several machining and all grinding operations.
[20]

2.4.2.2 Other type of water soluble oils
It can be distinguished as general-purpose soluble oils. It is a milky fluid with
droplets of 0,005-0,2 mm. Then clear type (or translucent) soluble oils consist
of more emulsifier and less oil. It exists also fatty and extreme pressure
soluble oils. [20]

2.4.3 Chemical (synthetic) fluids

It consists of inorganic substances dissolved in water with no mineral oils. A
quick heat dissipation, a good workpiece size control, a rust resistance, a long
life and keeping clean the machine area are advantages. “These solutions are
transparent, which causes a good visibility in the machining process. [1]” An
insufficient lubrication capacity is a weak point. [1, 2, 20]



2.4.3.1 True-solution fluids
This type of synthetic fluids is called also chemical solution or chemical
grinding fluids. It contain rust inhibitors and therefore it is added into emulsion
to enhance their corrosion resistance [20]

2.4.3.2 Surface active chemical fluids
It is extremely fine colloidal solutions. There are both organic and inorganic
materials dissolved in water. A good heat dissipation, antirust and antifoaming
action are some advantages. The ratio oil/water varies from 1/10 to 1/40. This
type of flood exists also as extreme pressure (EP) option for tougher
machining operations. [20]

2.4.4 Semichemical (semisythetic) fluids, (microemulsions)

The content of mineral oils is 5-50%, the remainder is formed by additives and
chemical composites. They combine the qualities of chemical fluids and
soluble oils. Comparing to classic chemical fluids, the semichemical ones are
cleaner and have better lubrication properties. There is a larger amount of
emulsifiers than there is in soluble oils which causes a transparency of the
fluid. They are less harmful than the soluble oils. ,Their application is at higher
speed and feed operations [2].” [1, 20]

2.4.5 Gases

The most common gas coolant is obviously the air. Using the air under
athmospheric conditions is simply the dry machining. The air is also present
when a fluid is used. The air cooling is really applied by stream directed to the
cutting zone. The pressurized air blows the chips away as its auxiliary
function.

Inert gases as the argon (Ar), the helium (He) or the nitrogen (N) are used to
prevent oxidation. They conserve even good cooling abilities and clear view
during machining process. They increase the tool life and do not contaminate
the workpiece. [20]

2.4.6 Paste and solid lubricants

Their use in machining is not very ordinary. Their value can be found at hand
tapping and reaming, knife grinding or other special operations. They are
widely used for the maintaining lubrication of machines. [20]



3 BIBLIOGRAPHIC RESEARCH

3.1 Effect of the process fluids and the MQL applications

We can find a large number of publications concerning the problem of MQL.
But often they treat a subject quite concrete that is not necessarily related to
this topic. On the other side, there are many studies containing very useful
comparison of process fluids, unfortunately they deal with flooding, not with
MQL. However, they show the basic properties of tested fluids.

The articles often focus on the comparisons: In most cases, we can find
comparisons of the MQL method with the dry machining. Another example,
these are some studies of effectiveness of MQL oils compared to conventional
emulsion flooding. [18]

The comparisons should be applied to compare the fluids belonging to the
same category. [7]

There are publications that report about the modeling of cutting forces in MQL.
The effectiveness of MQL depends on several factors which are detailed in a
studied article [29].

Besides the classic MQL, there are also some special technologies which are
generally more effective. A common point of most of the publications and at
the same time a very important issue to exploit, it is information on the MQL
conditions, such as the oil rate and the air pressure. Since this is the
machining, we must also consider the material of the workpiece, the
machining material and cutting conditions.

3.1.1 Cutting fluid evaluation

3.1.1.1 Test approaches

There are three main types of cutting fluid evaluation tests: The facing
temperature test for investigating the cooling properties, the restricted contact
tool testing which assesses the lubrication capacity of oils, the last one is the
short time wear test to evaluate the combine effect of cooling and lubrications.
It takes approximately 5 minutes and a good repeatability is affirmed. [24]

There are two approaches how to study the friction at the interface
chip/tool/workpiece. The macroscopic approach measures cutting forces and
torque, the other approach examines the microstructure of the chip and the
tool wear. [9]

Then we can divide the cutting fluids evaluation onto direct one and indirect
one. The direct measurement is oriented on the results which are detectable
after finishing the operation. It is the tool life, the product quality and the power
consumption. Indirect parameters must be obligatorily measured during the
cutting operations. Their examples are: the chip compression test, the contact



length test, the drill penetration test, the drill torque test, the temperature test
or the vibration test. [23, 25]

3.1.1.2 Parameters influencing the MQL

The qualty of MQL is influenced by several parameters:
A constant oil rate should be kept to avoid losses which requires a constant
pipe section. Secondly, it is advantageous to have the oil droplets sufficiently
small in the MQL applications. The optimal size is between 1 and 10 microns.
If the size exceeds 10 microns, the particles will adhere to the walls of the
channel which will reduce the effectiveness of MQL. At the internal lubrication
(which is our case of drilling tests), a very high rotation speed must not be
reached, because the centrifugal and aerodynamic force deviate the flow. If
necessary, it must be compensated by sufficiently high pressure. More the
inlet pressure increases, more the jet is directed and closer it is to the cutting
edge. [29]

We can see comparisons between different lubrication modes very often: the
conventional flooding, the MQL and the dry machining. The order in which the
methods were listed corresponds generally to the quality given. However, the
MQL is more efficient than conventional watering in some cases. For example,
the life of a diamond coated carbide tool may be the longest with MQL. [9, 17]

3.2 Review on the MQL application
3.2.1 Effects of the MQL application

A comparison of the emulsion cooling, the air flow and three configurations of
MQL (5, 15, 23 ml/h) shows some surprising results. The tool wear is most
important when using the emulsion followed by air and MQL. The MQL rate of
5ml/h and cooled air have similar properties. The greatest force is observed
using air, lower one with emulsion. The worst surface quality appears when
cooling by air. [18]

Sales et al. confirm when drilling of steel AISI 8640, the MQL 10 ml/h reach
similar results concerning the roundness, cylindricity, diameter accuracy and
surface roughness as flooding by soluble oil. At high speed turning of steel
1045, the MQL did not reach better results than dry machining. [1]

The MQL systems are more efficient in higher cutting speeds and higher feed
rates, meanwhile the conventional flooding in small ones. [9, 14, 20]

Less chip adhesion on the tool is observed at the cutting speed 5000 m/min
than at 2000 m/min when machining of a cast aluminum alloy A356.

One example of grinding of quenched and tempered ABNT 4340 steel by
AlO3 and CBN wheels shows, that MQL reduces the tangential force more
than the cooling, but the residual compression stress is more important than
when using the cooling. [19]



It is observed during drilling of aluminum alloy 5080, that the flooding and MQL
significantly reduces the torque comparing to cooling airflow and dry
machining. The MQL shows the smaller difference of the surface roughness in
repeated experiments (inferior to 15%), while the deviation with conventional
watering is up to 75%. Conversely, the MQL cannot provide a sufficient
alternative concerning the cooling performance of the emulsion. The hole
diameters obtained using the conventional cooling method are included within
the tolerance, but the MQL does not prevent entirely the thermal dilatation of
the drill due to the previous hole drilling, which results in diameter slightly
above tolerance. [14]

As mentioned above, one function of a cutting fluid is also to reduce the
contact length on the cutting interface. [26] This length is the shortest using
conventional flooding. With MQL, the contact length decreases with increasing
rate (70 ml/h has less contact than 24 ml/h). It can be concluded that more
fluid is present on the interface, less contact there is [16].

Nevertheless, ,the MQL rate does not influence the tool life of drill, which is
quite interesting [13].”

The dry friction coefficient is strongly dependent on the sliding speed at the
interface. MQL decreases the friction coefficient, but does not influence the
sliding speed. [9]

A study compares the performances of various oils among them, at drilling but
using conventional lubrication: The tool life is extended by 177% and the thrust
is reduced by 7% with vegetable oils relative to a commercial mineral oil (in
the best of cases). In addition, vegetable oils come from renewable sources,
which is advantageous from the environmental point of view. [30],[31].

The great performance of vegetable based fluids (also at conventional
flooding) is confirmed by another testing which compares some straight oils
among them (mineral oil, ester oil and two mixtures vegetable/ester) and some
water based fluids independently (vegetable, synthetic and mineral). The
evaluated criteria are the tool life and cutting forces in turning, drilling, reaming
and tapping of the austenitic stainless steel 316L. Vegetable oils and esters
have the best results in all operations both in the straight oils group and in the
water-based one. [6]

The implication of the MQL reduces the cutting forces in general from 1 to
37% relative to the dry machining [8].

3.2.2 Advanced techniques of the MQL

There are some advanced versions of MQL system. This is the addition of gas
and water droplets in the MQL fluid or by using ultrasonic vibrations. All these
special techniques bring improvement in general. The classic MQL remarks
relatively the worst results. Then MQL + O3 is the best and is followed by MQL
+ Arp and MQL + Nz (the efforts are reduced by one third). Besides, there is a
system of adding water microdroplets which is abbreviated as WMD - Water
Micro Droplet. This technique also reduces thrust forces in drilling by one third.



Moreover the WMD can reduce the coefficient of friction. However the use of
these techniques is quite difficult and in the context of this project, it is not
practically feasible. It provides just a theoretical example. [5, 15]

3.2.3 MQL application on aluminum alloys

In the literature, we can find most frequently the application of the MQL system
when machining the aluminum alloys. Aluminum alloys are known as materials
quite easy to machine, but we can still encounter difficulties. The aluminum
swarfs have a strong tendency to adhere to the tool. That is why there are
three generalized properties which fluids used on aluminum alloys should
have. The fluid must not react during cutting and not form the aluminum oxide
which is hard and wears the tool. Then, these fluids must contain lubricant and
extreme pressure (EP) additives against the BUE (due to silicon contains in
the alloy). Thirdly, the fluid is supposed to dissipate heat quickly in order to
limit the thermal expansion of the part. [14]

The machining of the aluminum alloys is often carried out with uncoated
carbide tools. The optimal performance of such tools is recognized just with
MQL. [17] The MQL reduces significantly the adhesion of the aluminum on
the high speed steel (HSS) tool, whereas uncoated carbides improvement (in
terms of adhesion) is not recognized because this material has a lot of
antisticking abilities against the aluminum even at dry cutting. [9]

3.3 Orthogonal cutting

The orthogonal cutting is a method purposed mainly for experimental needs,
because it facilitates the measurement of various components of cutting
forces. It is usable at the turning or planing. The basic rules of the orthogonal
cutting are: The entering angle k; is 90° and the chisel edge angle As is equal
to 0°. [53] It is possible to use four different assemblies. The first one has
already been mentioned, it is the planing (fig. 3.1), three others are used in
turning. The most common option is a disc (fig. 3.2) which is mounted on a
prepared cylinder hold in the chuck. In this case, the tool cuts the disc in the
radial direction. The second option of the radial cutting is a cylinder with pre-
machined shaped slots (Fig. 3.3). [32, 33, 34, 35]

Each slot functions as a disc and the spaces between the slots are used to
make place to the cutting tool when penetrating into the disc. The advantage
of this arrangement is that it avoids changing discs after each cut. The
disadvantage is the need is the same as the disc width.

The last type of assembly is a tube. (Fig. 3.4) Orthogonal cutting of a tube is
carried out in the axial direction to use the tailstock if a long sample is
machined. This presents a disadvantage. The tailstock takes up a lot of space
and thus prevents the installation of the thermal camera, if required. The tube
wall width is the same as the disc’s one. This type also presents some
difficulties. After each cut, the tube must be cut off to retrieve the samples and
the clamping pressure of the chuck must be adjusted to avoid breaking of the
tube. Another possibility for the axial, it is frontal grooves on a cylinder. This



technique saves the material, but the cut is made in several different
diameters that influence thermally the experiment.

Fig. 3.1 — Orthogonal cutting in planning [32]
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Fig. 3.2 — Orthogonal cutting of a disc [33]
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Fig. 3.3 — Orthogonal cutting of a slot [34]
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Fig. 3.4 — Orthogonal cutting of a tube [35]

The orthogonal cutting is always treated by a theoretical model. The best
known model is the Merchant’s one. This model considers the primary shear
zone as infinitely thin and works with the rake angle equal to zero (y = 0 °).
The material is considered as perfectly plastic. That means that there is no
strain hardening, and no influence of temperature and deformation rate. [36]

For the experimental part, we look for the dimensions (especially the width) of
used discs or tubes. The diameter of the disc is not really limited. Only if it is
too small, the cut will be too short, if it is too high, it may cause the instability of
cutting. This may appear as if a long tube is used because there no is no
support on the other extremity.

The most commonly used width of the elements is 3 mm, eventually 4 mm
according to the laboratory reports. In the literature, we can find smaller width,
such as 1,2mm and 2,5mm. [5, 16]

Suitable cutting conditions especially for stainless steel to prevent vibration are
discoverable in laboratory reports. They contain the COM analysis (COM =
Couple Outil-Matiere). COM is a graphic representation of the specific cutting
force in function of the cutting speed or in function of feed rate. It is determined
for each workpiece and tool material. In our case, it is 316L stainless steel
and carbide tool [37, 38]

The use of the lubrication in the orthogonal cutting of medium carbon steel

reduces the contact length factor (formula 3.1), that means that a higher feed
can be used. [24]

[24] (3.1)



3.4 Drilling

Drilling is an inside operation. There are two main issues: The first is the chip
removal. The cutting fluid improves the chip evacuation. The second challenge
is the temperature generated in the hole which is quite different from that of
orthogonal cutting. [1, 14]

MQL medium also provides a partial cooling function due to airflow. [39]

The performance criteria generally evaluated in drilling are the tool life and the
cutting forces. [25]

The tool life test require a long time and are generally quite poor repeatability,
the cutting force test are characterized by shorter time and better repeatability.
[40]

3.4.1 Tool life

The tool life of a drill is not only a characteristic of the drill itself, but also a
performance characteristic of the process fluid, which is used. The tool life is
strongly affected by the temperature generated during machining, the tool life
is generally increased by cooling effect. On the other side, the lubrication
could eventually decrease the tool life. The explanation of this phenomenon is
that, one of lubricating effect is the BUE removal, knowing that the BUE
protects the cutting edge (beside other negative effects). The behavior of a
process fluid cannot be predicted, so the tool wear test is quite important. That
is why, the tool life test is a very common method to evaluate and compare the
fluid performance.

A drill life is determined as the number of holes to total failure of the tool tip or
it can be expressed as a drilled length (depth). The tool wear, especially the
flank wear is evaluated after driling a determined number of holes (or
determined drilled length). [23, 24]

3.4.2 Drilling of aluminum alloys

Considering the example of aluminum which is extremely sticky, we can easily
imagine that once, the flute of the drill is blocked, chip evacuation is no longer
guaranteed and the tool breaks. Therefore the dry machining of aluminum is
really difficult. [1, 14]

The application of MQL is possible even in deep drilling (depth/diameter ratio
is important) and becomes increasingly attractive to industry. [39]

An experiment testing the wear of a DLC coated carbide tool (DLC = Diamond
Like Carbon) in the aluminum alloy AC8A (according to JIS - Japanese
Industrial Standard) by drilling holes of diameter 6mm and 50mm deep (more
than 8xD what is deep drilling) demonstrates this point. Cutting conditions are
ve= 94 or 132 m/min and f= 0,1 mm, the catastrophic tool wear is not observed
after 100 holes. [5].



During a drilling test an aluminum alloy A390 with a HSS tool using
conventional flooding (cutting conditions v = 150 m/min and f = 0,05/0,1 mm,
depth = 30 mm) the flank wear of 0,5-1 mm is observed after 300 drilled holes.
The flank wear is measured on two different points a and b after each 100
holes. The machining time necessary to reach a wear VBa = 0,6mm varies in
function of used fluids between 22 and 58 minutes, for VBb = 0,8mm from 13
to 30 minutes. The cutting forces are measured from the hole number 10 to
19. [30]

VBb
¢

Fig. 3.5 — Flank wear measurement used in [30]

Tests on aluminum alloys are carried out with the HSS tools, DLC coated
carbide or non-coated carbide tools. Overall, the use of the HSS is not very
suitable for the machining of aluminum alloys because aluminum adheres
strongly to the tool. Such a tool has been destroyed after 49 holes in the
aluminum alloy A319 (v = 50 m/min, f = 0,25 mm, diameter = 6,35 mm,
depth= 19mm, lubrication MQL 30 mi/h). [10].

However, the same type of HSS but DLC coated has drilled all 150 planned
holes at the same cutting conditions. A slight torque increase between the first
(1,68 Nm) and the 150th (1,75 Nm) hole is noticed, which proves that the tool
wear is not catastrophic. [10]

The DLC coating is usually the most suitable material to machine the
aluminum thanks to its tribological properties and because it prevents the BUE
formation. [9, 10]

Another experiment conducted with uncoated carbide drill in an aluminum
alloy A356 shows that this type of tool is also suitable for aluminum alloys.
After drilling 612 holes (which is equal to 20 meters of length), the flank wear
is only 0,05 mm. It should be noted that the cut is made using a MQL coolant
with flow rate 10 ml/h and the -cutting conditions are the following:
Ve=300m/min, f=0,1-0,2 mm, diameter = 10 mm, depth = 33 mm. The MQL
rate is such small because the authors of this experiment proceed from
previous studies which shows that the flow rate (10, 30 or 60 ml/h) has no
influence on the tool wear. [13]

The range of cutting speeds used for drilling of aluminum alloys is below 100
m/min with HSS tools and cutting speeds are about hundreds of meters per



minute using carbide tools. Feed values vary between 0,1 and 0,25 mm per
revolution for machining of both materials. [5, 10, 13, 14, 39]

3.4.3 Drilling of stainless steels

The stainless steel 316L is often treated in the literature in several
applications, including drilling. Nevertheless, it is practically impossible to find
the intersection of drilling of 316L on one side and the using of MQL on the
other one.

Nevertheless, we can synthesize articles that contain either information only.
In general, stainless steels are considered a material that is difficult to
machine. The challenges are in their low thermal conductivity which generates
the quite high temperature in the cutting area. The material has a tendency to
adhere to the tool as well as aluminum and therefore form the BUE. The BUEs
cause a irregular tool wear. [41]

A test is performed to compare various flooding modes, including MQL in
drilling carbon steel C42 and C46. During the tool wear tests, 272 are drilled
holes for each fluid, catastrophic wear of the tool is not observed. Forces are
measured in the first hole, after the 105™ and 272™ one. The purpose of such
measurement is to evaluate the evolution of the tool wear. [18]

In another tool life test of a HSS tool drills the stainless steel 316L under
conventional flooding (cutting condition v = 25 m/min and f = 0.1 mm,
depth=33 mm), the tool wear is checked after every 30 holes. Cutting forces
are measured between the holes number 10 and 19. [30]

Le Chiffre [42] compares in one experiment different cutting fluid at drilling
using the conventional flooding. It can be observed that a neat oil reach lower
torque, but higher thrust force than an emulsion and a chemical coolant
(vc = 40 m/min). During the tool life test, the torque increases approximately by
20 percent, the thrust force by 30 percent shortly before failure [42].

According to the literature, it can be noticed that the stainless steel tools are
drilled by either HSS or carbide tools. A HSS tool can be uncoated or coated
TiN or often with the addition of cobalt. A suitable domain of cutting speeds for
the HSS are included between 15 and 40 m/min. The value of the feed is
around 0,1 mm. [30, 31, 43]

If a carbide tool is used, it is a mostly coated carbide, the coating TiAIN
concretely. In this case, cutting conditions vary around v, = 40-80 m/min
(exceptionally 100 m/min) and f = 0,04 to 0,2 mm. [44, 45]

It can be noticed that the cutting conditions are recommended for conventional
cooling.



3.5 Measuring techniques
3.5.1 Temperature measuring at drilling

The temperature measuring in drilling blind holes is made almost exclusively
by the thermocouples. The workpiece must be equipped by narrow holes to
insert the thermocouples along the future hole. [14, 39]

The most commonly used thermocouples are those type K. The spacing and
number of thermocouples depends on the depth of the hole and the available
accessories to connect the thermocouples. In examples for a hole depth of
30mm, 4 thermocouples and the spacing of 6 mm are used. For a very deep
hole 250mm, 21 thermocouples are introduced, their spacing is not specified,
but it is possible to estimate it on 10-12mm. [14,39]

What is more important, that is the distance between the tip of the
thermocouple and the drill, or else the thickness of the wall between the end of
the thermocouple hole and lateral surface of the hole. This distance must be
small enough because of the large temperature gradient that puts down the
temperature quite quickly. In addition, the distance must be the constant
everywhere, otherwise the heat dissipated to the thermocouple is not the
same everywhere and the temperature measuring is no longer correct. The
value recommended by literature is 0,3 mm. [14, 46, 47]
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Fig. 3.6 — Instrumentation of the workpiece for temperature measuring [14]



Beside conventional thermocouples, there is also wireless thermocouple
systems. The thermocouple is inserted into the tool and transmits the signal
through the tool holder from where it is sent by radio towards to the amplifier
and the computer. This technique is well reliable for high rotational speeds up
to 20 000 rev/min, but it needs a special drill with groove to introduce the
thermocouple. [46]

The temperature can be measured during drilling by several ways: an infrared
pyrometer with optical fiber inserted through the piece can measure the
temperature in the cutting edge. However, the emissivity of the material must
be known and the application of this technique is limited in dry conditions.

[46, 47] The thermal camera can only be used for through holes, where the
temperature is measured at the moment the drill gets out of the workpiece.
[46]

The temperature when drilling depends not only on cutting conditions, the hole
depth and materials, but also on the thickness of the material with respect to
the depth drilled, which is not obvious. More material remains below the hole,
lower the temperature is, because the heat can be better dissipated into the
part. The highest temperature is generated by drilling through holes
(comparing at the same working condition). [48]

3.5.2 Temperature measuring at the orthogonal cutting

The orthogonal cutting being an external operation allows to measuring the
temperature by camera. A CCD camera (Charged Coupled Device) is often
used. This solution is less expensive than conventional thermal camera, but
results are comparable. The CCD camera operates close to the infrared range
(wavelength 400 to 1100 nm). An infrared filter is mounted on the camera. The
camera can measure the temperatures superior to 450-500°C, which means
unfortunately some limitations. In particular, the temperature of the aluminum
machining is not measurable. The temperature is recorded using the MATLAB
software in form of photos in grayscale. The white color corresponds to the
level of 255 and means the maximum temperature. The frequency of obtaining
the images is adjustable in MATLAB. A MATLAB program is also able to
convert photos from the grayscale to colored images. By introducing a
calibration curve, a certain temperature corresponding to the colored scale is
obtained. [38, 47]

3.5.3 Cutting forces measuring

The forces are measured by the dynamometers in whatever type of operation.
A very common mark of piezoelectric dynamometers is a swiss company
KISTLER. The signals captured by the dynamometer are transferred through
an amplifier to a software for processing and directly draw graphics. Such
software may be DASYLab and LabView.



In case of turning or milling, the three values of forces are measured: the
cutting force, the feed force and the penetration force. In drilling, there are 2
possibilities how to measure forces, either on the part with a static
dynamometer or on the tool with a rotary dynamometer. For both ways, the
feed (or thrust) force and torque are measured. [14, 38]



4 EXPERIMENTAL PART
4.1 Work materials

4.1.1 Stainless steel AISI 316L (1.4404)

It is austenitic non-magnetic steel with low carbon grade. It has a low thermal
conductivity, high strain hardening and high ductility. The chips are usually
difficult to fragment. These factors make this material hard to machine. [3]

AlSI is the American Iron and Steel Institute numbering system. The European
designation of this alloy is 1.4404. lts chemical composition is marked in the
table 4.1 and the physical and mechanical properties respectively in tables
number 4.2 and 4.3 [20]

Tab. 4.1 — Chemical composition [20, 49].

Chemical - i
olement | € C Cr Ni Mo | Mn | Si P S
AMOUNIN | base | 0,03 | 16-18 | 10-14 | 2:3 | 20 | 1,0 | 0,045 | 0,03

Tab. 4.2 - Physical properties [49].

Density 8 g.cm®
Melting point 1400 °C
Thermal expansion 15,9.10° m.m'K"
Modulus of elasticity 193 GPa
Thermal conductivity 16,3 W.m' K
Electrical resistivity 0,074.10° Q.m
Tab. 4.3 - Mechanical properties [49].
Yield stress 220 MPa
Ultimate tensile stress 520 — 680 MPa
Elongation 40%

4.1.2 Aluminum alloy EN-AW 7020

The designation of this alloy according to the European standard is EN-AW
7020 or AlZn4,5Mg1. Its previous AFNOR designation is AZ5G and according
to the UNS (Unified Numbering System) is A97020. [50]

The alloys of range 7000 contain 1-8% of zinc (Zn), can be alloyed by copper
(Cu) and are widely used in the aircraft industry. This alloy has quite high
strength, but limited resistance to the corrosion cracking. The properties are
very similar to a more known alloy 7075. [20, 50]



Its chemical composition, physical and mechanical properties in T6 condition
(solution treated, quenched and naturally aged) are shown in three tables
below.

Tab. 4.4 — Chemical composition [50].

Chemical
clement Al Zn Mg Mn Cr Zr
AMOUNEIN | base | 45 | 12 | 025 | 022014

Tab. 4.5 - Physical properties [50].

Density 2,78g.cm®
Mean specific heat 0,875 J.9" K
Thermal expansion 23,1.10° m.m" K™
Thermal conductivity 137 W.m' K’
Electrical resistivity 0,0493.10° Q.m
Tab. 4.6 - Mechanical properties [50].

0,2% Yield stress 280 MPa
Ultimate tensile stress 350 MPa
Elongation 10%

4.2 Objective

The objective of the experimental is to evaluate the performance of four
straight oils in MQL. Their basic characteristics are summarized in the tab. 4.7.
As mentioned in the table, each of oils has a different base. The cutting
operations chosen to evaluate these process fluids are the turning (more
exactly the orthogonal cutting) and the drilling of blind holes.

Tab. 4.7 — Oils” characteristics.

Qil , Density Cinematic
designation Cllseise (15 °C) viscosity (40 °C)
A Fatty alcohol 844,3 kg.m” 27,39 mm°s”
B Vegetable (Colza) 913,7 kg.m? 45,06 mm°s’
Biodegradable (EP sulfur 3 2 1
C additives) 911,9 kg.m 26,34 mm-.s
D Synthetic and ester polymer 848.4 kg.m* 35,20 mm°.s”




4.3 Orthogonal cutting
4.3.1 Sample preparation

As mentioned, there are several strategies of the orthogonal cutting. Turning
strategies of the orthogonal cutting seem simpler and more reliable to provide
at the beginning, which excludes the method of planing. Finally, the option with
the discs is chosen from three possible strategies of turning. The discs are
fabricated from cylinder rods of diameter 75 mm. The rods are machined on
the diameter 70 mm and a hole of diameter 20 mm is machined. Then the
discs of width 3 mm were cut off. This preparation mode is used for the both
materials. A special piece is produced to be able to hold the discs during the
tests (Fig. 4.1).

Fig. 4.1 — Special disc holder

4.3.2 Experimental setup

The lathe SOMAB T400 (Fig. 4.2) is equipped by accessories to measure the
cutting forces and the temperature. The cutting forces are measured by
piezoelectric dynamometer KISTLER 9121 and DasyLAB software. The
temperature measuring is performed by camera Kappa with infrared filter. The
images taken by camera are treated in MATLAB. The principle is described
more in detalil in the chapter 3.5.2. That implicates the temperature measuring
using this method is possible only for the stainless steel. The camera is
mounted into the lathe using a special support (Fig. 4.3). Cutting edge radius
of the tool must be ground in order to obtain a flat surface (Fig. 4.4) which is
necessary to be able to take right photos by camera. The oil in the mist form is
provided by pomp of Steidle company (Fig. 4.5). This machine provides a
dual-channel external supply of MQL. The air pressure, the frequency of
impulsion and the oil quantity per impulsion are adjustable. The oil rate is



defined by the frequency and quantity per impulsion. One nozzle is used and
the tool rake face is lubricated.

Fig. 4.2 — Lathe SOMAB T400

Fig. 4.3 — Camera support and camera box



Fig. 4.4 — Ground insert radius in order to obtain a flat surface

Fig. 4.5 — Steidle machine with the MQL external supply



Fig. 4.7 — Global view on the working post

During the orthogonal cutting tests, the discs are machined from the initial
diameter 70 mm to the final diameter 50 mm (Fig. 4.8). The variable
parameters are 4 oils, 2 oil rates, 2 air pressures and 2 cutting speeds for
each material. The measured parameters are the average value and the
amplitude of cutting forces, the surface roughness and the temperature during
machining of the stainless steel. The complete experiment plan consists of 32
tests, but according to [11], the experiment plan is reduced to 16 tests per



material. It should be specified that experimental plan are independent for
each material in all cases of this work. The details of the experiment plans
including cutting conditions are shown in the tables (4.9 and 4.11). Some
additional tests (mainly dry cutting tests) are carried out except this
experimental plan. A new cutting edge is used to machine each disc. The
obtained results are investigated by the algorithm of the variance analysis
(described in 5.1). This method determines which variable parameters are
significant for the measured parameters.

a) b) C)

Fig. 4.8 — a) Initial aluminum disc ; b) Aluminum disc after machining ; ¢) Comparison
of the both disc with scale

4.3.3 Stainless steel AISI 316L

Tab. 4.8 — Cutting tool characteristics for AlISI 316L [51].
DTFNR2020K16-M
TNMG 160408-MF4 CP500
-6°
6°
SECO CP500 = TiAIN + TiN
*Coating CP500 is destined for finishing and light roughing of stainless steels and
can be used as an alternative for aluminum alloys. [51]




Fig. 4.9 — Cutting tool for AISI 316L

Tab. 4.9 — Experimental plan of AISI 316L.

1 A 1 30 4,5 180 | 0,1 3
2 A 2 30 7 240 | 0,1 3
3 A 3 70 4,5 240 | 0,1 3
4 A 4 70 7 180 | 0,1 3
5 B 5 30 4,5 240 | 0,1 3
6 B 6 30 7 180 | 0,1 3
7 B 7 70 4,5 180 | 0,1 3
8 B 8 70 7 240 | 0,1 3
9 C 9 30 4,5 240 | 0,1 3
10 C 10 30 7 180 | 0,1 3
11 C 11 70 4,5 180 | 0,1 3
12 C 12 70 7 240 | 0,1 3
13 B) 13 30 4,5 180 | 0,1 3
14 D 14 30 7 240 | 0,1 3
15 D 15 70 4,5 240 | 0,1 3
16 D 16 70 7 180 | 0,1 3




4.3.4 Aluminum alloy EN-AW 7020
Tab. 4.10 — Cutting tool characteristics for EN-AW 7020 [51].

Tool holder STFCR2020K16
Insert designation TCGT 16T308F-AL KX
Rake angle y 0°
Clearance angle a 7°

Coating SECO KX = uncoated

*Coating KX means an uncoated insert and is destined for aluminum alloys and other
non-ferrous metals [51]

Fig. 4.10 — Cutting tool for EN-AW 7020

Tab. 4.11 — Experimental plan of EN-AW 7020.

Test oil Cutting edge | oil air v f a
number number rate | pressure ¢ .
mi/h bar m/min | mm mm
1 A 1 30 4,5 300 0,3 3
2 A 2 30 7 500 0,3 3
3 A 3 70 4,5 500 0,3 3
4 A 4 70 7 300 0,3 3
5 B 5 30 4,5 500 0,3 3
6 B 6 30 7 300 0,3 3
7 B 7 70 4,5 300 0,3 3
8 B 8 70 7 500 0,3 3
9 C 9 30 4,5 500 0,3 3
10 C 10 30 7 300 0,3 3
11 C 11 70 4,5 300 0,3 3
12 C 12 70 7 500 0,3 3
13 D 13 30 4,5 300 0,3 3
14 D 14 30 7 500 0,3 3
15 D 15 70 4,5 500 0,3 3
16 D 16 70 7 300 0,3 3




4.4 Drilling

4.4.1 Sample preparation

The size and number of samples for drilling tests are determined by the
number of holes to be drilled. The size of experimental plan is unchanged, 16
holes per material will be drilled. However some parameters of experimental
plan are modified, but it is described below in chapter 4.4.2

The final dimensions of the workpiece are 73x40x40 for AISI 316L and
73x40x45 for EN-AW 7020. The difference in the third dimension (the height)
has not any functional reasons, the blanks of aluminum alloys were simply
higher than the steel blank. The hole diameter will be 12 mm and the drill
depth 3xD, that means 36 mm. So the part height of the stainless steel block is
sufficient. 8 holes can be drilled into each workpiece.

The workpieces are obtained by band sawing a big blank (Fig. 4.11) onto
small pieces of approximate dimensions 80x45x45/50 mm. Then all faces are
end milled with respecting the perpendicularity constraints onto final
dimensions.

Fig. 4.11 — Band sawing of an aluminum alloy blank

After, the hole to introduce the thermocouples must be drilled. The diameter of
these holes is 1 mm and their depth is 4,7 mm. Because of an important I/D
ratio, this drilling operation is quite difficult. Moreover, 6 thermocouples will be
introduced a long one hole of diameter 12 mm. A sample part dispose of
8 future holes and four parts of each material are produced to have a sufficient
reserve. That means 192 holes of 1mm by material have to be drilled.



Fig. 4.12 — Workpiece for the drilling test

11, 17 17 17

. Front view Section view A=A
73 Scale: 1:1 Scale: 1:1

Isometric view
Scale: 1

Fig. 4.13 — Drawing of the workpiece by CATIA V5R20

Two types of uncoated carbide drills by SECO are used for that drilling
operation. The first one (SD22-1.00-2.00-3R1) is stiffer, but can drill only 2 mm
of depth, the other one (SD26-1.00-6.50-3R1) is able to drill up to 6,5 mm. In
fact, two drilling cycle are used. The drill SD22-1.00-2.00-3R1forms the base



of the holes in 1mm of depth and the reminder of hole is drilled by SD26-1.00-
6.50-3R1.

The same drills are used for the both materials. The cutting process is cooled
by emulsion externally, although the machine DMC 65V (Fig. 4.15) is
equipped for internal cooling and even the drill SD26-1.00-6.50-3R1 dispose of
internal channel. It is not managed to start the internal cooling with this drill
probably because of insufficient pressure. The cutting conditions are chosen
according to the SECO catalog [51] and are listed in the table 4.12.

a) b)

Fig. 4.14 — Drills for the thermocouple holes;
a) SD22-1.00-2.00-3R1, b) SD26-1.00-6.50-3R1

Tab. 4.12 — Cuttini conditions for driIIini 1imm holes [51].

AlSI 316L 10 0,006
EN-AW 7020 80 0,013

4.4.2 Experimental setup

The drilling tests are carried out with the CNC milling machine DMG DMC 65V
(Fig. 4.15). 16 holes per material are drilled, that means 4 holes per oil per
material. From this point of view, the experimental plan stays the same as for
the orthogonal cutting test. But according to the results of the orthogonal
cutting tests (next chapter 5.2), it has been decided to use fixed cutting
conditions for all 16 holes by material.



Fig. 4.15 - CNC 3-axis milling machine DMG DMC 65V.

For drilling the hole of I/D ratio = 3, an external MQL supply is not effective. A
numerically controlled machine by SKF (fig. 4.16) is used. This machine
permits the internal one-channel supply. The numeric control presents some
advantages, but there is less of parameters variability. There are 16
unchangeable programs, which vary the oil rate and air rate at the same time.
The air pressure is constantly 6 bars for all programs. Consequently the air
rate and oil rate cannot be varied independently.

Fig. 4.16 - Numerically controlled MQL generator by SKF



The cutting forces are measured by a rotary piezoelectric dynamometer
KISTLER 9123C. As typically, the thrust force and the torque are acquired.
They are treated by DasyLAB software as in the case of the orthogonal
cutting. The temperature measuring is insured by thermocouples. The holes
for thermocouples type K and diameter Tmm are designed in order to obtain
the distance between the extremity of the thermocouple and the peripheric
surface of the future hole equal to 0,3 mm as recommended in [14].
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Fig. 4.17 - Rotary piezoelectric dynamometer KISTLER 9123C

The cutting conditions are chosen thanks to preliminary COM tests. The tests
are based on the range of cutting speeds and feeds recommended by
SANDVIK [45]. But these cutting conditions are determined when using the
conventional flooding and consequently they are not adapted to the MQL. So
the COM tests have to be carried out for the lower cutting speeds and feed
rates also. In the case of the aluminum alloy, the lowest recommended values
can be applied without problem due to its good machinability. Some problems
are observed during COM tests of the stainless steel. The drill is broken in the
recommended cutting speed. After decreasing onto ve= 10-25 m/min, the drill
breaks also. It is impossible to use a packing cycle due to temperature
measuring. A continuous cutting cycle is necessary, and the depth of 36 mm is
too important to drill the stainless steel because of difficult chip removal.
Consequently the depth of the hole has to be reduces. The cutting conditions
and the holes depth are summarized in tab. 4.13.



Tab. 4.13 — Cutting conditions for drilling tests.

Material V¢ (m/min) f (mm) Depth (mm)
AlSI 316L 15 0,1 15
EN-AW 7020 120 0,3 36

Although the samples dispose of 6 holes for thermocouple by hole, only two
thermocouples for the stainless steel and four ones for aluminum alloys are
inserted. The reason of reduction of thermocouples used for drilling of AlSI
316L is evident. It is the depth reduction 15mm and the samples have been
already finished, so only two first thermocouple holes are useful. Finally, a
different acquisition card with 4 plug contacts is used (instead of 6 plugl
contacts initially supposed). The thermocouples are plugged in the 2nd 4 5t
and 6™ hole. This corresponds to the depths of 11; 21; 26 and 31 mm. This
configuration permits also to observe the temperature evolution along the hole.

Fig. 4.18 — Acquisition card for thermocouples and amplifier for the rotary
dynamometer



Fig. 4.19 — View on the prepared space in the interior of the machine

4.4.3 Stainless steel AISI 316L

The stainless steel is drilled by coated carbide twist drill R846-1200-30-A1A
produced by Sandvik Coromant. The geometry of the drill is adapted to
machine the stainless steels. It contains the inner cooling canals, which permit
to use the internal MQL supply by SKF Machine.

Fig. 4.20 — Twist drill R846-1200-30-A1A



As mentioned above, only the oil type and MQL configuration vary during the
drilling tests. The experimental plan consists of 8 tests two times repeated. For
example test number 1.2 is the repetition of the first test. One test including its
repetition is carried out with one tool. Before the repetition the tool is checked
on an optical microscope KEYENCE VHX-S50. The tool is not worn in general,
only a little BUE is always present (Fig. 4.22). But the conditions can be
considered as identical for all the repetitions.

Tab. 4.14 — Experimental plan of drilling test of AISI 316L.

1.1 A 1 20 85-110 6
1.2 A 1 20 85-110 6
2.1 A 2 60 220-235 6
2.2 A 2 60 220-235 6
3.1 B 3 20 85-110 6
3.2 B 3 20 85-110 6
4.1 B 4 60 220-235 6
4.2 B 4 60 220-235 6
5.1 C 5 20 85-110 6
5.2 C 5 20 85-110 6
6.1 C 6 60 220-235 6
6.2 C 6 60 220-235 6
7.1 D 7 20 85-110 6
7.2 D 7 20 85-110 6
8.1 D 8 60 220-235 6
8.2 D 8 60 220-235 6

Fig. 4.21 — Working post with microscope KEYENCE VHX-S50
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Fig. 4.22 — Exemplary photo by KEYENCE after test number 6.1

4.4.4 Aluminum alloy EN-AW 7020

The aluminum alloy is drilled by uncoated carbide tool Corodrill 860-1200-30-
A1A by Sandvik Coromant with special geometry for Al alloys. It has also the
option of internal flooding by canals.

Fig. 4.23 - Corodrill 860-1200-30-A1A



The test process is very similar to the stainless steel one. There are the same
variable parameters, the same test number and repetition logic. There is only
one difference. One drill is used for a complete test range of one oil, that
means for four holes. Obviously, the machining of this aluminum alloys do not
wear as much as the stainless steeel. During the regular control on KEYENCE
microscope, but neither the tool wear, nor the BUE is observed (Fig. 4.24).

Tab. 4.15 — Experimental plan of drilling test of EN-AW 7020.

. Cutting tool Oil . Air
nJ;ite ’ efl number rate il pressure

ml/h I/min bar
1.1 A 1 20 85-110 6
1.2 A 1 20 85-110 6
2.1 A 1 60 220-235 6
2.2 A 1 60 220-235 6
3.1 B 2 20 85-110 6
3.2 B 2 20 85-110 6
4.1 B 2 60 220-235 6
4.2 B 2 60 220-235 6
5.1 C 3 20 85-110 6
5.2 C 3 20 85-110 6
6.1 C 3 60 220-235 6
6.2 C 3 60 220-235 6
7.1 D 4 20 85-110 6
7.2 D 4 20 85-110 6
8.1 D 4 60 220-235 6
8.2 D 4 60 220-235 6

Fig. 4.24 — Exemplary photo by KEYENCE after have drilled 4 holes with oil A



5 RESULTS AND DISCUSSION

5.1 Variance analysis

The variance analysis is a statistical tool to evaluate the influence of
adjustable parameters on the observed parameters of the experiment. The
objective is to distinguish if a factor has a significant effect or not. There is an
algorithm which is briefly explained below. The treatment of the orthogonal
cutting results serves as an example. The variance analysis of the drilling tests
results is leaded by the same way and is not shown in this work.

At the beginning, we have our experimental plan with some factors
(parameters) and each factor has a certain number of levels.

Tab. 5.1 — Factors and levels for orthogonal cutting [52].

Factor Oil type Oil rate Air pressure Cutting speed - v,

Levels 4 2 2 2

Then the experimental plan tables (Tab. 4.9 and 4.11) are transformed. The
values of 2-level factor become -1 and 1, and for oils, it is -1;1;2;3. This table
is a trial matrix called X. We consider that there are no interactions between
the parameters, so the mathematic model is Cte + aA + bB + cC + dD, where
a, b, c, d are coefficients. [52]

Tab. 5.2 — Trial matrix X [52].

Factors

Test
number

>lolnlmlRZ|a|e|eNlo|o|a|w|o| =

WWWLWINNINN == —
N
-
-




The measured values of the observed parameters (cutting force, temperature,
surface roughness etc.) are added into the next columns of the table. These
values are called responses and one response column (one parameter), which
will be used for the following calculations, becomes the matrix R. The matrix X
is treated by following formula (5.1) to obtain the matrix of coefficients A, which
obtains values Cte;a;b;c;d. [52]

A= (XT.X)"L.XT).R [52]
(5.1)

The matrix A is multiplied by each line of the matrix X in order to obtain the
theoretic responses. The differences between the measured and theoretical
responses make the residual deviations.

Then the effects of factors are calculated. It is the average of one level of the
studied factor divided by the average of the whole factor (value taken from the
matrix X). The effects of the first factor (oil type) are noted Ea1 — Eas. [52]

The main part of analysis of variance is summarized in the table 5.3

Tab. 5.3 — Analysis of variance factor A (oil type) and one measured parameters [52].

Suma of

squares DoF Variance Fea Fineoretic
n
NN NosmEs | Table
A —.ZEA-Z nA—l Ny L = .
N4 ‘ Va=——7— Ve | Snedecor-Fischer
L A
N N-DoF TN .2
Residues Z eiz (of Ve = i “i
L model) N-1

If Fea>Fineoretical » the influence the studied factor on the measured parameters
is considered as significant, in the opposite case as insignificant.

The calculation of the influence of the other factors (B, C and D) on this
parameter is provided by adding the lines with indexes b, ¢ and d.

To calculate the influence of these factors on another measured parameter,
the same table is re-used with taking the corresponding responses (matrix R).
[52]

The aim of analysis of variance is to show if and how much a factor influences
a measured parameter. This statistical tool is used mainly during complex
tests when the factor effect is not apparent by the first view.



5.2 Orthogonal cutting
5.2.1 Results exploration

Cutting forces, the maximal temperature and surface roughness are
evaluated. The cutting forces are measured by KISTLER piezoelectric
dynamometer and the results are taken from DasyLAB files.

The temperature is measured by camera and acquired images treated by
MATLAB. An example of obtained photo in the grayscale is shown in Fig. 5.1
and a treated image with temperature scale is in Fig. 5.2

Fig. 5.1 — Photo taken by the thermal camera



Temperature T (°C)

50 100 150 200 250 300 350

Fig. 5.2 — Treated and trimmed image with temperature scale

The surface roughness measuring is carried out on the distance of 2 mm using
machine Somicronic Surfascan with moving the detector with tip radius 5 um.
Each disc is measured three times.

Fig. 5.3 Machine Surfascan for measuring of the surface roughness



Fig. 5.4 — Surface roughness measuring process

5.2.2 Results summary

The results of the orthogonal cutting test can be divided into three groups:
cutting forces, the temperature and the surface roughness.

We can see in the tables in the appendices, that generally the most influent
parameter is the cutting speed. So all graphics are related to the cutting
speeds and to the oils which have to be evaluated. Each graphic contains 2
columns for each oil (one column per cutting speed) plus there are 2 columns
for dry cutting. That means 10 columns per graphic. The dry cutting tests have
not been included into the experimental plan. They serve as supplementary
test, but their representativeness is limited.

5.2.2.1 Cutting forces
The cutting force and the feed force are acquired. The average values are

considered. Because the cutting force is the main and the highest components
of cutting forces, the amplitude of the cutting force is taken also.



5.2.2.1.1 AISI 316L
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Fig. 5.5 — Average value of the cutting force by oils
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Fig. 5.6 — Amplitude of cutting force by oils




450
400

350 -
300 -
250 240 m/min
200 i 180 m/min
150 -
100 -
50 -
0 - T T T T
A B C D Dry

Fig. 5.7 — Average value of the feed force by oils

Feed force Ff (N)

According to tables 1.1 — 1.3 in the appendices, we can notice that the only
significant parameter is the cutting speed, which is evident in the graphics
(Fig. 5.5 -5.7), too.

In the fig. 5.5, a difference among the oils equally as a difference between the
MQL and dry cutting is not important.

We can see in the fig. 5-6, that the cutting force amplitude is lower using
V=240 m/min than using v,=180 m/min. So the cutting process is more stable
when using v.=240 m/min, but this phenomenon has been already observed
during machining. The best oil concerning the amplitude is the oil C.

For the oils C and D, it is noticed slightly lower values of feed force than for
two other oils (Fig. 5.7).

5.2.2.1.2 EN-AW 7020
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Fig. 5.8 — Average value of the cutting force by oils
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Fig. 5.9 — Amplitude of cutting force by oils
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Fig. 5.10 — Average value of the feed force by oils
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As seen in the tab. 2.1 — 2.3 in the appendix 2, the situation is similar as in the
case of the AISI 316L. Only the cutting speed has an influence on the cutting
force. No parameter has a significant influence on the feed force.

Average values of cutting force are lower when using the MQL than when dry
cutting which is logical, tightly better result is remarked by oil A (Fig. 5.8).

The oil A has the worst results of cutting force amplitude for vc=300 m/min, the
best one is the oil D (Fig. 5.9).

The values of feed force are very low and the differences are negligible (Fig.
5.10)



5.2.2.2 Temperature

Since the camera is not able to measure below 450°C, the temperature

measuring of the aluminum alloy is impossible. So there are only the results of
the maximum temperature the stainless steel.

Significant parameters for temperature measuring are the cutting speed and
the air pressure. A higher air pressure could have a better cooling effect.

H 240 m/min
H 180 m/min
A B C D Dry

Fig. 5.11 — Maximum temperature at the interface by oils
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Fig. 5.12 — Maximum temperature according to air pressure by oils



The temperature is obviously superior for the higher cutting speed (Fig. 5.11).
The table 5.12 is added because the air pressure has a significant influence
on the temperature. However the hypothesis of cooling effect of higher
pressure is disconfirmed by this figure. The synthesis of these two figures is
that the oil B has tightly the best cooling effect.

5.2.2.3 Surface roughness
According to the appendices (tab. 1.5 and 2.4), there is not any parameter
having influence to the surface roughness of the AISI 316L and the cutting
speed influences the total surface roughness of the EN-AW 7020. Generally,

the values are very low, because the surface quality in the orthogonal cutting
is not dependant on the feed as usually.

5.2.2.3.1 AISI 316L
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Fig. 5.13 - Total surface roughness Rt by oils
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The results of the total surface roughness (Fig. 5.13) are very accidental. For
example the oil C has remarked the best surface finish for v¢=240 m/min and
at the same the worst one for v;=180 m/min. The best results are observed in
case of the oil A.



5.2.2.3.2 EN-AW 7020
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Fig. 5.14 - Total surface roughness Rt by oils

Surface roughness Rt (um)

The values of the surface roughness are very low, so the differences among
them are small and the distribution of results is really aleatory. Therefore any
comparison cannot be made from the fig. 5.14

5.2.3 Conclusion of the orthogonal cutting tests

The main conclusion of the orthogonal cutting tests is the absence of a global
significant difference among the oils. Even sometimes, the dry cutting remarks
better results than MQL application. Nevertheless some hypothesis could be
done. It seems that the oil B, whose viscosity is the highest, reaches the
results slightly worse than three other oils.

One explanation of such results could be the fact, that the orthogonal cutting is
not a difficult cutting operation. It is a cut carried out in exterior, so the cutting
interface is easily cooled. It is a 2D cutting, there is no border effect of third
side. It is possible that the oils properties could not be fully demonstrated.



5.3 Drilling tests
5.3.1 Results exploration

The same parameters as during the orthogonal cutting are evaluated: cutting
forces, temperature and surface roughness.

Cutting forces and the temperature are recorded in the same DasyLAB file.
The recording frequency is 1 kHz. Then the data are saved and exported in
ASCII format. Useless data are deleted in Excel and the file is treated and the
graphics are drawn in MATLAB. The MATLAB file calculates also the average
values of torque and thrust force, their amplitudes in the stable area and
maximum temperature. As shown in Fig. 5.15, the evolution of torque can be
divided on three sections. The first one is from the beginning up to the depth of
2 mm, it corresponds to the entry of the drill point into the workpiece. Then
there is an unstable area approximately up to 5,5 mm. Finally from 5,5 mm ,
the torque evolution is stable. Here is calculated the amplitude.
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Drilled depth (mm)

Fig. 5.15 — Example of a torque curve when drilling AISI 316L
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Fig. 5.16 - Example of a torque curve when drilling AISI 316L

The temperature curves are drawn independently for each of thermocouples
(2 curves for AISI 316L and 4 curves for EN-AW 7020). Beside this, a curve of
the global evolution of the temperature along the hole is made. Fig. 5.17 and
Fig. 5.18 are examples of both curves.
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Fig. 5.17 — Typical curve of the temperature related to drilling time (measured by 4
thermocouples in EN-AW 7020)
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Fig. 5.18 — Example of temperature evolution along the hole in EN-AW 7020

The way of measuring the surface roughness of the hole wall is identical as
when measuring the discs. The machine SOMICRONIC Surfascan (fig. 5.3
and fig. 5.19) and a moving detected with 5 pym tip radius. Each hole surface is
measured three times on the length of 5,6 mm. The value of Ra and Rt are
taken, but only Rt is chosen to be used to the oils comparison. The average
value Rt of three measures is considered.
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Fig. 5.19 — Surface roughness measuring

5.3.2 Results summary

The organization of this results summary is the same as the summary 5.2.2 ;
three parts (cutting forces, temperature, roughness surface) and each part is
divided accordance with material. The results of variance analysis are
accessible in the appendix 3 for the stainless steel and in the appendix 4 for
the aluminum alloy.

Concerning the graphs, there are 4 oils. There are two columns per oil, each
column represents one oil rate. Certain graphs contain also dry cutting results.
Dry cutting tests are carried out as preliminary COM tests. Since the dry
cutting tests are not included in the experimental planning, their results are not
regularly saved and included into the graphs. The status of dry cutting results
is rather illustrative, the main aim is compare the oils among them.

5.3.2.1 Cutting forces

The average value of the torque and the thrust force and measured. In the
case of the torque, its amplitude in the stable area (chapter 5.3.1) is included.



5.3.2.1.1 AISI 316L

14

12

10

Torque Mc (Nm)

H60ml/h
H20ml/h

Fig. 5.20 — Average value of the torque by oils
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Fig. 5.21 — Amplitude of the torque by oils
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Fig. 5.22 — Average value of thrust force by oils

Concerning the torque (fig. 5.20 and fig. 5.21) it is evident, that the oil A has
the worst properties. On the other side, the oil D is tightly the best comparing
the average values and with great difference concerning the torque amplitude.
A quite low amplitude is also observed when using oil B. But generally the
amplitudes are high relative the average value.

The values of the thrust forces are not very different among oils (fig. 5.22),
however lower forces are measured for oils A and D.

5.3.2.1.2 EN-AW 7020
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Fig. 5.23 — Average value of torque by oils
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Fig. 5.24 — Amplitude of the torque by oils
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Fig. 5.25 - Average value of thrust force by oils

The lowest average value of torque (fig. 5.23) is noticed for oil D, the highest
one for oil C. An important difference is observed between dry cutting and
MQL application. The torque amplitude (fig. 5.24) is the highest for oil A and
decreases progressively by oils until the best oil D. The difference between dry
cutting and MQL application from point of view of the thrust force (fig. 5.25) is
not so great as in the case of the torque. The oils A and C reach the same
result as dry cutting, the oils B and D are more efficient.



5.3.2.2 Temperature

The temperature is measured by 2 thermocouples for AISI 316L and by four
ones for the aluminum alloy. In all cases, the maximum value measured by
whatever thermocouple in the hole is considered. There are 2 tests by

configuration (i.e. test 3.1 and 3.2), so the column contains the mean of two
maximum temperatures.

5.3.2.2.1 AISI 316L
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Fig. 5.26 - Maximum temperature by oils
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The results of oils B,C and D are balanced according to fig. 5.26. The oil A
seems to have a lower cooling capacity then the others.
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Fig. 5.27 Maximum temperature by oils

Unlike the previous graphic, the oil A reaches the lowest temperature in
EN-AW 7020 (fig. 5.27). The highest value is measured when using the oil B,
but the results are not very different.

5.3.2.3 Surface roughness

5.3.2.3.1 AISI 316L

As described above (chapter 5.3.1), the total surface roughness value (Rt) is
the arithmetic mean of 3 measured. The surface roughness is the only

acquired result of the dry cutting of AISI 316L, because it can be measured
after preliminary tests.
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Fig. 5.28 - Total surface roughness Rt by oils
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The difference is apparent between dry and microlubrified tests. The best
results are reached by oil C, oils D and B are placed on the two following
positions.

5.3.2.3.2 EN-AW 7020
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Fig. 5.29 - Total surface roughness Rt by oils

A giant difference between the oils effect is observed in fig. 5.29. Oils A and D
remark very good results, the oil C is evidently worse and with oil B, a higher
surface roughness is reached than when dry cutting.



5.3.3 Conclusion of the drilling tests

Some differences between the oils performances are observed. It is confirmed
by the variance analysis (appendix 3 and 4), where the oil type has a
significant influence on all measured parameters.

It can be concluded that the torque is much more influenced by the way of
lubrication than the drilling thrust. The winner from point of view of cutting
forces is the oil D, on the last position there is the oil A.

The results of the temperature are difficult to explain. It is suspected that oil A
is the worst for one material and the best for the other. The differences are not
very significant, but the chosen measuring system could be a reason of the
obtained results.

The surface roughness results are not very surprising for AISI 316L, but rather
for EN-AW 7020. Oil B and C do not improve the surface roughness compared
to dry cutting of this aluminum alloy. The results when using oil A and D are
much better.

Overall, the best oil of drilling test is the oil D, which has a synthetic base.
Three other oils are very similar. The oil A is indeed the worst concerning
cutting forces, but it is better than the others at the temperature and the
surface roughness.



6 CONCLUSION

6.1 Summary of the work

This project, especially its practical part, is very complex, although it is not
evident at beginning. It contains not only machining in form of oil evaluation
test, but also samples fabrications. Besides machining, there are the cutting
fluid issues and working with all measuring accessories.

The aim of this diploma thesis is to compare the performance of four oils on
chosen parameters. Two types of tests have been executed; orthogonal
cutting and drilling. The orthogonal cutting test did not show a significant
difference among oils. The cutting speed was the only significant parameter.
Drilling test has brought a lot of information by contrast with the orthogonal
cutting. Differences among the oils were not always coherent, but generally
the most efficient oil is the D one. The effect of the three other oils depends on
the observed domain, but overall, the performance of them is balanced.

The oil rate has not significant influence neither during the orthogonal cutting,
nor drilling, which could seem to be a surprising result.

The hypothesis expressed after the orthogonal cutting test, that a high
viscosity could decrease the oil performance, is not confirmed by drilling test.
The difference between the oils performance is probably due mainly to the
chemical composition of the appropriate oils.

6.2 Development for the future

As recommended in the literature, it would be interesting to add the tool life
test in drilling. However the tool life tests are extremely time-consuming.
Moreover the repeatability is low. Unfortunately, it was not possible in the time
options of this project.

To conclude, | would like to mention some practical recommendations of the
use of MQL withdrawn from the experiences.

The drilling with MQL works very well in the aluminum alloys. In case of AISI
316L, the difficulties appeared during the preliminary test and also during the
evaluation test, three drills were broken despite reducing the cutting speed
and drilling depth. According to the provided experiment the MQL drilling of
AISI 316L is very difficult and probably not economically profitable to use in
the production.

When using one-channel internal supply of MQL, there are really some
problems with the mist formation because of the long channel where the
mixture has been already formed. It could be advantageous to form the
mixture just before the spindle (two-channel system). Another problem is the
centrifugal force due to the spindle rotation, but it is impossible to avoid.

The MQL is environmentally friendlier than conventional cooling concerning
the fluid consumption. But the mist formed by MQL is not healthy for the
operators. Therefore, the MQL application should be accompanied by an
aspiration system in the machine.



LIST OF REFERENCES

[1]

[2]

[3]

[4]

[5]

[6]
[7]

[8]

[9]

SALES, W. F. DINIZ, A. E. MACHALO, A. T. Application of Cutting Fluids in
Machining Processes, J. Braz. Soc. Mech. Sci., Vol.23, Issue no.2, Rio de
Janeiro, 2001.

MULLER, P. Minimum Quantity Lubrication in Reaming: Diplomova prace.
Brno: Vysoké uceni technické v Brne, Fakulta strojniho inzenyrstvi, 2008.
180 s., 4 pfilohy. Vedouci prace doc. Ing. Miroslav PiSka, CSc. a Prof.
Leonardo de Chiffre.

DE CHIFFRE, L. TOSELLO, G. PISKA, M. MULLER, P. Investigation on
capability of the reaming process using minimal quantity lubrication, CIRP
Journal of Manufacturing Science and Technology, Volume 2, Issue 1,
2009, Pages 47-54, ISSN 1755-5817, 10.1016/j.cirpj.2009.08.004.,
available at
<http://www.sciencedirect.com/science/article/pii/S1755581709000303>
WEINERT, K. INASAKI, I. SUTHERLAND, J.W. WAKABAYASHI, T. Dry
Machining and Minimum Quantity Lubrication, CIRP Annals - Manufacturing
Technology, Volume 53, Issue 2, 2004, Pages 511-537, ISSN 0007-8506,
10.1016/S0007-8506(07)60027-4., available at
<http://www.sciencedirect.com/science/article/pii/'S0007850607600274 >
WAKABAYASHI, T. SUDA, S. INASAKI, I. TERASAKA, K. MUSHA, Y.
TODA, Y. Tribological Action and Cutting Performance of MQL Media in
Machining of Aluminum, CIRP Annals - Manufacturing Technology, Volume
56, Issue 1, 2007, Pages 97-100, ISSN 0007-8506,
10.1016/j.cirp.2007.05.025., available at
<http://www.sciencedirect.com/science/article/pii/'S0007850607000261>
DE CHIFFRE, L. BELLUCO, W., Investigation of cutting fluid performance
using different machining operations, Lubr. Eng., Vol.58 (2002) pp.22-29.
BELLUCO, W. ZENG, Z., DECHIFFRE,L. Evaluation of cutting fluids in
multiple reaming of stainless steel, Proceedings of PRIME 2001 Conference
(Sestri Levante), 2001, pp.45-48. DE CHIFFRE,L. W.

LI, K.-M. LIANG, S. Y. Modeling of cutting forces in near dry machining
under tool wear effect, International Journal of Machine Tools and
Manufacture, Volume 47, Issues 7-8, June 2007, Pages 1292-1301, ISSN
0890-6955, 10.1016/j.jmachtools.2006.08.017., available at
<http://www.sciencedirect.com/science/article/pii/S0890695506002094 >
FAVERJON, P. RECH, J. LERQY, R. ORSET, M. Influence of MQL on
friction coefficient and workmaterial adhesion during machining of cast
aluminum with various cutting tool substrates made of PCD, HSS, and
carbides, MUGV conference, 2012

[10] BHOWMICK, S. ALPAS A. T. Minimum quantity lubrication drilling of

aluminium=silicon alloys in water using diamond-like carbon coated drills,
International Journal of Machine Tools and Manufacture, Volume 48, Issues
12-13, October 2008, Pages 1429-1443, ISSN 0890-6955,
10.1016/j.ijmachtools.2008.04.010., available at
<http://www.sciencedirect.com/science/article/pii/S0890695508000825>



http://www.sciencedirect.com/science/article/pii/S1755581709000303
http://www.sciencedirect.com/science/article/pii/S0007850607600274
http://www.sciencedirect.com/science/article/pii/S0007850607000261
http://www.sciencedirect.com/science/article/pii/S0890695506002094
http://www.sciencedirect.com/science/article/pii/S0890695508000825

[11] BENOIST, D. TOURBIER, Y. GERMAIN-TOURBIER, S. Plans
d’expériences: construction et analyse, Technique & Documentation —
Lavoisier, 1994, ISBN: 2-85206-988-1

[12] DASCH, J. M. KURGIN, S. K. A characterisation of mist generated from
minimum quantity lubrication (MQL) compared to wet machining, Int. J.
Machining and Machinability of Materials, Vol. 7, Nos. 1/2, 2010

[13] BRAGA, D. U. DINIZ, A. E. MIRANDA, G. W. A. COPPINI, N. L. Using a
minimum quantity of lubricant (MQL) and a diamond coated tool in the
drilling of aluminum-silicon alloys, Journal of Materials Processing
Technology, Volume 122, Issue 1, 5 March 2002, Pages 127-138, ISSN
0924-0136, 10.1016/S0924-0136(01)01249-3., available at
<http://www.sciencedirect.com/science/article/pii/S0924013601012493>

[14] KELLY, J. F. COTTERELL, M.G. Minimal lubrication machining of
aluminium alloys, Journal of Materials Processing Technology, Volume 120,
Issues 1-3, 15 January 2002, Pages 327-334, ISSN 0924-0136,
10.1016/S0924-0136(01)01126-8., available at
<http://www.sciencedirect.com/science/article/pii/S0924013601011268>

[15] MIN, S. INASAKI, I. FUJIMURA, S. WADA, T. SUDA, S. WAKABAYASHI,
T. A Study on Tribology in Minimal Quantity Lubrication Cutting, CIRP
Annals - Manufacturing Technology, Volume 54, Issue 1, 2005, Pages 105-
108, ISSN 0007-8506, 10.1016/S0007-8506(07)60060-2., available at
<http://www.sciencedirect.com/science/article/pii/'S0007850607600602>

[16] TASDELEN, B. THORDENBERG, H. OLOFSSON, D. An experimental
investigation on contact length during minimum quantity lubrication (MQL)
machining, Journal of Materials Processing Technology, Volume 203,
Issues 1-3, 18 July 2008, Pages 221-231, ISSN 0924-0136,
10.1016/j.jmatprotec.2007.10.027., available at
<http://www.sciencedirect.com/science/article/pii/S092401360700948X >

[17] KISHAWY, H. A. DUMITRESCU, M. NG, E. G. ELBESTAWI, M. A. Effect of
coolant strategy on tool performance, chip morphology and surface quality
during high-speed machining of A356 aluminum alloy, International Journal
of Machine Tools and Manufacture, Volume 45, Issue 2, February 2005,
Pages 219-227, ISSN 0890-6955, 10.1016/j.ijmachtools.2004.07.003.,
available at
<http://www.sciencedirect.com/science/article/pii/S0890695504001683>

[18] TASDELEN, B. WIKBLOM, T. EKERED, S. Studies on minimum quantity
lubrication (MQL) and air cooling at drilling, Journal of Materials Processing
Technology, Volume 200, Issues 1-3, 8 May 2008, Pages 339-346, ISSN
0924-0136, 10.1016/].jmatprotec.2007.09.064., available at
<http://www.sciencedirect.com/science/article/pii/S0924013607008278>

[19] SILVA, L.R. BIANCHI, E.C. CATAI, R.E. FUSSE, R.Y. FRANCA, T.V.
AGUIAR, P.R. Study on the behavior of the Minimum quantity lubricant -
MQL technique under different lubricating and cooling conditions when
grinding ABNT 4340 steel, (2005) Journal of the Brazilian Society of
Mechanical Sciences and Engineering, 27 (2), pp. 192-199. Cited 19 times.,
available at http://www.scopus.com/inward/record.url?eid=2-s2.0-
20844443867 &partnerlD=40&md5=b284d335f79717756504ce63824b754a

[20] DAVIDS, J. R. Metals Handbook. ASM International; 1998



http://www.sciencedirect.com/science/article/pii/S0924013601012493
http://www.sciencedirect.com/science/article/pii/S0924013601011268
http://www.sciencedirect.com/science/article/pii/S0007850607600602
http://www.sciencedirect.com/science/article/pii/S092401360700948X
http://www.sciencedirect.com/science/article/pii/S0890695504001683
http://www.sciencedirect.com/science/article/pii/S0924013607008278
http://www.scopus.com/inward/record

[21] DE CHIFFRE, L. Function of cutting fluids in machining, Lubr. Eng., Vol.44
(1988) pp.514-518.

[22] BIERLA, A. Etude tribochimique de la lubrication en taraudage par
déformation, expertise project, 2005, AM ParisTech Cluny

[23] DE CHIFFRE, L. Mechanical testing and selection of cutting fluid, Lubr.
Eng., Vol.36 (1980) pp.33-39.

[24] DE CHIFFRE, L. Laboratory testing of cutting fluid performance, 3rd Int.
Coll. Tribol., TAE Proceedings (1982) 74.1-74.5.

[25] DE CHIFFRE, L. Cutting fluid action, testing and selection, Int. Yearbook of
Tribology, W. J. Bartz (ed.), Expert Verlag, Grafenau, (1982) pp.769-773.

[26] DE CHIFFRE, L. Mechanics of metal cutting and cutting fluid action,
International Journal of Machine Tool Design and Research, Volume 17,
Issue 4, 1977, Pages 225-234, ISSN 0020-7357, 10.1016/0020-
7357(77)90016-6.
<http://www.sciencedirect.com/science/article/pii/0020735777900166>

[27] BELLUCO, W. DE CHIFFRE, L. Testing of Vegetable-Based cutting fluids in
hole making operations, Lubrication Engineering, Vol.57, Issue no.1 (2001)
pp.12-16

[28] ASTAKHOV, V.P. Environmentally friendly — near dry machining, Michigan
State University, MI 48824-1226, 2010

[29] DUCHOSAL, A. LERQY, R. RANGANATHAN, M. Etude de I'impact de la
géometrie de la canalisation interne d’un outil de fraisage utilisé en
microlubrification par le centre, MUGV conference, 2012

[80] BELLUCO, W. Performance Testing of Cutting Fluids, Ph.D. Thesis, Institut
for Produktion — Technical University of Denmark,Publication no.
IPT.198.00 (MM00.63),2000

[31] BELLUCO, W. DE CHIFFRE, L. Performance evaluation of vegetable-
based oils in drilling austenitic stainless steel, Journal of Materials
Processing Technology, Volume 148, Issue 2, 15 May 2004, Pages 171-
176, ISSN 0924-0136, 10.1016/S0924-0136(03)00679-4., available at
<http://www.sciencedirect.com/science/article/pii/S0924013603006794 >

[32] Université Laval, available at,
<http://archimede.bibl.ulaval.ca/archimede/fichiers/24626/ch02.html>,
[2013-05-06]

[33] Université Laval, available at,
<http://archimede.bibl.ulaval.ca/archimede/fichiers/24626/ch02.html>,
[2013-05-06]

[34] ScienceDirect,available at
<http://www.sciencedirect.com/science/article/pii/S0890695505003081 >,
[2013-05-06]

[35] ScienceDirect,available at
<http://www.sciencedirect.com/science/article/pii/S0043164803003843 >,
[2013-05-06]

[36] MOLINARI, A. MOUFKI, A. The Merchant's model of orthogonal cutting
revisited: A new insight into the modeling of chip formation, International
Journal of Mechanical Sciences, Volume 50, Issue 2, February 2008, Pages
124-131, ISSN 0020-7403, 10.1016/j.ijmecsci.2007.07.015., available at
<http://www.sciencedirect.com/science/article/pii/S0020740307001233>



http://www.sciencedirect.com/science/article/pii/0020735777900166
http://www.sciencedirect.com/science/article/pii/S0924013603006794
http://archimede.bibl.ulaval.ca/archimede/fichiers/24626/ch02.html
http://archimede.bibl.ulaval.ca/archimede/fichiers/24626/ch02.html
http://www.sciencedirect.com/science/article/pii/S0890695505003081
http://www.sciencedirect.com/science/article/pii/S0043164803003843
http://www.sciencedirect.com/science/article/pii/S0020740307001233

[37] SMIDA,B., GILIBERT, Caractérisation de la micro-usinabilité de nuances
d’aciers inoxydables 316L, Expertise projet, AM ParisTech, 2011

[38] LUNGU, S. MOUROT, F. Caractérisation de matériaux a usinabilité
amélioré en micro-usinage, expertise projet, AM Paristech, Cluny, 2010

[39] BIERMANN, D. IOVKOV, |. BLUM, H. RADEMACHER, A. TAEBI, K.
SUTTMEIER, F. T KLEIN, N. Thermal Aspects in Deep Hole Drilling of
Aluminium Cast Alloy Using Twist Drills and MQL, Procedia CIRP, Volume
3, 2012, Pages 245-250, ISSN 2212-8271, 10.1016/j.procir.2012.07.043.,
available at
<http://www.sciencedirect.com/science/article/pii/S2212827112002156>

[40] DE CHIFFRE, L. BELLUCO, W. Comparison of Methods for Cutting Fluid
Performance Testing, CIRP Annals - Manufacturing Technology, Volume
49, Issue 1, 2000, Pages 57-60, ISSN 0007-8506, 10.1016/S0007-
8506(07)62895-9., available at
<http://www.sciencedirect.com/science/article/pii/'S0007850607628959>

[41] PARO, J. A. GUSTAFSSON, T. E. KOSKINEN, J. Drilling of conventional
cast stainless steel with HIPed NiTi coating, Journal of Materials Processing
Technology, Volumes 153—-154, 10 November 2004, Pages 622-629, ISSN
0924-0136, 10.1016/].jmatprotec.2004.04.100., available at
<http://www.sciencedirect.com/science/article/pii/S0924013604004212>

[42] DE CHIFFRE, L. Testing the overall performance of cutting fluids, Lubr.
Eng., Vol.34 (1978) pp.244-251.

[43] ROUTIO, M. SAYNATJOKI, M. Tool wear and failure in the drilling of
stainless steel, Journal of Materials Processing Technology, Volume 52,
Issue 1, May 1995, Pages 35-43, ISSN 0924-0136, 10.1016/0924-
0136(94)01441-3.
<http://www.sciencedirect.com/science/article/pii/0924013694014413 >

[44] JURKO,J. GAJDOS, M. PANDA, A. Study of changes under the machined
surface and accompanying phenomena in the cutting zone during drilling of
stainless steel with low carbon content, METABK 50(2), pages 113-117,
2011, ISSN 0543-5846, available at
<http://public.carnet.hr/metalurg/Metalurgija/2011 vol 50/No 2/MET 50 2

113-117 Jurko.pdf>

[45] Catalogue percage, Sandvik coromant, 2007

[46] LE COZ, G. MARINESCU, M. DEVILLEZ, A. DUDZINSKI, D. VELNOM, L.
Measuring temperature of rotating cutting tools: Application to MQL drilling
and dry milling of aerospace alloys, Applied Thermal Engineering, Volume
36, April 2012, Pages 434-441, ISSN 1359-4311,
10.1016/j.applthermaleng.2011.10.060., available at
<http://www.sciencedirect.com/science/article/pii/S1359431111006120>

[47] OUTEIRO, J.C. DIAS, A.M. LEBRUN, J.L. Experimental Assessment of
Temperature Distribution in Three-Dimensional Cutting Process, Machining
Science and Technology,2004,Volume 8,Pages 357-376, available at
<http://www.scopus.com/inward/record.url?eid=2s2.09744273335&partnerl
D=40&md5=3eff007bf4ec83d1e893658ba95b4df7 >

[48] SATO, M. AOKI, T. TANAKA, H. TAKEDA, S. Variation of temperature at
the bottom surface of a hole during drilling and its effect on tool wear,
International Journal of Machine Tools and Manufacture, Volume 68, May



http://www.sciencedirect.com/science/article/pii/S2212827112002156
http://www.sciencedirect.com/science/article/pii/S0007850607628959
http://www.sciencedirect.com/science/article/pii/S0924013604004212
http://www.sciencedirect.com/science/article/pii/0924013694014413
http://public.carnet.hr/metalurg/Metaluraiia/2011%20vol%2050/No%202/MET%2050%202113-117%20Jurko.pdf
http://public.carnet.hr/metalurg/Metaluraiia/2011%20vol%2050/No%202/MET%2050%202113-117%20Jurko.pdf
http://www.sciencedirect.com/science/article/pii/S1359431111006120
http://www.scopus.com/inward/record.url?eid=2s2.09744273335&partnerl?D=40&md5=3eff007bf4ec83d1e893658ba95b4df7
http://www.scopus.com/inward/record.url?eid=2s2.09744273335&partnerl?D=40&md5=3eff007bf4ec83d1e893658ba95b4df7

2013, Pages 40-47, ISSN 0890-6955, 10.1016/j.ijmachtools.2013.01.007.,
available at
<http://www.sciencedirect.com/science/article/pii/S0890695513000163>

[49] Aalco, available at, <http://www.aalco.co.uk/datasheets/Stainless-
Steel 1.4404-316L 39.ashx>, [2013/05-07]

[50] Albert&Duval, available at,
<http://www.aubertduval.com/uploads/tx obladygestionproduit/7020 GB.pdf>
[2013-05-07]

[51] Catalogue et guide technique, SECO, 2012 ‘

[52] COULON, B. Cours sur les plans d’expériences - 3™ année, AM
ParisTech Cluny, 2012

[53] BOOTHROYD, G. KNIGHT, W. A. Fundamentals of machining and
machine tools, second edition, Marcel Dekker, Inc., New York, USA, ISBN
0-8247-7852-9



http://www.sciencedirect.com/science/article/pii/S0890695513000163
http://www.aalco.co.uk/datasheets/Stainless-
http://www.aubertduval.com/uploads/tx%20obladvgestionproduit/7020%20GB.pdf

NOMENCLATURE

Abbreviation Unit Signification

/ symbol

A - Matrix of coefficients

AlSI i American Iron and Steel Institute numbering
system

BUE - Built-up edge

CCD - Charged Coupled Device — type of camera
similar to a thermal camera

CNC - Computer Numeric Control

COM Couple Outil-Matiere (from French) — Specific

cutting force in function of the cutting speed or
of the feed rate

Cte - Constant

DoF - Degrees of Freedom

DLC - Diamond Like Carbon - coating

e - Residual error

Enai - Effect of a factor (oil A in this case) on the
level i

EN - European Norm

EP - Extreme Pressure additives into the oils

f [mm] Feed per revolution

Fe [N] Tangential cutting force

Feal Calculated value of ratio variance of factor/

- residual variances (to be compared with

Fineoretic)
Fi IN] Feed force (when turning)
Thrust force (when drilling)
Ftheoretic Theoretic value from the Snedecor-Fischer

- table corresponding to degree of freedom
(to be compared with Fcy)
HSS - High Speed Steel



I/D
JIS
Lo

MQL

Na

NDM

Qch

Qct
Qw

Ra
Rt

UNS

[mm]
[Nm]

[J]
[J]
[J]
[J]

[pm]
[um]

[°C]

[m/min]

[°]
[°]
[°]

Length/diameter ratio

Japanese Industrial Standard

Contact length at the chip/tool interface
Drilling torque

Minimum Quantity of Lubrication
Contact length factor

Number of tests with one factor
Number of tests in one experimental plan
Near Dry Machining

Heat dissipated in the chip

Heat dissipated in the cutting tool

Heat dissipated in the workpiece

Total heat produced by machining process
Response column matrix

Mean arithmetic surface roughnes
Total surface roughness

Maximum temperature at the tool/chip
interface

Unified Numbering System

Cutting speed

Variance of a factor (oil A in this case)
Residual variance

Flank wear measured in the point a
Flank wear measured in the point b
Water Micro Droplets

Trial matrix

Transposed trial matrix

Tool rake angle

Tool entering angle

Tool chisel edge angle
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Appendix 1

Fig. 1.1 — Effect of variables factors on the average value of the cutting force.

Suma of squares | DoF | Variances Fcal Ftheoretic | Signification
Oil type 190,79688 3 63,59896 1,12716 3,59 Insignificant
Oil rate 54,39063 1 54,39063 0,96396 4,84 Insignificant
Air pressure 23,76563 1 23,76563 0,42120 4,84 Insignificant
Vc 1080,76563 1 | 1080,76563 | 19,15440 4,84 Significant
Residues 620,66287 11 56,42390
Total 1767,48438 15 | 117,83229
Fig. 1.2 — Effect of variables factors on the amplitude of the cutting force.
Suma of squares |DoF | Variances Fcal Ftheoretic | Signification
Oil type 35620,42188 3 | 11873,47396 | 1,05716 3,59 Insignificant
Oil rate 5531,64063 1 5531,64063 | 0,49251 4,84 Insignificant
Air pressure 9481,89063 1 9481,89063 | 0,84423 4,84 Insignificant
Vc 667284,76563 1 1667284,76563 | 59,41211 4,84 Significant
Residues 123546,07151 11 | 11231,46105
Total 1767,48438 15 | 117,83229
Fig. 1.3 — Effect of variables factors on the average value of the feed force.
Suma of squares | DoF | Variances Fcal Ftheoretic | Signification
Oil type 475,50000 3 158,50000 1,16891 3,59 Insignificant
Oil rate 36,00000 1 36,00000 0,26549 4,84 Insignificant
Air pressure 2,25000 1 2,25000 0,01659 4,84 Insignificant
Vc 2304,00000 1 | 2304,00000 | 16,99163 4,84 Significant
Residues 1491,55828 11 | 135,59621
Total 3744,00000 15 | 249,60000
Fig. 1.4 — Effect of variables factors on the maximum temperature.
Suma of squares | DoF | Variances Fcal Ftheoretic | Signification
Oil type 129,68750 3 43,22917 1,19826 3,59 Insignificant
Oil rate 76,56250 1 76,56250 2,12223 4,84 Insignificant
Air pressure 264,06250 1 264,06250 7,31951 4,84 Significant
Vc 1139,06250 1 1139,06250 | 31,57351 4,84 Significant
Residues 396,84171 11 36,07652
Total 1860,93750 15 | 124,06250




Fig. 1.5 — Effect of variables factors on the total surface roughness.

Suma of squares | DoF | Variances Fcal Ftheoretic | Signification

Oil type 0,28377 3 0,09459 0,46703 3,59 Insignificant

Oil rate 0,03691 1 0,03691 0,18225 4,84 Insignificant

Air pressure 0,00167 1 0,00167 0,00825 4,84 Insignificant

Vc 0,03985 1 0,03985 0,19676 4,84 Insignificant
Residues 2,22787 11 0,20253
Total 2,12308 15 0,14154




Appendix 2

Fig. 2.1 — Effect of variables factors on the average value of the cutting force.

Suma of squares |DoF| Variances Fcal Ftheoretic | Signification
Oil type 134,67188 3 44,89063 0,74874 3,59 Insignificant
Oil rate 2,64063 1 2,64063 0,04404 4,84 Insignificant
Air pressure 23,76563 1 23,76563 0,39639 4,84 Insignificant
Vc 2512,51563 1 | 2512,51563 | 41,90681 4,84 Significant
Residues 659,50319 11 59,95484
Total 3097,98438 15 | 206,53229
Fig. 2.2 — Effect of variables factors on the amplitude of the cutting force.
Suma of squares |DoF| Variances Fcal Ftheoretic | Signification
Oil type 4885,54688 3 | 1628,51563 | 0,70501 3,59 Insignificant
Oil rate 27680,64063 1 127680,64063 | 11,98336 4,84 Significant
Air pressure 6662,64063 1 | 6662,64063 | 2,88436 4,84 Insignificant
Vc 27266,26563 1 |27266,26563 | 11,80397 4,84 Significant
Residues 25409,16185 11 | 2309,92380
Total 83653,85938 15 | 5576,92396
Fig. 2.3 — Effect of variables factors on the average value of the feed force.
Suma of squares | DoF | Variances Fcal Ftheoretic | Signification
Qil type 9,18750 3 3,06250 1,35891 3,59 Insignificant
Oil rate 0,56250 1 0,56250 0,24960 4,84 Insignificant
Air pressure 0,56250 1 0,56250 0,24960 4,84 Insignificant
Vc 10,56250 1 10,56250 4,68685 4,84 Insignificant
Residues 24,79008 11 2,25364
Total 34,93750 15 2,32917
Fig. 2.4 — Effect of variables factors on the total surface roughness.
Suma of squares |DoF| Variances Fcal Ftheoretic | Signification
Oil type 0,00006 3 0,00002 0,49190 3,59 Insignificant
Oil rate 0,00007 1 0,00007 1,65302 4,84 Insignificant
Air pressure 0,00006 1 0,00006 1,46427 4,84 Insignificant
Vc 0,00029 1 0,00029 6,61208 4,84 Significant
Residues 0,00048 11 0,00004
Total 0,00087 15 0,00006




Appendix 3

Fig. 3.1 - Effect of variables factors on the average value of drilling torque.

Suma of squares | DoF | Variances Fcal Ftheoretic | Signification
Oil type 1,62037 3 0,54012 4,37247 3,41 Significant
Oil rate 0,10726 1 0,10726 0,86827 4,67 Insignificant
Residues 1,60586 13 0,12353
Total 1,05700 15 0,07047
Fig. 3.2.- Effect of variables factors on the amplitude of the drilling torque.
Suma of squares | DoF | Variances Fcal Ftheoretic | Signification
Oil type 23,85422 3 7,95141 5,74444 3,41 Significant
Oil rate 0,15406 1 0,15406 0,11130 4,67 Insignificant
Residues 17,99446 13 1,38419
Total 12,37062 15 0,82471
Fig. 3.3 - Effect of variables factors on the average value of the thrust force.
Suma of squares | DoF | Variances Fcal Ftheoretic | Signification
Oil type 43123,25000 3 [14374,41667| 4,98690 3,41 Significant
Oil rate 8010,25000 1 | 8010,25000 | 2,77899 4,67 Insignificant
Residues 37471,68321 13 | 2882,43717
Total 38159,37500 15 | 2543,95833
Fig. 3.4 - Effect of variables factors on the temperature.
Suma of squares | DoF | Variances Fcal Ftheoretic | Signification
Oil type 125,84750 3 41,94917 4,26168 3,41 Significant
Oil rate 89,30250 1 89,30250 9,07238 4,67 Significant
Residues 127,96332 13 9,84333
Total 138,07875 15 9,20525
Fig. 3.5 - Effect of variables factors on the surface roughness Ri.
Suma of squares | DoF | Variances Fcal Ftheoretic | Signification
Qil type 0,72794 3 0,24265 3,97433 3,41 Significant
Oil rate 0,16221 1 0,16221 2,65680 4,67 Insignificant
Residues 0,79370 13 0,06105

Total 0,72200 15 0,04813




Appendix 4

Fig. 4.1 - Effect of variables factors on the average value of the drilling torque.

Suma of squares | DoF | Variances Fcal Ftheoretic | Signification
Oil type 0,14445 3 0,04815 6,67250 3,41 Significant
Oil rate 0,00022 1 0,00022 0,03118 4,67 Insignificant
Residues 0,09381 13 0,00722
Total 0,08650 15 0,00577
Fig. 4.2 - Effect of variables factors on the amplitude of the drilling torque.
Suma of squares | DoF | Variances Fcal Ftheoretic | Signification
Oil type 0,24092 3 0,08031 5,25174 3,41 Significant
Oil rate 0,01891 1 0,01891 1,23640 4,67 Insignificant
Residues 0,19879 13 0,01529
Total 0,16422 15 0,01095
Fig. 4.3 - Effect of variables factors on the average value of the thrust force.
Suma of squares | DoF | Variances Fcal Ftheoretic | Signification
Oil type 27248,18750 3 | 9082,72917 | 6,47055 3,41 Significant
Oil rate 280,56250 1 280,56250 0,19987 4,67 Insignificant
Residues 18248,14526 13 | 1403,70348
Total 14937,96875 15 | 995,86458
Fig. 4.4 - Effect of variables factors on the temperature.
Suma of squares | DoF | Variances Fcal Ftheoretic | Signification
Oil type 69,31567 3 23,10523 7,05869 3,41 Significant
Oil rate 3,29422 1 3,29422 1,00639 4,67 Insignificant
Residues 42,55293 13 3,27330
Total 39,40129 15 2,62675
Fig. 4.5 - Effect of variables factors on the surface roughness Ri.
Suma of squares | DoF | Variances Fcal Ftheoretic | Signification
Oil type 12,95468 3 4,31823 8,34952 3,41 Significant
Oil rate 0,05468 1 0,05468 0,10572 4,67 Insignificant
Residues 6,72338 13 0,51718
Total 6,64701 15 0,44313




