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ABSTRACT

This master thesis deals with the development of a test procedure for cutting flu-
id performance in reaming and the application in testing MQL (minimum quanti-
ty lubrication). In this project the performance of insoluble oil has been investi-
gated by varying cutting conditions and experimental setup. The tests were car-
ried out on austenitic stainless steels using HSS reamers. Individual reaming op-
erations were compared with respect to a number of evaluating parameters such
as hole diameter, roundness, cylindricity, surface roughness, reaming thrust and
reaming torque. For all mentioned measurands a detailed uncertainty budget was
created. Furthermore, a new unconventional method of MQL delivery was pro-
posed and realized.

Results show that reaming operations with cutting conditions v;=5 m-min™,
f=0.21 mm and a,=0.1 mm performed the lowest scatter and uncertainty of the
measurement and the process. For those reaming operations where the only
change was in nozzle positioning setup, equivalent uncertainties for all measu-
rands were observed. It was also investigated that using a reamer with smaller
diameter resulted in poor surface finish with big scatter and uncertainty of the
hole diameter. Reaming operation with increased cutting speed had a big impact
on surface roughness and reaming torque uncertainties.

Test uncertainties were compared to those obtained in previous projects per-
formed at DTU. It was found that no significant difference between uncertainties
could be observed. However, care must be taken when evaluating the uncertainty
since it contains both uncertainty of the measurement and uncertainty of the
process itself. Moreover, it is associated with a loss of information regarding un-
certainty contributors.

Key words
Reaming, lubrication, surface quality, measuring uncertainty.
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ABSTRAKT
1. Uvod

Jiz od pocatku 20. stoleti, kdy F. W. Taylor poprvé pouzil vodu ke chlazeni
obrabéciho procesu a pfiSel k zavéru zvyseni zivotnosti nastroje, byla k tomuto
ucelu pouzita velka variabilita feznych kapalin [1]. Obecnou specifickou funkci
fezné kapaliny je poskytnout mazani a chlazeni k minimalizaci teploty, ktera
vznikd mezi nastrojem a obrobkem, pfipadné mezi tfiskou a nastrojem [1]. Za
posledni desetileti byl uskuteénén vyzkum zaméfeny na omezeni spotieby
feznych kapalin ve vyrobé. Je to z toho dlivodu, ze fezné kapaliny s sebou ptinasi
i fadu nevyhod. Rezné kapaliny jsou ve vét§ing piipadech naro¢né a drahé pro
recyklaci, operatorovi stroje mohou zplisobovat kozni a plicni problémy a
zneCist'uji také Zivotni prostfedi. DalSim divodem ke sniZzeni mnozstvi feznych
kapalin jsou vysSi ndklady souvisejici s pouzitim téchto kapalin. Tyto ndklady
odpovidaji zhruba 7-17% veskerych vyrobnich nakladi, ekologickych problému
a dopadu na lidské zdravi [2].

Eliminaci téchto kapalin dochazi ke ztraté€ jejich pozitivniho Gc¢inku na obrabéni,
nebot’ fezna kapalina patii mezi dilezité komponenty pii obrabéni. Jejich re-
dukce ¢i uplnd eliminace by vedla ke zvySeni provoznich teplot u téchto procest,
poklesu vykonu fezného ndstroje, ztrdt€¢ rozmérové presnosti a geometrie a
kolisani tepelného chovani stroje.

K tomu, aby doSlo k minimalizaci pouZiti feznych kapalin a byly splnény
pozadavky tykajici se zdravého pracovniho prostiedi, slouzi nova technologie
tzv. mazani malym mnozstvim maziv (MQL). Opusténim konvencniho chlazeni
a pii pouziti nové technologie MQL se celkové ndklady mouhou vyrazné snizit
[4].

Nicméné bylo dokazano, Ze MQL patii v dneSnim vyrobnim svété mezi dilezité
technologie, které jsou vyuzivany v mnoha vyrobnich procesech. Kromé zlepsSeni
efektivity vyrobniho procesu, pfispiva tato technologie K ochrané délnikova
zdravi a zivotniho prostiedi [4]. Pouzitim MQL je mozné dosahnout efektivniho
mazani fezného procesu s pouzitim velmi malych ¢astic maziva ve form¢ aeroso-
lu. Vysledkem neni pouze zvySena produktivita v disledku vysSSich feznych
rychlosti, ale také vyssi zivotnost néastroje a uspora nakladii na fezné kapaliny.

2. MQL

MQL je nové technologie pfivodu fezné kapaliny, pfi niZ je pfivedeno presné
mnoZstvi maziva do mista fezu. Rezna kapalina je smichéna se stlaenym vzdu-
chem a spolu tvoii smés, kterd se nazyva aerosol. MQL je charakterizovana
mnozstvim maziva mensim nez 80 ml/hodinu.



Page |5

MQL rozliSuje dva zpiisoby piivodu aerosolu do pracovniho mista a to: vnitini
ptivod, kdy je vedeni zabudované ve stroji (zafizeni), a vnéjsi ptivod, kdy jsou
trysky uchyceny na vnéj$i strané stroje. Nejvétsi rozdil mezi dvéma zminénymi
zpusoby spociva ve zptisobu aplikace.

Vnitini piivod aerosolu se prostfednictvim vietene a nastroje v nejvetsi mife
uplatiuje pfi vrtani, vystruzovani a fezani zavitti s velkymi 1/d poméry. Tento
zplisob zajisti, Ze aerosol je nepfetrzit¢ ptfitomen v blizkosti bfitu nastroje.
Zvlasté vhodna je tato metoda pti vrtani hlubokych dér s velkym I/d pomérem.
Velikost ¢astic je v rozmezi 0,5-5,0 um.

Vnéjsi privod aerosolu je docilen pomoci trysek, které rozprasuji aerosol na bfit
fezného nastroje z vnéjsi strany. Usporadani a pozice trysek maji velky vliv na
drsnost povrchu. Tato metoda miize byt pouzita pfi obrabécich operacich jako
jsou fezani pilou, frézovani ¢i soustruzeni. Pfi vrtani, vystruzovani a fezani
zavith mize byt tato metoda pouzita pii poméru 1/d<3. Velikost castic je
V rozmezi 15-40 um.

Ob¢ zminéné metody se mohou dale délit na one channel supply, kdy aerosol je
tvofen ptred vietenem a samostatné vedeni slouzi jako cesta pro tuto smés a two
channel supply, kdy jsou mazivo a vzduch dodavany samostatné prostfednictvim
vietene. Smés maziva a vzduchu je pak pfimo vytvotena pied tim, nez aerosol
pfichézi do nastroje.

3. Identifikace ucinnostnich veli¢in p¥i vystruZovani

K vyhodnoceni vlivu fezné kapaliny na fezné sily a kvalitu obrobené¢ho povrchu
bylo provedeno vyhodnoceni uc¢innostnich veli¢in pii vystruZovani austenitické
nerez oceli s vyuzitim maziva. Byly pouzity dva vystruzniky liSici se primérem,
pfi zménénych feznych podminkach pii obrabéni a zméné nastaveni trysek.
Zmeéna tfeznych podminek se tykala zmény fezné rychlosti, posuvu na otacku,
hloubky fezu a zpétné rychlosti vieteniku z mista fezu. Pro kritérium jakosti byly
pouzity nasledujici parametry: pfitlacna sila a kroutici moment pii vystruzovani,
prumér, kruhovitost a vélcovitost vystruzené diry, drsnost povrchu Ra. Byly
vypocitany jak absolutni hodnoty, tak i experimentalni smérodatné odchylky pro
vySe zminéné vyhodnocujici parametry. Byl vyhodnocen komplexni uncertainty
budget pro vSechny méfené veliCiny. Je nutné vénovat velkou pozornost pii vy-
hodnocovéni konven¢niho parametru Ra, protoze tento parametr zcela ztraci in-
formaci o daném profilu drsnosti povrchu.

4. Experimentalni aparatura

Testované obrobky byly z autenitické nerez oceli typu AISI 316L sjiz
pfedhotovenou dirou o priméru 9,9 mm a dané geometrické presnosti. Veskeré
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experimenty byly provedeny na obrabécim centru CNC - konkrétné se jednalo o
vertikalni frézku Cincinnati Sabre 750. Vystruzniky o pramérech 10,0 mm a 10,1
mm, které byly pouzity pii obrabéni, jsou z rychlofezné oceli s 5% obsahem ko-
baltu. Vystruzniky jsou opatieny 6 drazkami uspofadanymi do Sroubovice. To-
lerance vystruzniku je +0,003 mm. Nastrojovy drzak je pohyblivy. Experi-
mentalni aparatura se sklada z jednotky MQL pro vné&jsi pfivod aerosolu a je
opatiena dvéma tryskami. Jedna z trysek je nasmérovéana shora pod tthlem 45° ve
vzdalenosti 40 mm od osy obrobku, druhd tryska vede napfi¢ dynamometrem,
ktery je pfimo spojen s ptipravkem pro upnuti obrobku a je ve vzdalenosti 55
mm od spodni ¢asti obrobku. Jak jiz bylo zminéno, dany dynamometr KISTLER
typ 9271A slouzi pro meéfeni kroutictho momentu a pfitlacné sily pfii
vystruzovani. Signaly jdouci z dynamometru jsou konvertovany prostfednictvim
dvou nabojovych zesilovaci KIAG SWISS typ 5015 do napéti. Vystupni napéti
téchto zesilovaci je digitalizovano s vyuzitim PC s programem Labview 8.0. Pro
meéfeni priméru vystruzené diry, kruhovitosti a vélcovitosti bylo pouzito stroje
CMM OMC 850 ZEISS. Pramér méfici sondy je 3 mm. Upinaci piipravek pro
uchyceni obrobkt se sklada ze tii hlinikovych desek, mezi které jsou vlozeny
gumové krouzky. Po upnuti obrobkt a seSroubovani desek dochazi k expanzi
priméru krouzkii a tudiz k pevnému sevieni obrobkii v upinacim pftipravku.
Upinaci ptipravek umoziiuje uchyceni az 40 obrobkll najednou. Pro ucel této dip-
lomové prace bylo vyuzito 15 libovolnych uchyti. Drsnost obrobené plochy byla
méfena pomoci dotykového piistroje TAYLOR HOBSON SUBTRONIC 3+,
ktery je vybaven kluznym snimacem s polomérem Spicky 2 pm.

S. Pracovni postup

Bylo vystruZeno celkem Sest sérii po 15 obrobcich a provedeno nésledné méteni
kvality obrobenych ploch. Pro kazdou sérii bylo ze skupiny stejnych obrobku
nahodné odebrano 15 obrobki. Obrobek o rozmérech 329 mm x 15 mm mél jiz
predhotovenou diru o priméru 9,9 mm. Jednotlivé vystruzovaci operace se liSily
riznymi feznymi podminkami pifi obrabéni a aplikaci dodavani maziva do mista
fezu. Pti jednotlivych obrabécich procesech doslo vzdy pouze ke zméné€ jednoho
parametru. Pritok, tedy dodani aerosolu ve formé mlhy, byl u vSech obrabécich
operaci konstantni, liSici se minimalné, a to jen v disledku kolisani teploty
v dilné. Geometricka piesnost vystruzenych dér (prumeér, kruhovitost a valcovi-
tost) byla métena pomoci CMM. Primér a kruhovitost byly méfeny ve Ctyfech
urovnich, ve vzdalenosti 3, 6, 9 a 12 mm od spodni plochy obrobku a v osmi
mistech kolem vnitiniho obvodu obrobku na kazdé méfené trovni. Timto bylo
docileno vyhodnoceni valcovitosti diry. VySe popsané méieni bylo provedeno
celkem pétkrat. Drsnost obrobené plochy byla méfena pomoci dotykového
pfistroje. Celkem bylo zaznamenano 24 profilt pro kazdy obrobek, ktery byl
meéfen ve Ctyfech bodech rozmisténych pod shodnymi tihly (90°) kolem vnitiniho
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obvodu diry. Kazd¢ méfeni bylo tfikrat opakovano. Dle naméfenych hodnot byla
posléze spocitana primérnd hodnota. Méfeni bylo provedeno ve dvou mistech
obrobku a sice: 2 mm od horni a 2 mm od spodni plochy obrobku po délce 4 mm
a s pouzitim ISO filtrovani 0,8 mm. Pro kazdy obrobek byla vypocitana
pramérna hodnota krouticiho momentu a pfitlacné sily pifi vystruzovani. Tyto
prumérné hodnoty jsou odvozené ze zaznamu, ktery je oznacen jako ,,rozpéti ok-
na“. Toto rozpéti okna je definovano jako vzdéalenost mezi dvéma body, které
jsou umistény na stabilni casti kiivky pfi zohlednéni poloviny Casu, ktery je
pottebny pro vystruzeni dané diry. Proto se velikost rozpéti okna muze liSit
Vv zavislosti na zméné posuvové rychlosti.

6. Diskuze
6.1 Jakost vyrobku

Pojmem ,,jakost vyrobku® se povazuje jak geometricka piesnost, tak i povrchova
topografie diry. K tomu, aby bylo docileno spolehlivych vysledkd, je vytvoien
komplexni uncertainty budget. Pfi provadéni experimentalnich Setfeni je Casto
zjisténo, ze experimentalni rozptyly vysledkii mohou byt veliké, jestlize tyto po-
rovname s prumérnymi hodnotami vysledkli dil¢ich méfeni v navaznosti na
zménénych experimentalnich podminkach. Dalsi chyby mohou nastat pii vyhod-
nocovani vysledkt. Kvalita obrobené diry zavisi do urcité miry na podminkach
obrabéni, jako jsou: feznd rychlost, posuv na ota¢ku a hloubka zabéru ostii.
Podminky obrabéni vykazuji také odchylku od naprogramovanych hodnot, které
nejsou konstatni béhem celého obrabéciho procesu a maji proto vliv na nejistotu
meéfeni. Dal§imi zdroji chyb jsou také teplota v dilné, teplota v laboratofi, druh
obrabéného materiadlu, geometrie nastroje a obrobku, stroj atd.

6.2 Porovnani dosazenych vysledki s vysledky dalSich experi-
mentalnich testii provedenych na DTU

Pro klasifikaci fezné kapaliny bylo provedeno porovnani dosazenych vysledki a
vysledki ziskanych v pribéhu minulych let na Technické Univerzité v Dansku
(DTU).

Pro vyhodnoceni vlivu fezné kapaliny na fezné sily a kvalitu obrobeného povr-
chu dle [11] bylo pfi vystruzovani austenitické nerez oceli S vyuzitim fezné kapa-
liny na bazi vody provedeno vyhodnoceni u¢innostnich veli¢in a dosazeno nasle-
dujich vysledkl: hlavni rozdil spocival ve zplsobu chlazeni, kdy obrobky byly
zcela ponoieny do nadoby s feznou kapalinou. Timto bylo docileno vyssich hod-
not pfitlacné sily a krouticiho momentu, pfili§ velkého priméru diry a zhorSené
drsnosti povrchu. Podminky pro obrabéni byly ve=6 m-min™, f=0,4 mm a ap=0,2
mm. Bylo také zjiSt€no, ze vysS$i hodnoty ap, zvySuji senzitivitu vici fezné
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kapaling. Dalsi rozdil miize byt spojen s riznym postupem pii méfeni danych
veli¢in a strategie vypoctu nejistoty méfeni.

Byla provedena analyza opakovatelnosti a rozliSeni dle [19] a [58]. Tyto dva pa-
rametry jsou vypocitany jak pro fezné sily, tak i pro vyhodnoceni kvality obro-
benych ploch. Byl zaveden novy parametr relativniho rozliSeni o/p, kde o je
smérodatna odchylka a p je variaéni rozpéti vysledkli experimentu vyjadreno
Vv procentech primérné hodnoty métfené veliCiny. Kroutici moment je pfii
vystruzovani dle [19] spojen s dobrou opakovatelnosti, relativnim rozliSenim,
kratkym vyrobnim ¢asem a z toho plynoucich nizkych nékladd na tento test. To-
to je i pripad tohoto projektu, ktery se vyznacuje vybornou opakovatelnosti
namétfenych hodnot a nizkym relativnim rozliSenim.

Pti vystruzovani austenitické nerez oceli S vyuzitim fezné kapaliny na bazi vody
bylo pti vyhodnoceni vlivu fezné kapaliny na méfené velic¢iny dle [9] dosazeno
velkého rozptylu hodnot vysledki. Pfi ubéru materialu (a,=0,2 mm) méla fezna
kapalina velky vliv na geometrickou piesnost a drsnost obrobené diry. Uvedené
vlivy byly v8ak sniZeny pfi pouZiti vystruzniku s mensim primérem (a,=0,05
mm). Tento projekt vsak potvrdil, Ze maly ubér materialu vede ke zhorseni kvali-
ty diry. Aplikace fezné kapaliny je stejnd jako v [11]. Nejistota méfeni (v tomto
pfipadé smérodatna odchylka) pro kroutici moment byla na zaklad¢ Sesti opa-
kovych méfeni v rozmezi 5-30%. Variacni rozpéti vysledka testu bylo 40%.
Vysledky byly vice ¢i méné totozné s vysledky dosazenych v tomto projektu.

Pfi vystruzovani austenitické nerez oceli s vyuzitim fezné kapaliny na bazi vody
bylo v [8] pro vyhodnoceni vlivu fezné kapaliny zjisténo, Ze volba fezné kapali-
ny ma velky vliv na vyslednou drsnost obrobené plochy. Bylo dosazeno opako-
vatelnosti 5-60% a relativni rozliSeni 0,3-0,4. Nejistota méfeni u tohoto projektu
se vykytuje v rozmezi 20-45% a relativni rozliSeni testu je tak velké, Ze drsnost
obrobené plochy je parametrem, ktery nemulze byt pouzit pro posouzeni

dosazenych vysledk.
7. Vysledky a diskuze
7.1 Geometricka specifikace vystruZené diry

K tomu, aby byla zajisténa shodnost v§ech obrobka s ohledem na geometrickou
pfesnost diry, byly obrobky zméfeny pomoci CMM a byl proveden nasledny
vypocet nejistoty mefeni. Pro kalkulaci nejistoty méfeni je postupovano podle
ISO 15530-3 [55]. Toto zahrnuje nejistotu méfeni pti kalibraci CMM, nejistotu
méfeni pfi postupu prace, nejistotu méfeni ovlivnénou zménou teploty
Vv laboratofi a systematickou chybou. Je predpokladdno normalni rozdéleni
s pravdépodobnosti 95% (k=2) vyskytu vysledku kolem jeho primérné hodnoty.
Vysledky pro geometrickou piesnost jiz predhotovenych dér ukazuji dobrou re-
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produkovatelnost méfeni z pohledu vypoctenych primérnych hodnot, ziskanych
dle pracovniho postupu. Pfi zohlednéni nejistoty méfeni tyto vysledky prokazuji
velmi souhlasny prubéh a dobrou opakovatelnost CMM. Kruhovitost a valcovi-
tost dér spole¢né s naméfenou nejistotou méteni je mensi nez 5 um, respektive
mensi nez 10 pm. Pro vypocCet nejistoty méfeni pii vystruZovani musi byt
zohlednén fakt, Ze nejistota méfeni zahrnuje kromé nejistoty kalibrace, pra-
covniho postupu a zmény teploty, taktéz nejistotu rozptylu naméfenych hodnot
pii vystruzovani celé série obrobkil. Jak jiz bylo zminéno, byl proveden celkovy
pocet Sesti vystruzovacich operaci. Vysledky jednotlivych operaci jsou viici sob¢
pochopitelné rozdilné z divodu pouziti riznych podminek pii obrabéni c¢i
zmeénéné aplikace maziva, avSak z pohledu vypocétenych nejistot méfeni sob¢
odpovidaji a vSechny jsou v toleranci diry. Jedinou operaci, ktera vykazala
odlisny prub¢h je ta, pfi niz byl pouzit vystruznik s menSim primérem, tedy
mens$im ubérem materialu.

7.2 Drsnost vystruzZené plochy

Stejné jako pro geometrickou piesnost diry, tak i pro drsnost vystruzené diry, je
nejdiive vypocitana nejistota méteni pro jiz predhotovené diry. Je postupovano
dle 1ISO 5436-2:2001 [56]. Toto zahrnuje nejistotu méfeni pii kalibraci méficiho
pristroje a nejistotu méteni pracovniho postupu. Je piedpokladdno normalni
rozdéleni s pravdépodobnosti 95% (k=2). Vysledky méteni téchto dér spolecné
S vypocitanymi nejistotami vykazuji drsnost povrchu pro vSech 15 obrobkl
mensi nez 0,9 um, coz zarucuje velmi kvalitni opracovani obrobkt a kompatibi-
litu vysledk viéi sobé. Kalkulace téchto nejistot je provedena dle pracovniho
postupu. Pro jednotlivé vystruZzovaci operace je pii vypoctu nejistoty opét
zohlednén rozptyl celé série obrobki, ktery je v tomto piipad¢ nejveétsim ukaza-
telem nejistoty. Vysledky jednotlivych operaci se lisi, ale jsou pii zvazovani
vypoctenych nejistot méteni vici sobé opét ve vzajemné kompatibilité. Operace,
kdy zménou byl zpétny posuv victene z mista fezu, vykazuji stejné kvalitni ob-
robené plochy. Avsak pfi rychlém zpétném chodu vietene zistaly na obrobku vi-
ditelné stopy po vystruzniku. Pfi malém ubéru materidlu a pii zvySené fezné
rychlosti doslo ke zhorSeni povrchu obrobené plochy a také k nardstu nejistoty
méieni pro obé tyto operace. Jako nejoptimalné;jsi operace jsou povazovany ope-
race s menSim posuvem na otdcku a mensi feznou rychlosti, které¢ vykazuji ma-
lou nejistotu méfeni. Obé¢ tyto operace také dokazuji, ze nezélezi na zpisobu ap-
likace aerosolu a to, kdyZ jsou obé trysky nasmérovany shora pod stejnym thlem
a ve stejné vzdalenosti od osy obrobku nebo jedna z trysek je shora a druhd vede
ptfes dynamometr a upinaci ptipravek.
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7.3 Rezné sily pr¥i vystruZovani

Obecné se pii vypoctu nejistoty méfeni u feznych sil pocita pouze s rozptylem
naméfenych hodnot. To ale neni dostacujici. Je proto zapotiebi pocitat také
s dalsimi vlivy chyb. Nejistota méfeni pro pfitlacnou silu a moment pii
vystruzovani je kalkulovana dle metody GUM [57]. Toho je docileno prvni deri-
vaci vyrazil vystihujicich vypocet téchto feznych sil a nasobenim jejich vlastni
nejistotou. Je predpokladano opét normélni rozdéleni s pravdépodobnosti 95%
(k=2). Krom¢ derivace vSech ¢lent vyskytujicich se v danych vyrazech je
uvazovano a pocitano také s nejistotami zptisobenymi definici rozpéti okna, tep-
lotou, kterd piimo ovliviiuje pratok aerosolu a méficim pfistrojem pro detekci
danych veli¢in. Kromé toho je pocitano také s rozptylem naméfenych hodnot.
Porovnanim operaci, kdy zménou byl zpétny posuv vietene z mista fezu, byla
zjisténa dobrd reprodukovatelnost vysledkii. Obé operace vSak vykazuji pfili§
vysoké namétené hodnoty obou veli¢in spole¢né s vysokymi nejistotami méteni
VvV porovnani s dal$imi operacemi. Je také dokazano, ze pouzitim vystruzniku
s menSim prumérem, doslo k vyraznému poklesu feznych sil. To ma ale za
nasledek zvySené hodnoty rozptylu naméfenych hodnot. To je zejména
zpuisobeno tim, ze pfili§ maly ubér materialu je citlivy na signal, ktery fezné sily
vykazuji pfi obrabéni. Za optimdlni operaci je povazovéana operace s mensim po-
suvem na otaCku a mensi feznou rychlosti vykazujici také malou nejistotu
méteni. Tato operace je charakterizovdna nastavenim obou trysek shora, coz
zajistuje snadnou manipulaci a aplikaci.

8. Zavér
8.1 Shrnuti

Pii vyhodnocovani nejistoty méfeni je nutné dat pozor a vzit vzdy v uvahu
kromé& rozptylu naméfenych hodnot také veSkeré mozné zdroje chyb, které
ovniviiuji dany proces. Pro nckteré veliCiny, jako jsou kroutici moment pfii
vystruzovani a drsnost obrobené plochy, ma rozptyl dat velky vyznam. Parame-
try, které mohou byt pouZity pro klasifikaci fezné kapaliny pfi vystruZzovani, jsou
ptritlatna sila a kroutici moment. Vysledky dokézaly, ze dosazené vysledky
teznych sil jsou spolehlivé a zarucujici konzistentni charakterizaci mazaciho
ucinku feznych kapalin. Méfenim geometrie a drsnosti obrobenych dér bylo
dosazeno vysledki, které mohou byt pouzity ve spojeni s kontrolou kvality.
Drsnost Ra obrobenych ploch se pohybovala v rozmezi 0,70-0,85 um, valcovi-
tost pak v rozmezi 0,006-0,009 mm. Bylo zjisténo, Zze operace, pii nichz bylo
pouzito mens$iho béru materialu a vyssi fezné rychlosti, maji vétsi vliv na nejis-
totu méfeni pro métfeni drsnosti obrobené plochy a krouticiho momentu pfi
vystruzovani. Porovndnim dvou operaci, kdy doSlo ke zméné nastaveni trysek
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pro mazani, se dospé€lo k zavéru, ze aplikace nastaveni trysek nema vliv na kvali-
tu obrobené diry.

8.2 Doporuceni pro praxi

Pro aplikaci tohoto testu existuje mnoho dalSich variant. Jelikoz je dle literatury
pro vystruzovani nejvhodnéjsi pouzit vnitiniho pfivodu maziva do mista fezu, je
ocekavano také zlepSeni kvality obrobené plochy a snizeni rozptylu hodnot
vysledki. K tomu, aby bylo tohle proveditelné, je ale nezbytné mit pro tuto apli-
kaci k dispozici CNC zafizeni vybavené timto systémem a specialné vyrobené
vystruzniky. Dalsi alternativou, jak zdokonalit tento proces, je pouzit vystruznikli
z cermetll, které maji vyssi tvrdost a tepelnou stdlost a tudiZ je mozné pouzit
vys$si feznou rychlost a posuv na otd¢ku. Pro porovnani vysledkii by bylo také
vhodné zménit zpiisob chlazeni a pouzit konven¢niho chlazeni a nebo vystruzit
diry bez chlazeni, tj. za sucha.

Klicova slova
Vystruzovani, mazani, kvalita plochy, nejistota méfent.
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CHAPTER 1- INTRODUCTION

1.1 Background of the project and state of art

Since the beginning of the 20th century, when F.W. Taylor used water for the first
time to cool the machining process and concluded it in increased tool life, a large va-
riety of cutting fluids has been used with this and other purposes. Generally, the spe-
cific function of cutting fluid in the machining process is to provide lubrication and
cooling to minimize the heat produced between the surface of the workpiece and the
tool and the contact area between the tool and the chip [1]. However, in the last decade
a significant research has been made aiming of restricting the use of cutting fluids in
the production. This is because cutting fluids bring several drawbacks. Cutting fluids
most of the times are difficult and expensive to recycle, can cause skin and lung dis-
eases to the machine operator and air pollution. Other reasons for decreasing the quan-
tity of cutting fluids are the costs related to the fluids, which can be evaluated to be in
range of 7 — 17% in the overall manufacturing costs, ecological issues and impact on
human health [2] (see Fig. 1.1).

COST OF COOLANT MANAGEMENT

Coolant] _ N
cost . 3~5times higher cost,
Tool cost J
2~4% 7~17% compared with the
tool cost.
- \_ -

Other cost

Fig. 1.1 - Coolant percentage vs. other costs [3]

However, eliminating these fluids, their positive influence on machining is also lost,
since cutting fluid is an important technological parameter in machining. Their reduc-
tion or even complete elimination could lead to increased temperatures in these
processes, decline in cutting tool performance, loss of dimensional accuracy and geo-
metry of the parts, and variation on the machine’s thermal behavior [1].

In order to minimize the use of cutting fluids and to fulfill all the demands concerning
health work environment, a new technology called minimum quantity lubrication
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(MQL) is proposed. By abandoning conventional cooling lubricants and taking into
account only the use of this new technology, costs can be reduced significantly [4].

It was however proved that MQL plays a paramount role in today’s manufacturing
world. This technology can be used in many manufacturing processes. Besides an im-
provement in the efficiency of the production process, such a technology change
makes a contribution to the protection of labor and the environment [4]. By using
MQL it is possible to achieve effective lubrication of the cutting process with extreme-
ly small quantities of oil in the form of aerosol. The result is not only higher productiv-
ity due to faster cutting speeds but also longer tool life and cost savings on cooling lu-
bricants (see Fig. 1.2).

Environment Restrictions &
policy requlations

[ <
a |—:> Longer tool life
i»

J Decreased

e coolant costs
|_tncreased

cutting

Job satisfaction

Increased\
productivity

Fig. 1.2 - Benefits of MQL [5]

Machine tool makers and customers are calling for optimized MQL systems in terms
of their response characteristics and metering accuracy. The implementation of these
requirements permit shorter machining times, faster tool changes and less start-up re-
lated time and expenses. It was proved that when the new MQL systems are installed
and optimized, these goals can be achieved [4]. Fig. 1.3 represents the costs per part
vs. cutting speed in order to optimize and reach the best efficiency and productivity
range.
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Fig. 1.3 - Productivity - cutting data and costs [6]

All of the components in the MQL systems must be very carefully coordinated in or-
der to achieve the desired outcome, which should be optimal, both technologically and
economically. Among such MQL system components belong tools, machine tool, dif-
ferent setting, fluids and equipment [4] (see Fig. 1.4).

Equipment

e Int./ext. feed
e 1 or 2 channels

Tools Fluids

e |[nternal feed
External feed

e Fatty alcohol
Synthetic esters

achine tool

e MOQL supply
e upgradability

Settings

e Oil flow
e Air flow

Fig. 1.4 — MQL components [4]

Minimum quantity lubrication for the purpose of this master thesis is used in connec-
tion with cutting fluid performance tests. Cutting fluid performance tests serve for
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classification of cutting fluids with respect to different cutting processes. The different
performance criteria can be tool life, product quality, cutting torque, chip evacuation,
cutting power. The cutting fluid performance in terms of product quality and cutting
torque and cutting thrust in reaming on austenitic stainless steel is considered in this
work.

There have been a lot of tests developed at IPL (Department of Manufacturing Engi-
neering and Management) at DTU (Technical University of Denmark) concerning ma-
terial machinability, machine tool accuracy, cutting fluid efficiency and cutting fluid
performance. Research projects on cutting fluid performance tests have been reported
in [7][8][91[10][11][12][13][14][15][16][17][18][19][20][21][22].

An experimental investigation analyzing cutting fluid performance using MQL in
reaming is considered for the purpose of this master thesis since it enables an evalua-
tion and classification of the cutting fluids from many evaluation criteria point of view
such as surface topography, hole dimensions, for error, cutting forces. It also offers the
possibility of re-using the specimens for other reaming tests since the hole diameter
can be still enlarged with bigger reamer diameter [10].

1.2 Organization of the work

This report includes 10 chapters starting with general introduction about the project
(Chapter 1) and about cutting fluids and their impact to the environment, their func-
tions, types, applications and lastly the application of using MQL (Chapter 2). All in-
fluence parameters on reaming process and criteria for cutting fluid performance are
stated as well.

Furthermore this thesis informs about reaming as one of many cutting operations, its
general specifications and its use for cutting fluid performance tests (Chapter 3).

A description of present cutting fluid performance test is stated (Chapter 4).

A development of a setup for MQL application with detailed description of all equip-
ments is presented (Chapter 5), a development of a test procedure is created (Chapter
6).

Measurements of pilot holes (Chapter 7) and reamed holes (Chapter 8) are performed
calculating the uncertainty budget for product hole quality assurance and reaming
thrust and reaming torque.

Discussion concerning cutting fluid performance tests at DTU and consequent com-
parison with the results obtained in this thesis is held (Chapter 9).

Several conclusions and suggestions for further development are drawn at the end
(Chapter 10).
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CHAPTER 2 - CUTTING FLUIDS

2.1 Cutting fluid functions

Cutting fluids are also called coolants and lubricants. The term coolant was coined by
researchers soon after F. W. Taylor reported that tool life could be improved by apply-
ing water. The term lubricant originated with the introduction of oils [23].

Fluids in machining processes play paramount role. They are mainly used for process
optimization and can be commonly seen during material removal processes.

It has to be taken into account that different machining processes need to select and to
use only cutting fluid suitable for a particular machining application. These criteria in-
clude surface finish, power consumption, tool life and tolerances. Cutting fluids need
to be also non-corrosive to the equipment and to the workpiece being machined. The
selection of the cutting fluid can be also influenced by other factors like fluid characte-
ristics, workpiece material and machining operation.

The characteristic function of cutting fluids in the machining processes is to provide
lubrication and cooling to minimize the heat produced in the cutting zone. The effi-
ciency of the cutting fluid depends on its penetrating function into the chip-tool inter-
face and creating a thin layer. Otherwise, loss of dimensional accuracy, geometry of
the parts and roughness can result. The heat has its direct influence on tool life. When
applying higher cutting speeds and feed in order to achieve higher material removal
rates, cutting fluid has its irreplaceable function in carrying away the heat and thus in-
creases tool life. The lubrication film with desired layer thickness is applied between
the tool and the workpiece material in order to reduce friction between the tool and the
chip and between the tool and the workpiece. With decreasing friction, power con-
sumption of the machine also decreases. So when applying lubricants into the cutting
processes one can expect decrease in friction and wear and thus increase of tool life
and improved surface finish. Surface finish is therefore influenced by formation of the
build-up edge (BUE) on the cutting tool and on workpiece itself. Another important
characteristic of the cutting fluid is to transport chips and swarfs by flushing them
away from the cutting area. This ability of the cutting fluid depends on its viscosity
and its volume flow, the machining application and chip type formation.

A comparison can be made by comparing different machining processes with respect
to their requirement for cooling and lubrication effect (see Fig 2.1).
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1 Grinding
2 Sawing
3 Turning I
4 Planning and shaping _
5 Milling Enhanced
6 Drilling requirements
7 Reaming for
8 High speed machining cooling
Enhanced 9 Machining with profile tools effect
requirements 10 Boring
for 11 Deep hole drilling
lubricating 12 Thread cutting
effect 13  External threading
14 Tapping
l 15 External Broaching
16  Inner Broaching

Fig. 2.1 — Cooling and lubrication requirements with respect to machining method [24]

2.2 Cutting fluid types

When selecting oil as a lubricant, the importance of its viscosity-temperature-pressure
characteristics should be recognized. Low viscosity can have a significant insulting ef-
fect on friction and wear. Different functions of cutting fluids, whether primarily a lu-
bricant or a coolant, must also be taken into account. Water-base cutting fluids are
very effective coolants, but as lubricants are not as effective as oils [23].

Cutting fluids classification:

a) Straight oils (Insoluble oils = Neat oils)

These oils contain no water and are comprised of neat oil. Insoluble oils are
used as lubricants. They are connected with low speed, low clearance opera-
tions requiring high quality surface finishes. They prevent the material from
rusting; provide the longest tool life for a number of applications. Additives
such as sulfur, chlorine or phosphorus improve the oil’s wettability, which is the
ability of the oil to coat the cutting tool, workpiece and metal fines. They also
guard against microscopic welding. Disadvantages of straight oils include poor
heat dissipating properties and creating of a mist and smoke [25].

b) Soluble oils (Water-soluble oils)

These emulsions and water-soluble oils are designed to cool and lubricate.
These fluids prevent welding of the cutting tool and the workpiece surface, re-
duce abrasive wear of the tool at high temperatures, and prevent thermal distor-
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tion caused by residual heat. They do not match the lubricity offered by straight
oils. The presence of water makes soluble oils more susceptible to rust control
problems. They also do create mist. [25].

c) Synthetic cutting fluids

Synthetic cutting fluids do not contain petroleum or mineral oil; they consist of
chemical lubricants and rust inhibitors dissolved in water. Also functioning as
coolants and lubricants, synthetic cutting fluids eliminate smoking, reduce mist-
ing, provide detergent action, and reduce oxidation. Consequently, the simple
synthetics offer rust protection and good heat removal, but usually have very
low lubricating ability. Synthetic cutting fluids are stable, provide effective
cooling capacity at high machining speeds and feed rates. [25].

d) Semi-Synthetic cutting fluids

This class of cutting fluids contains small amounts of oil (5% to 30% in the
concentrate) and may be formulated with fatty acids, sulfur, chlorine, and phos-
phorous to provide lubrication for higher speed and feed operations to medium
and heavy operations. The same extreme-pressure agents that are added to inso-
luble oils may also be added to water-soluble oils. The presence of water in the
soluble fluids can cause machine tools and parts to corrode. Consequently, ni-
trites, amines, and certain oils may be added to inhibit corrosion. [25].

2.3 Cutting fluid application

Correct application of the cutting fluid at the tool/workpiece interface is fundamental
for the effective use of the fluid. Moreover, the method of application affects not only
lubrication and cooling but also the efficiency in removing swarf and chips from the
cutting operation.

Types of cutting fluid application:

1. Standard cooling: this type of cooling does not need any adjustment of the cooling
delivery system. This system consists of a reservoir for cutting fluid, pump and
distribution pipeline. Amount of the cutting fluid delivered to the cutting edge de-
pends on the type of the pump and the flow coming out from the outlet hole [26].
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Delivery from the top

Delivery from the bottom

Fig. 2.2 — Standard cooling application [26]

2. Pressurized: during this type of cooling the cutting fluid is delivered to the cutting
edge under a high pressure. The diameter of the outlet hole is of 0.3-1.0 mm and
the pressure is of 0.3-3 MPa. The cutting fluid is delivered to the cutting edge from
the bottom, directly to the cutting edge. This type of cooling is preferable where
the created heat has unfavorable influence on tool life [26].

Amount of the cutting fluid is in the range 0.5-2.0 I/min. One of disadvantages of
this type of cooling is that the cutting fluid is spread out and forms mist [26].

3. Flooding: this type of cooling is a widely used method which promotes lubrication,
cooling, chip removal and access to the cutting operation. The cutting fluid is ap-
plied via external nozzles situated near the cutting zone. Amount of cutting fluid
applied varies from 1 to 2000 I/min depending on feed, speed and cutting tool ma-
terial and geometry. There are special requirements on the pressure and amount of
cutting fluid applied for different type of cutting operation [27].

4. Misting: this method is best suited to operations in which the cutting speed is high
and the areas of cut are small. Mist application provides better tool life that dry
cutting, provides enhanced cooling and lubrication during machining since there is
a vaporization of the small oil particles. It also provides a means of applying fluids
in otherwise inaccessible areas and provides better visibility of the cutting process.
Heat removal is achieved in the way that expanding air contains cutting fluid drop-
lets and therefore has higher ability to receive the heat. Care must be taken when
misting cutting fluids to prevent excessive buildup in the air and tin the workplace
[26][27].

5. Inner cooling delivery: this method enables enhanced cutting speeds for about 5-
15%. During turning the cutting fluid delivery is performed via inserts. During
drilling and hole making operations, this is achieved by delivering the cutting fluid
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via ducts incorporated inside the machine tool, tool holder and tool directly to the
cutting edge [26].

2.4 Minimum Quantity Lubrication (MQL)

2.4.1  MQL definition

Minimum Quantity Lubrication (MQL) is a machining method that delivers a precise
amount of lubrication to the tool tip. The lubricant is mixed with compressed air and

forms the desired air/oil aerosol mixture.

Definition by lubrication usage per hour:

Tab. 2.1 - Lubrication usage per hour [5]

0 ml/hour Dry

< 80 ml/hour Minimum Quantity Lubrication (MQL)
80 ml/hour — 2000 ml/hour Minimum flow lubrication

> 2000 ml/hour Flood lubrication

2.4.2  MQL principles

MQL technique is distinguished between internal supply of aerosol via ducts incorpo-
rated in the tool and external supply of aerosol via nozzles that are fitted on the ma-
chine from outside. The main difference between mentioned principles relies on the
type of application.

Internal supply of aerosol via spindle and tool, see Fig. 2.3, is mostly applied in drill-
ing, reaming and tapping operations with larger I/d ratios. This ensures that aerosol is
constantly present very close to the cutting edge. Especially in deep-hole drilling with
large 1/d ratio this method is very useful. The droplet size range is 0.5 - S5um [28].

External supply of aerosol is achieved via external nozzles; see Fig. 2.4, that spray
aerosol on to the cutting edge from outside. The arrangement and positioning of the
nozzles play a paramount role in surface quality. This method can be used in cutting
operations like sawing, milling and turning. In machining operations such as drilling,
reaming and tapping this method can be used in certain concern up to I/d ration < 3.
The droplet size range is 15 - 40um [28].
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Fig. 2.3 — Internal MQL [29]

™

jet

spindle

Fig. 2.4 — External MQL [29]

N

N

In internal supply a distinction is drawn between 1-channel and 2-channel systems:

a) One channel supply - the aerosol mixture is formed outside the spindle, and the
single channel acts as a feed route for the mixture.

b) Two channel supply - oil and air are fed separately through the spindle. The air-
oil mixture is then produced directly before aerosol comes to the tool.

One channel supply, Two channel supply,
mixing before the nozzle mixing inside the nozzel

Fig. 2.5 — MQL application for external supply [29]
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Fig. 2.6 — MQL supply through spindle [29]

One channel supply

The aerosol is produced in the equipment’s reservoir and fed through the rotating
spindle to the tool tip. The quantity of lubricant emerging at the tool in the form of
aerosol depends on the system-defined ratio between lubricant and air quantity and on
the existing line and duct cross sections of the aerosol transport path from the MQL
unit all the way to the outlet hole on the tool [28]. The oil supplied is completely used
up with no residue being left when the optimum setting is used. Thanks to small size
of droplets there is hardly any inertia or rate of fall of these oil droplets. This makes it
possible to incorporate complicated supply lines around corners to transport aerosol
over a long distances so the oil droplets are fed efficiently to the tool’s cutting edge.

When the following criterions are fulfilled, it is possible to quickly transport demand-
defined quantities of oil to the effective location [28]:

e The aerosol feed should have the fewest possible changes in cross sections since
some of the lubricant can be deposited at such places and thus hinder a delay-
free supply of aerosol;

e There is also risk of aerosol condensation. If changes in the cross section cannot
be avoided for design reasons, the transitions should be as streamlined as possi-
ble. A transition angle of < 150° is ideal,;

e The aerosol line should be also kept as short as possible. The longer the aerosol
line the greater the pressure and aerosol losses. Response times grow longer as
well.
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2.4.3  MQL benefits and advantages [30]

Advantages that MQL offers over coolant lubrication

e Higher productivity (shorter machining times as a result of higher cutting val-
ues);

e Less wear (the tool's service life is increased by as much as 300 %);

e Improved surface quality as a result of 100 % lubrication;

e Virtually dry process (chips, tool, working environment, no drag out losses);

e Health benefits (skin, respiratory tract);

e Eco-friendly (no waste disposal issues, no risk of water pollution);

e Clean environment (staff satisfaction & motivation, operational safety).

How can MQL affect an economy?

e Reduced cooling lubricant consumption:

e cooling lubricant costs for traditional lubrication are approximately 3 to 4
times higher than the cost of the tools;

e Increased productivity:

e shorter production times are one of the main outcomes in terms of costing.
These savings result from the higher cutting values of MQL-compatible tools.

Whereby can MQL make higher cutting values possible?

The cutting values are higher than for wet processing by a factor of 1.5 - 4 depend-
ing on the machining procedure and materials. This is possible due to the fact that:

The lubrication is more effective;

Shorter contact times are better in terms of the thermal load;
High cutting values with MQL permit narrower tolerances;
Improved tools (carbide substrate, coating, geometry) are used.

How MQL makes longer tool life possible?

The use of MQL increases tool life travel by factors of 2 - 20 in comparison with
wet machining due to the following reasons:

e Lubricant is applied exactly where it is needed:;
e Full-flood lubrication results in thermal shock to the tool, instead MQL tech-
nology produces a more constant temperature range;
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e It has also been discovered that MQL is easier on the tool, i.e. for thermal rea-
sons less cutting force is required for the machining of cast metals than with
traditional coolant machining;

e Tests have also revealed that with full-flood lubrication, the lubricant often fails
to reach the place it is needed due to large particle diameters. In comparison,
however, the smaller particles produced in the MQL process get much closer to
the cutting edge thereby producing a better lubricating effect.

Why there is no overheating with MQL?

e Because of the higher cutting parameter settings, often 1.5 - 2 times higher, the
resulting heat build-up in the chips can be dissipated very quickly. This is due
to the increased rate of metal removal and the reduced tool/workpiece contact
time

What are the benefits of MQL for health and working safety?

None of the following occurs with MQL:

¢ No noxious ingredients (fatty alcohols, natural ester oils);

e No skin irritation (contact eczema, allergic reactions);

e No respiratory tract irritation (headaches, bronchitis, cancer risk);

e No slippery floors - as is often the case with full-flood lubrication (oil or water-
miscible cooling lubricant);

e No risk of bacterial contamination;

e No hazardous reaction products.

Which advantages offers a dry process over a wet process?

e The process is dry, therefore there are no costs for chip recycling (wet chips
have to be dried before being recycled);

e With full-flood lubrication the cutting process is not visible;

e With dry machining, the entire process is visible. This is particularly advanta-
geous during test runs or when setting up cutting processes. Broken tools can be
identified more quickly.

2.4.4  Aerosol

While using MQL, finely dispersed droplets of oil within a stream of compressed air
are applied as a lubricant. These droplets are produced in an aerosol reservoir within
the machine and then delivered all the way through the MQL tubing to the cutting
edge. Droplet size diameter range is from approximately 0.1 to 30 um depending on
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the way the aerosol is delivered (internally vs. externally). However, as soon as the
aerosol is carried in tubing over long distances or through high-speed rotating tools,
the physical effects and the forces that are applied to the aerosol need to be taken into
account. Because of the little weight of the droplets they do not experience the centri-
fugal force within the rotating spindle. Therefore, the separation of the oil on its way
towards the tool is minimized [31].

General properties of aerosol differ based on dissimilar properties of the air and the oil
delivered to the cutting edge. As different input pressure, also different oil amount can
be used to create aerosol. Property of the aerosol can be influenced by choosing differ-
ent type of oil since every type of oil has different properties like viscosity and densi-

ty.

2.5 Cutting tests

2.5.1  Introduction

There are different cutting processes used for cutting fluid performance evaluation and
reaming is one of the many cutting operations that have been used for cutting fluid

performance tests [11]. There are also many performance criteria according to which
the cutting fluid performance can be classified (see Fig. 2.7).

Independent Dependent Performance
process process criteria
parameters variables
Cuttine Cutting forces
data Cutting — Toollife
) temperatures
Cutting Product
fluid |~ | | Contactlength, quality
chip compression |—
Tool Geometry Cutting
power
Work O1l flow
: : Chip
Machine Oil density evacuation

Fig. 2.7 — Test variables in machining (adopted from [32])
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By investigating all influential parameters and their effect on evaluating parameter, a
development of the test procedure is feasible. By performing this investigation it is
possible to determine an acceptable tolerance for each parameter. These aspects will
be extensively discussed in chapter 7 “Pilot hole quality measurement and uncertainty
budget development” and chapter 8 “Reaming tests and uncertainty budget for reamed

holes”.

Development of the procedure for reaming torque evaluation and quality assurance are
proposed and realized with respect to uncertainty calculations. Parameters that have an
influence on reaming torque and product hole quality can be seen on following figures.
Parameters that are investigated in the present thesis are marked with grey color. Pa-
rameters that are used for cutting fluid classification are marked with green color.

_|

Tool |—

—|Machine tool|

Diameter

Roundness

Cutting

parameters

Cylindricity S Procict Ml
Quality
Surface

—L_ Wear |
—‘ Material |
| Geometry |
—‘ Holder \

Depth of cut

Feed rate

——1 Temperature |

Material |

_{
—[ Workpiece |— | Geometry |
_*

“| Cutting fluid |—

Fixture |

— Type |
MaQL application

—{ MQL setting |

Fig. 2.8 — Influence parameters concerning product hole quality (adopted from [33])
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Besides the parameters mentioned in Fig. 2.8 and Fig. 2.9, also the following parame-
ters are discussed:

> Measuring procedure;
> Recording and data analysis;
> Accuracy of the measurements performed by the operator.

—l Wear |
-—l Material |
Tool
_| = I_—| Geometry |
- Machine tool| — Holder |

Cutting speed

Reaming
Thrust

|| Cutting Depth of cut

para meters Feed rate

Cutting
Forces

Reaming

Torque —{ Temperature |

Material |

— Workpiece | Geometry

Fixture |

L1

Type |

—‘ Cutting fluid }— MQL application
— MaQLsetting |

Fig. 2.9 — Influence parameters concerning reaming torque (adopted from [33])

All the above mentioned influence parameters have different impact on the hole quali-
ty and therefore some of these can be assessed and can be controlled.

253 Mechanical tests

Machining tests can either be based on direct measurements of the performance crite-
ria, i.e. tool life, product quality and power consumption, or they can be indirect.
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Examples of indirect metal cutting tests are the chip compression test, the contact
length test, the oblique cut test, the drill penetration rate test, the drill torque test, the
tapping torque test, the critical rake angle method, the threading speed test, the high-
temperature drill thrust test, the cutting temperature test, the drill wear rate test, the
lathe-turning test, the drill-fee rate-decrease test, and the vibration test and many oth-
ers [9]. The main objective of these tests is to investigate the basic cutting fluid prop-
erties.

On the other hand, the direct testing of cutting fluids is preferred since direct cutting
fluid evaluation results are obtained. In previous research works it was also experi-
mentally proved that cutting fluid performance is sensible to the type of operation as
well as to the performance criterion considered [12].

As mentioned above, there are many cutting fluid performance tests, indirect and di-
rect, based on different evaluating performance criteria for certain machining opera-
tion. The cutting fluid performance in terms of product quality and cutting torque and
cutting thrust in reaming is considered in this work.
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CHAPTER 3 - REAMING
3.1 Introduction

Reaming belongs to common machining processes with its characteristic property of
enlarging, smoothing and accurately sizing existing holes to tight tolerances. The cha-
racteristic hole quality depends on the reamer geometry, cutting conditions, applica-
tion, stock removal, lubrication and the quality of the holes to be reamed. Reaming is
considered as a second operation since the holes are first drilled and therefore reaming
operation can be performed on the same type of machine as used for drilling.

Since stock removal is small and must be uniform in reaming, the starting holes
(drilled or otherwise produced) must have relatively good roundness, straightness, and
finish. Reamers tend to follow the existing centerline of the hole being reamed [19]. If
insufficient stock removal is left in the hole before reaming, the reamer can show wear
faster than normally and result in loss of diameter.

Drilling
Reaming

Fig. 3.1 — Drilling and reaming process [34]

3.2 Reamer specifications
3.2.1 Reamer geometry

Reamer consists of either parallel to the tool axis or in helix straight cutting edges
(flutes) along the length of a cylindrical body. This provides evacuation of the chips
from machined area. Each cutting edge is ground at a slight angle and with a slight un-
dercut below the cutting edge [35].

Flutes on reamers can be straight, right-hand or left-hand spiral and or they can be ex-
pandable (on expansion reamers) that can be enlarged for regrinding [35].
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Straight flutes are used on through holes in materials that do not form chips, such as
cast iron, bronze and free-cutting brass. Straight-flute reamers should not be used on
holes with interruptions [35].

Right-hand spirals pull chips out of the hole in blind-hole applications. The right-hand
spiral provides a positive cutting action, which pulls the tool away from the spindle.
Due to its aggressive flute geometry, a right-hand spiral may cut slightly oversize but
it is effective in bridging interruptions and for reaming hard materials [35].

Left-hand spirals push chips ahead of the reamer and are effective for through holes. A
left-hand spiral provides a negative cutting action, which pushes the tool back against
the spindle. This type of reamer provides good size control and finish, and it is effec-
tive in bridging interruptions and handles hard materials [35].

Two most common types of reamers are hand and machine or chucking reamers. Ma-
chine reamers have a plain cylindrical or taper shank while hand reamers have a drive
square and cylindrical shank. The main difference is the length of the cutting chamfer.
It is about 1/4 of the flute length on hand reamers. The long cutting chamfer provides
the reamer with excellent guidance but makes the reamer unsuitable for blind holes.
Under certain circumstances, hand reamers can be used in machines [35].

Cutting Edge Cutting Edge

|

Cutting
Chamfer

a) b)

Fig. 3.2 — a) Machine Reamer; b) Hand Reamer [35]

Reamers must combine both hardness in the cutting edges, for long life, and tough-
ness, so that the tool does not fail under the normal forces of use. They should only be
used to remove small amounts of material. This ensures a long life for the reamer and
a superior finish to the hole [35].
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Fig. 3.3 — Cutting edge geometry [35]

The cutting chamfer at the end is usually around 45° for machine reamers while for
hand reamers the angle is smaller. Along the flute length of the reamer a guiding or cy-
lindrical land is ground followed by a secondary clearance angle. Here the land is crit-
ical as regards guiding the reamer and sizing the hole. For this reason the clearance is
not extended up to the edge. A cylindrical ground land of a few thousands of an inch is
left. On the cutting chamfer the cutting edge is ground to a point [35].

— Tip thickness

Positive radial

rake angle

Circular margin width

Clearance angle

Fig. 3.4 — Reamer geometry (adopted from [34])

3.2.2 Reamer materials

Reamers are typically made from high-speed steel (HSS) or solid carbide (SC); they
can be carbide-tipped (CT) with an alloy steel body or they can be made out of cer-

mets [37].
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High speed steel:

The term “high speed steel” was derived from the fact that it is capable of cutting met-
al at a much higher rate than carbon tool steel and continues to cut and retain its hard-
ness. Tungsten is the major alloying element but it is also combined with molybde-
num, vanadium and cobalt in varying amounts. Although replaced by cemented car-
bides for many applications it is still widely used for the manufacture of many cutting
tools. HSS reamers, with a cutting-edge hardness between Rc 63 and Rc 67, or cobalt
cutting tools are generally chosen for shorter production runs in non-ferrous materials
and applications where machining conditions restrict the use of harder, more brittle
substrates. These tools exhibit lower wear resistance and notably less heat resistance
than carbide cutting tools. These types cutting tools are not recommended for applica-
tions involving hard or abrasive materials, or high cutting speeds [36][37].

Solid carbide and material:

SC reamers have cutting-edge hardness from Rc 77 to Rc 81, and work well for small
diameters. These reamers exhibit better wear properties than HSS tools, and are ex-
tremely rigid. However, solid carbide is brittle, and that can lead to chipping or brea-
kage if misused or mishandled. Carbide-tipped reamers excel in close-tolerance work.
Typically, a carbide tip is brazed to a tough, hardened alloy-steel body [37].

Carbide-tipped material:

CT reamers stand up to abrasive and tough materials and handle high-production runs.
Because carbide is highly wear resistant, CT reamers maintain accurate hole sizes and
smooth finishes longer than HSS tools. In addition, total cost per reamed hole usually
is lower with CT reamers because of higher speeds and feeds, consistent quality and
longer tool life [37].

Cermets:

Other suitable materials for reamers are cermets. The word cermet is derived from
terms CERamic and METal and therefore comprises abilities of both ceramic and met-
al, i.e. hardness of the ceramic and toughness of the metal. Cermets are basically sin-
tered carbides with a hard phase formed by TiC+TiN [38].

The typical advantages of using cermets are their high wear resistance, low reactivity
with most work materials (i.e. no significant BUE and cratering on the cutting edge)
and long tool life. Because of their great properties they produce excellent surface fi-
nishes (even when dry machining), and maintain tight tolerances over their life span.
Cermet reamers also perform high shape and diameter accuracy. Higher cutting speeds
may be used with cermets, especially for semifinishing to finishing operations, be-
cause of their high wear resistance and therefore high productivity can be achieved. A
typical structure of a cermet material can be seen in Fig. 3.5.


http://www.supertoolinc.com/carbide-tipped-tools.asp
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Fig. 3.5 — Cermet structure [39]

Choosing the most suitable type of reamer for a specific application depends on work-
piece material, its condition and hardness, the number of holes to be finished, toler-
ance and finish requirements and tool cost.

3.2.3  Practical information concerning reamers [40]

Feed

In reaming, feeds are usually much higher than those used for drilling. The amount per
feed may vary with the material. Generally it is recommended to start between 0.038
and 0.10 mm per flute per revolution. Too low feed may result in glazing, excessive
wear, and occasionally, chatter. Too high feed tends to reduce the accuracy of the hole
and may lower the quality of the finish. The basic idea is to use as high feed as possi-
ble and still to be able to produce the required accuracy and finish.

Stock removal

Insufficient stock for reaming may result in a burnishing rather than a cutting action. It

is very difficult to generalize on this phase as it is closely related to the type of materi-

al the finish required, depth of hole, and chip capacity of the reamer. It is recommend-

ed to use the following material removal rate for different hole diameter:

a) Machine reamers: 6 mm hole — 0.20 mm, 12 mm hole — 0.30 mm, and 50 mm
hole — 0.50 mm.

b) Hand reamers: stock allowances are much smaller because of the difficulty in hand
forcing the reamer through greater stock. A common allowance is 0.003 inch to
0.005 inch.

Speed

The most efficient speed for machine reaming is closely connected to the type of ma-
terial being reamed and the tolerance or finish required. Quite often the best speed is
found to be around two-thirds the speed used for drilling the same material. When
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close tolerances and high finishing are required it is usually necessary to finish the
reaming at considerably lower speeds.

Chatter

In general, reamers do not work well when they chatter. Consequently, one primary
consideration in selecting a speed is to stay low enough to eliminate chatter, and
speeds must not be so high as to permit chatter. The presence of chatter while reaming
has a very bad effect on reamer life and on the finish of the hole. Chatter may be the
result of several causes, some of which are listed:

1. Excessive speed.

2. Too much clearance on reamer.

3. Insecure holding of work.

4. Excessive overhang of reamer in spindle.
5. Excessive looseness in floating holder.
6. Too light feed.

The parameters of cutting speed and feed rate control metal removal rate, hole quality
and tool life. Any increase in these parameters generally increases metal removal rate,
but decreases tool life. While an increase in either speed or feed has an equal effect on
metal removal rate, an increase in speed usually has a larger effect in reducing tool life
than an increase in feed rate.

3.24  Optimized reaming

For reaming operations, hardness of the workpiece has the greatest effect on machina-
bility. Other significant factors include hole diameter, hole configuration (e.g., hole
having keyways or other irregularities), hole length, amount of stock removed, type of
fixturing, accuracy and finish requirements [41].

It is recommended to produce a chamfer around the hole before reaming in order to
help the reamer maintain an accurate central position, obtain better surface finish dur-
ing penetration and improve tool life. It is also recommended to perform the drilling
and the reaming operation while the workpiece is clamped in the same position. If the
workpiece has been removed after drilling and then clamped again for reaming, misa-
lignment between the reamer and the hole center lines may occur. Therefore, it is rec-
ommended to leave a larger allowance for reaming [41].

For efficient operation, the amount of stock left in the hole for reaming must be suffi-
cient to permit the reamer to cut at all times rather that to burnish the surface. Varia-
tions in the amount of stock to be removed can affect the finish size of the hole
reamed. Removal of too much stock by reaming often causes oversize and rough holes
[41].
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In general applications, surface finish for reaming is expected to be in range <0.8;
3.2>, for some special applications the range can be extended for both better quality
surface and worse quality surface as can be seen in Fig. 3.6.
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Fig. 3.6 — Surface roughness specification for all manufacturing processes [34]

In cases when an extremely precise and high surface hole quality is required, a semi-
finish operation such as cored drill is used prior to the reaming operation.

3.25

Reaming Force and Reaming Torque calculation

In order to express a formula for reaming torque, some basics concerning chip thick-
ness, chip width etc. has to be introduced. A simple drawing showing the area of re-
moved material specifications can be seen in Fig 3.7.
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Fig. 3.7 — Removed material specifications during reaming

In the specific case considered during this project, there were six cutting edges inte-
racting with workpiece during the reaming operation, therefore:

fr =1L Eq. 3.1
__ Dgr-d

b= p— Eq. 3.2

h = £ - cosB Eq. 3.3

The nominal chip cross-section Ac removed by six cutting edges can be expressed as
follows (see Fig. 3.7):

AC=h-b=(g-cose)-(ﬂ)=lf—2-(DR—d) Eq.34

2-cos6
Aczfz-apzé-(DR—d) Eq. 3.5

The definition of the tangential reaming force F¢ is:
Fe=ke-Ac Eqg. 3.6

After inserting equation Eq. 3.4 (or Eg. 3.5) into Eq. 3.6 one can express the tangential
reaming force as:
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Fczkc'é'(DR_d) Eq37
The reaming torque T is expressed as:

T = FC *Ty Eq 3.8

Fe

Fig. 3.8 — Tangential reaming force acting on the tool (adopted from [42])

Calculating the radius ra as:

d ap _ Dp+d

TA - ; + > 4 Eq 3.9
Then the final expression for reaming torque is:
LF. 2_ g2
T = M Eq. 3.10

48

The reaming torque is the sum of the moments on each cutting edge (i.e. the product of
the tangential reaming force and the radius from the centre where the tangential ream-
ing force is acting).

The main factors affecting the reaming torque are the feed, the cut of depth and the
work material.

There are other forces acting on the tool except the one causing reaming torque, see
Fig. 3.9.
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Fig. 3.9 — Force components acting on the tool (adopted from [42])

The feed force is very important in reaming. It is the axial force acting on the reamer
when penetrating into the workpiece. Applying an excessive axial feed force can nega-
tively affect the hole quality and tool reliability. On the other hand, applying a suffi-
cient feed force is important for the cutting action and also from productivity point of
view [43].

3.3  Workpiece material

Work material that is used during the project was an austenitic stainless steel AISI 316
L. The workpiece specification can be found in Tab. 3.1. This kind of stainless steel
belongs to low-carbon grade stainless steels which are non-magnetic steels. Such ma-
terial is hard to machine due to its ductility, high strain hardening and low thermal
conductivity. The austenitic steels are characterized by very good corrosion resistance,
very good toughness and very good weldability [23]. Chips produced are long wiry
chips, material can easily work harden if not machined with correct feeds.

Tab. 3.1 - Description of the test workpiece [44]

Test Workpiece Material

Test Material | AISI 316 L Stainless Steel Vickers Hardness | 258.1 HV20
C Si Mn P Ni Cr Mo S N
Analysis
0.016 0.39 1.4 0.027 1121 1731 211 0.026 0.052
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Stainless steels are alloyed steels with chrome content normally above 12%. Their
classification can be seen in Fig. 3.10.

Engineering Materials

E\

=

[ Fen'ous Nonferrous lThennoplasucs | Tbermosets
Acrylics Epoxies Rubbers
ABS Phenolics Silicones
Nylons Polyimides  Polyurethanes
Polyethylenes Others
PVC
e Aluminum Others
T dte eel< Titanium
C ast irons Tungsten
Others

Ceramics
and others

Oxides
Nitrides
Carbides
Glasses
Glass ceramics
Graphite
Diamond

Reinforced plastics
Metal-matrix
Ceramic-matrix
Laminates
Others

Fig. 3.10 — Workpiece material among other materials [34]

Furthermore stainless steels can be divided into six groups as can be seen in Tab. 3.2.

Tab. 3.2 — Composition ranges for different stainless steel categories [45]

Steel category Composition (wt%o) Hardenable Ferro-
magnetism

C Cr N1 Mo Others

Martensitic »0.10  11-14 0-1 - vV Hardenable Magnetic
»0.17  16-18 0-2 02

Martensitic- «0.10 12-18 4-6 1-2 Hardenable Magnetic

austenitic

Precipitation 15-17 7-8 0-2 Al Hardenable Magnetic

hardening 12-17 4-8 02 AlCwTiNb

Ferritic .08 12-19 0-5 & T Not Magnetic
025 24-28 - - hardenable

Femtic-austemitic  «0.05 18-27 4-7 14 NW Not Magnetic

(duplex) hardenable

Austemtic «0.08 16-30 8§35 0-7 N.CuTiNb Not Non-

hardenable magnetic

The alloying elements that are present in stainless steels have different effect on the
properties of stainless steels. Chromium as an alloying element has the most signifi-
cant influence on corrosion resistance of the stainless steels and promotes a ferritic
structure. On the other hand, nickel promotes an austenitic structure and generally in-

creases ductility and toughness.
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The nickel and the chromium equivalent provide information about the amount of the
various structures in stainless steels. By entering the Ni-equivalent over the Cr-
equivalent for stainless steel into a diagram according to De Long one is able to find

the content of austenite and ferrite in the resulting microstructure [45].

The chromium and nickel equivalents can be calculated in the following way:

Chromium equivalent = %Cr + 1.5%Si + %Mo

Nickel equivalent = %Ni + 30(%C + %N) + 0.5(%Mn + %Cu + %Co)

=Ni+30xC+30xN+05xMn

(1)
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Machinability of stainless steels

Fig. 3.11 — De Long diagram for stainless steel [46]

Resistance against corrosion generally increases with increasing Cr-content. Other al-
loying elements like nickel and molybdenum change the structure and mechanical
properties of the steel [47].

Stainless steels can be divided into the following groups [47]:

»  Ferritic stainless steels — often have good strength. Good machinability.
> Martensitic stainless steel — relatively good machinability.
> Austenitic stainless steel — characterized by high coefficient of elongation.
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> Austenitic-ferritic stainless steel — often called duplex stainless steel. These
steels have low machinability.

Stainless steel materials are difficult to machine due to following properties [47]:

> Most stainless steel materials work harden during deformation. The hardening
decreases rapidly with an increasing distance from the surface. Hardness values
close to the machined surface can increase by up to 100% of the original hard-
ness value if using the incorrect tool.

»  Stainless steels are poor heat conductors, which leads to high cutting edge tem-
peratures compared to steel.

> High toughness leads to high torque, which in turn results in a high work load.

> The materials have a tendency to smear the surface of the cutting tool.

> Chip breaking and swarf management problems, due to the high toughness of
the stainless steel.



Page |47

CHAPTER 4 - DESCRIPTION OF CUTTING FLU-
ID PERFORMANCE TESTS

4.1 Introduction

In the following the description of cutting fluid performance tests including both cut-
ting torque tests and product hole quality tests are presented. Both types of cutting
fluid tests are defined and described together with experimental details.

4.2 Experimental details

4.2.1  Workpiece

The tested workpieces were austenitic stainless steel specimens with pre-manufactured
hole (see dimension and geometry specification of the workpiece in Fig. 4.1).

[A] L1211 R?

®D2+d?
®D1+d1
|

Fig. 4.1 - Test workpiece

Tab. 4.1 — Dimensions and geometry specification of the test workpiece [44]

D2 d2 D1 di L1 11 R1 R2 S1 S2 C1
29 +0.05 9.9 +5 15 +£005 <06 <50 <10 <10 <50
mm -0.1 mm um mm mm um um um um um

4.2.2  Testequipment

All the reaming tests are carried out using a Cincinnati Sabre 750 CNC 7.5 kW vertic-
al milling centre which is a computer numerical control (CNC) machine tool.
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Fig. 4.2 - Cincinnati Sabre 750 CNC 7.5 kW

Reamers that are used for the tests are HSS-E COBALT 10.1 mm and 10.0 mm rea-
mers with 5% of cobalt composition. This ensures a good combination of toughness
and hardness. It has also a good machinability and wear resistance. Reamer specifica-
tions are listed in Tab. 4.2.

Tab. 4.2 — Reamer specification [48]

Type Magafor 600 - -
Material HSS-E COBALT B
Shank DIN 212-B “
NFE 66014
No. of flutes 6 ~
Dimensions [mm] -
D 10.1
L 133+1
Iy 38+1
1, 99 .
d, 10 h8 a9

Reamer tolerance  £0.003

Tool holder: SK 40x10, Rohm - Germany

Because the tool holder is a floating tool holder, it is not necessary to measure tool
run-out.
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A

Fig. 4.3 — a) HSS-E Cobalt reamer; b) Tool holder

Tab. 4.3 — HSS-E COBALT reamer composition [47]

W Mo Cr \% Co ISO

Grade Hardness % % % % % %  standard

M35 830-87/0 093 64 50 42 18 48 HSS-E

4.3 Equipment and additional features for product quality test

Product quality tests are based on measuring the shape of the workpiece which in-
cludes measurements of hole diameter, roundness and cylindricity, as well as measur-
ing surface integrity. Further the test equipment is described.

4.3.1  Hole geometry

Hole geometry (diameter, roundness and cylindricity) is measured on a tactile coordi-
nate measuring machine (CMM) OMC 850 ZEISS (see Fig. 4.4). The specimens are
measured by 3 mm probe in diameter (see Fig. 4.5).
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Fig. 4.4 - CMM - OMC 850 ZEISS Fig. 4.5 — Measuring probe

Fixture for holding the specimens was produced in the way that 40 specimens could be
measured at a time (see Fig. 4.6). For the purpose of this master thesis, only 15 “holes”
out of 40 are used. The fixture holds the specimens by means of o-rings compressed
between three aluminum plates (see Fig. 4.7). The fixture also provides the clamping
system for a 10 mm diameter reference ring.

-

Fig. 4.6 - Fixture clamped to the CMM table



Page |51

(*)

Fig. 4.7 - Position of the O-rings (*) between three aluminum plates

4.3.2  Surface roughness

Surface roughness measurement is carried out using a stylus instrument TAYLOR-
HOBSON SURTRONIC 3+ (see Fig. 4.8) provided with a skid pick-up and a 2 um
radius tip according to 1ISO 4287:1997 [49].

e oy

Fig. 4.8 - Stylus instrument with a skid pick-up and a tip

4.4  Equipment for reaming torque and reaming thrust test

Torque and thrust during cutting are measured on KISTLER dynamometer, Type
9271A; SN 76766 (see Fig. 4.9). Dynamometer is an integrated measuring system
equipped with piezoelectric cells, whose output charges are converted into voltages
through charge amplifiers - KIAG SWISS Type 5015 (see Fig. 4.10). The output vol-
tages of the charge amplifiers are digitized using a PC with acquisition board and Lab-
view 8.0 software.
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Fig. 4.9 - Dynamometer with fixture Fig. 4.10 - Charge amplifier

The fixture is designed in the way that when the pilot hole is produced in the centre of
the specimen, the produced pilot hole will be as well in the centre of the dynamometer
and thereby will give the lowest error from the dynamometer.
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CHAPTER 5 - EXPERIMENTAL INVESTIGATION

5.1 Development of the setup for MQL application

A setup for MQL application is built up and can be seen in Fig. 5.1.

Exhaust
system

Pressure
delivery

Pressure
control knob

Oil sight
gauge

Reamer

Copper

nozzles

MQL
unit

Oil
reservoir

Dynamometer

Fixture for
the W.P.

Adjustable fixture
for nozzle magnet

Fig. 5.1 - Experimental setup for MQL application

The way the oil is delivered in this MQL application can be described in the following

steps:

e The air is delivered to the MQL system under pressure that is set on the pres-
sure control knob;

e The air passes from the regulator to the fluid reservoir; and,;
e A venturi type system pulls the oil up into the air stream;

e The mixture is fed down the tubing to the nozzles with rubber tips at the outlet.

It is shown that one of the nozzles is going through the dynamometer and the fixture
from the bottom and the second nozzle is directed from the top under 45°. The dis-
tance between the tips of both nozzles and the workpiece is 40 mm and 55 mm respec-
tively (see Fig. 5.2). Aerosol is sprayed through the rubber tips mounted at the end of
the copper nozzles. The outlet hole diameter of the tips is 1 mm. This is measured
when the air passes through the nozzles, otherwise the rubber tips are closed.
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Fig. 5.2 — Nozzle positioning for a setup TB

5.2 Equipment for MQL
Fluid — test parameter

Oil that is used for the experiment is a LENOX LUBE C/Al cutting lubricant. It is an
insoluble oil with viscosity of 26.02 ¢St measured at 40°C.

Because the oil density is not specified in the characteristics list of the oil, it is meas-
ured using a density meter (DMA 4100, Anton Paar) at DTU facilities and is 823.2
kg-m'3 at 20°C. Because the aerosol flow rate depends on the oil viscosity, the density
of the oil is measured also for other temperatures to see the trend between the density
and temperature (see Fig. 5.9 in section 5.3).

Flow meter

Air flow is measured using Brooks flow meter, type 5853S with measuring range up to
100 I,'min™ and pressure 100 bar. The flow can be read on control unit, model 0152.
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Fig. 5.3 - Flow meter Fig. 5.4 - Control unit

MQL unit

MQL unit is a constant flow type spray. Both air and oil are dispensed continually un-
til the air supply is shut off. According to the manual for the MQL unit, the system
uses different amount of oil droplets that correspond to certain volume per hour de-
pending on the air pressure set on the pressure control knob. This is experimentally
disapproved, since no matter how big pressure is set; the system uses the same amount
of droplets per time. Therefore all experiments are run under 6 bars.

regulator cap

pressure gauge

filter bowl

nylon sight dome

fluid shut-off valve

end fitting

lubricator bowl assembly

~N O Ol B WD

Fig. 5.5 - MQL unit [50]
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Fig. 5.6 — Nozzle with rubber tip

Length of the copper pipes (nozzles) is 50 cm.

5.3 Measurement of the air/oil flow

Air flow is measured using Brooks flow meter type 5853S and a control unit type
0152. The procedure for air flow measurements is as follows:

e Firstly, the air is delivered to the flow meter under pressure that is controlled on
MQL unit through which the air passes. This measurement is carried out with-
out taking into account a setup for cutting (measuring setup 1), i.e. connection
of the flow meter to the nozzles. Using this setup, five measurements in total are
performed.

e Secondly, air flow measurement is performed in a so called “setup mode” (mea-
suring setup 2), i.e. the air passes through MQL unit and flow meter and leads
to the nozzles from where the air goes out. The measuring setup can be seen in
Fig. 5.7.

Flow méter

Fig. 5.7 — Air flow measurement setup



Page |57

e Lastly, the flow meter is unmounted from the system since the measurement of
oil flow is carried out. The weight of the oil is weight before and after it is used
to check how much oil is used in 10 minute intervals. A setup of 6 and 9 drop-
lets respectively is set on the control sight gauge of the MQL unit and the tests
are carried out for different pressure setups ranging from 4 to 6 bar. As it is de-
scribed in section 5.2, the pressure set on the MQL unit does not influence the
oil usage when selected in the range <4; 6> bar on the pressure gauge.

The oil flow is then calculated using a single formula for mass flow, see Eq. 5.1:

m
Q=" Eq. 5.1

(2]
o

@ Measuring setup 1 S

B Measuring setup 2

B g
o O

Air flow [I/min
S

N
o

=
o

0

1,0 15 20 25 30 35 40 45 50 55 6,0
Pressure [bar]

Fig. 5.8 — Air flow measurement

Values in Fig. 5.8 are calculated as an average based on five measurements for air
flow that is not in a “setup mode” and three measurements in a “setup mode”. Because
of the backpressure that is formed in the nozzles, results change considerably; this is
obvious from Fig. 5.8. The backpressure is caused because of the reduction in diame-
ter, going from the nylon tubing to the copper pipes and from copper pipes to the rub-
ber tips.

There are two parameters that influence the oil usage. First parameter is a setup of
number of droplets on the sight gauge. It is observed that with increasing number of
droplets, the oil usage increases. The second parameter is the temperature in the work-
shop. With increased temperature in the workshop, the oil usage increases. This is due
to the fact that when temperature increases, the oil viscosity and therefore also oil den-
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sity decreases. This behavior can be seen in Fig. 5.9. The bars represent experimental
standard deviation that is calculated based on 5 measurements for different pressure
setups.

The temperature difference of = 1°C gives an oil flow variation of about + 5 ml/hour.

70
60
>0 y = 2,5588x - 15,766
40 R>=0,7064

30
20
10

0 1 1 1 1
25 26 27 28 29 30
Temperature [°C]

Oil flow [ml/hour]

Fig. 5.9 — Oil flow measurement for a setup with 9 droplets
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CHAPTER 6 - DEVELOPMENT OF PRELIMI-
NARY TEST PROCEDURE

6.1 Introduction

A preliminary test procedure is a test procedure developed to investigate the quality of
the hole with respect to different measurands. Also a preliminary test procedure for
reaming thrust and reaming torque is proposed.

6.2 Characterization of the measurands

6.2.1  Roundness and cylindricity specification

Roundness and cylindricity belongs to geometrical tolerances and are generally called
“form”. Both of them can be calculated on different mathematical principles which
give different results. Roundness can be evaluated based on several mathematical me-
thods like: Minimum Zone Centre, Minimum Circumscribed Circle, Maximum In-
scribed Circle and Least Square Circle. The same evaluation methods are valid also for
cylindricity [51].

There are several ways how to perform roundness measurement. There are easy mea-
suring methods like using dial gauge or there are specially designed measuring instru-
ments like rotating spindle and rotating table. Cylindricity is usually measured using
CMM [51].

Generally there can be one measuring instrument that measures several geometrical
features, for instance coordinate measuring machine. There are also specially designed
measuring instruments that are intended just for one measurand, e.g. roundness tester
for measuring the roundness [51].

According to 1SO 1101 [52] a given form parameter has to be evaluated according to
the minimum zone condition. Roundness is defined as a radial distance between two
concentric circles and cylindricity as a radial distance between two concentric cylind-
ers [51] (see Fig. 6.1).
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Fig. 6.1 — Definition of minimum zone circle (a), form error indication for roundness (b), form
error indication for cylindricity (c) [53]

6.2.2 Surface roughness specification and calculation

Because the whole concept of surface topography is very complex, only basics con-
cerning surface parameters, parameter calculation and measuring instrument will be
presented.

According to [49] there are 14 parameters related to each of the three profiles (primary
profile (P-profile), roughness profile (R-profile) and waviness profile (W-profile))
[51].

The most widely used quantification parameter in surface texture measurement is Ra
(also called “arithmetic average roughness”) and therefore it was selected during this
project. Mathematically, Ra is the arithmetic average value of the profile departure
from the mean line, within a sampling length and can be expressed in the following
way:
1 L 1
Ra = [I1Z()|dx =~ T, |yl Eq. 6.1

The schematic illustration of how the Ra is calculated can be seen in the following fig-
ure.

AN ~ ~ r f N
. VAN /N VRN /0
x - - — f DS T

Fig. 6.2 — Schematic illustration of Ra evaluation [51]
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One has to be careful when using a parameter Ra for evaluation of the surface rough-
ness. This parameter tells us only the nominal value of the result; it does not say any-
thing about the real profile of the measured surface.

Pick-up systems

First, with a datum system, this is a ground bar capable of measuring form waviness,
surface finish, radius and angle. Second with a skid based datum system. The datum is
established by resting a skid on to the surface being measured on [51].

taverse datum g Wy
\

2) - | b)

Fig. 6.3 — Stylus instruments with: a) stylus following the surface; b) skid [51]

6.3 Hole geometry

First of all, a CAD model of the fixture for holding the specimens is designed and
created in ProEngineer and consequently transformed into Calypso software. Calypso
software is a program for automatic motion of the CMM’s probe.

Fig. 6.4 — CAD model of the fixture

Secondly, the alignment is carried out and consists of a plane which is the top surface
of the fixture and a 3D line which is defined by connecting axes of two cylinders.

Using Calypso software, 40 cylindrical features are created, representing 40 holes on
the fixture. In this way, specimens can be placed at any position on the fixture. One
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additional feature is created for measurements on reference ring (RR). In each hole,
four features (i.e. circles), are created, representing positions where hole diameter,
roundness and cylindricity are measured. This can be seen in Fig. 6.5 and Fig. 6.6.

For RR, only 3 circles are created at distance 3, 10 and 12 from top face of the work-
piece.

. Calypso User Desk - (C) Carl Zeiss - Test_01_110708 |ZJ|Z|

inle Edit View BResources Features Construction Size Form and Location Plan CAD Extras Window Help Info

== EEERY Y G EERE S Bl

Heagw-uake selection or take probings

Ref_Cylinder_10mm

"3
"3
"2 o
)

80 mm

owceso BB Lo[®e (U] e alala] | [E-1E « & B |

Fig. 6.5 — Calypso interface, selecting specimens from the feature list

By selecting the features (individual holes representing specimens) from the feature
list, the program is automatically able to recognize where the specimens are to be
measured. Changing an option from “features list” to “characteristic list” one is able to
define individual geometrical specifications on the corresponding features (see Fig.
6.6). Roundness and diameter are measured on each circle feature and cylindricity is
measured on a cylindrical feature which is defined and formed by corresponding cir-
cles placed at four levels on the workpiece.

From Fig. 6.5 one can notice that measurement begins by making the alignment and
continue with measuring RR and lastly measuring specimens in the sequence of where
they are placed on the fixture. After every measurement, geometrical tolerances are se-
lected from the characteristic list (see Fig. 6.6) and the results are printed out.
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Fig. 6.6 — Calypso interface, defining of geometrical features from the characteristic list

Test procedure for geometrical specification using CMM:

e Specimens are measured at 4 levels, at distance 3, 6, 9 and 12 mm from the bottom

face of the cylinder (see Fig. 6.7).

e 8 points are probed around the hole circumference at each level of the workpiece.

e A total of 32 points are probed per workpiece.

e Every test series (pilot or reamed holes) is measured five times.

e For each measured circle, a form error (roundness) is calculated.
e Based on 4-level strategy, a form error (cylindricity) is calculated.
e All three measurands (diameter, cylindricity and roundness) are calculated based

on minimum zone method.
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Boftom

Fig. 6.7 — Measuring strategy on the workpiece

6.4 Surface roughness

24 profiles are recorded for each specimen, distributed at equal angles around the cir-
cumference, turning the workpiece 90° and repeating each measurement three times.
The average value is then calculated. The measurement is performed at two positions
on the workpiece over a length 4 mm and with 0.8 mm ISO filtering [54] as shown in
Fig. 6.8, starting at position A and consequently measured at position B.

15 ,
Top ' Bottom
2 Measuring
ImEr posifions
A B

Fig. 6.8 - Surface roughness measurement positions

6.5  Thrustand Torque

For each reamed hole the average reaming thrust and reaming torque is calculated. The
average reaming thrust and reaming torque are derived from the recording that is indi-
cated in Fig. 6.9 as a window span. Window span is defined between two points that
are placed around the part of the curve that is stable, taking into account half of the
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time that the reamer interacts with the workpiece. This is influenced by the feed rate at
which the reamer moves in z direction. This means, that if the feed increases, the time
needed for the reamer to machine the workpiece is shortened. Therefore the window
span, where the measurands are evaluated, is shortened as well, so that the average
values are calculated from fewer points.

Reaming time is calculated according to the following formula:

t=— Eq. 6.2

Window span

F Y
Y

e

Wiaaapin
uy

Time [s]

Fig. 6.9 — Window span for determination of the mean thrust and torque
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CHAPTER 7 - PILOT HOLE QUALITY MEASU-
REMENT AND UNCERTAINTY BUDGET DE-
VELOPMENT

7.1 Pilot hole manufacturing quality

This chapter is concerned with metrological considerations in product quality mea-
surements. By the term “product quality” both geometrical specifications and surface
topography of the hole is denoted.

In order to have reliable results, an uncertainty budget for both considerations is
created.

When carrying out experimental investigations, it is often found that experimental dis-
persions can be rather large, when compared to the average values of results from a
single experiment and to the variation due to different experimental conditions. Other
source of error exists when performing data analysis. Since the hole product quality
depends on cutting parameters such as cutting speed, feed rate and depth of cut into
certain degree, they do present a deviation from the programmed values and are not
constant during the cutting process, therefore resulting in an influence on measurement
uncertainty. Other sources of variability are also associated with the process itself, e.g.
temperature in the workshop, temperature in the laboratory, workpiece material, tool
and workpiece geometry and alignment, machine etc. [11].

7.2 Geometrical specifications of pilot hole

Pilot hole measuring procedure for dimensional specification:

The procedure for hole geometry assurance includes five measurements in total and
the measuring strategy as described in 6.3 is followed. Each measurement on CMM is
different from each other (see Tab. 7.1). This is done for the purpose of estimating the
measurement reproducibility.
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Tab. 7.1 — Quality assurance measuring procedure for pilot holes

Test 1 15 specimens clamped in the fixture at random positions.

Test 2 The screws holding three aluminum plates together are released a bit to check
whether such clamping and developed forces can release the compression of o-
rings and thus move the workpiece while probing.

Test 3 The clamping fixtures holding the aluminum fixture is unmounted, the whole
aluminum fixture is removed from its original position and is placed back at the
same place.

Test 4 Specimens are randomly repositioned in the fixture.

Test 5 The same procedure as for Test 4 is repeated.

Temperature during measurements remained constant during the whole measuring
process, and is 20£1°C.

An uncertainty budget is created for geometrical specification (diameter - D, round-
ness - R, cylindricity — C) of the pilot hole including uncertainty contributors related to
the CMM machine.

Uncertainty calculation using ISO 15530-3 [55]:

ISO 15530-3 describes the procedure for uncertainty assessment consisting on carry-
ing out repeated measurements on calibrated workpiece, with same conditions of ac-
tual measurands and then calculating the uncertainty. The experimental method for
uncertainty assessment is based on the substitution of the component to be provided
with uncertainty estimation with a calibrated workpiece. The uncertainty of the pilot
hole (Uf,,.) is calculated in the following way:

UI-P}ole =k'\/u?al+uz};2+u5/2+ |b’| Eq. 7.1

In the following sections uncertainty contributors are discussed.

7.2.1  Standard uncertainty of calibration ucy

The calibration is performed on a high precision coordinate measuring machine CA-
RAT.
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Tab. 7.2 — Uncertainty of CMM on CARAT

D R C
Uc 0.00035 0.00040 0.00040
Up 0.00034 0.00051 0.00069
Ucal 0.00049 0.00065 0.00080

Uca (k=2) 0.0010 0.0013 0.0016
Note: All values are in mm

7.2.2  Standard uncertainty u}

Standard uncertainty u, is divided into two uncertainty portions, performing experi-
mental investigation based on varying measuring strategy and positioning specimens
on different positions in the fixture. A maximum value out of both portions is then
taken into account for uncertainty calculation.

Standard uncertainty ugl is calculated experimentally measuring reference ring (RR)
and pilot hole. Four experiments are performed for both types of rings, based on dif-
ferent measuring strategies as can be seen in Fig. 7.1. These strategies are based on va-
rying number of levels and number of points which are probed around the hole cir-
cumference. A randomly chosen workpiece from the batch is selected and used for the
experiment.

Exp. &L 8P Exp. 3L 8P Exp. 4L 12P Exp. 3L 12P

Bottom Bottom

Fig. 7.1 — Measuring strategy for standard uncertainty up; uncertainty assessment
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Tab. 7.3 - Results of the influence of strategy and machine on RR and pilot hole

RR 1 2 3 4 Ustrategy 1 2 3 4 Umnachine
D 10.0005 10.0005 10.0007 10.0007|0.00011|0.00016 0.00025 0.00022 0.00019|0.00025
R 0.0010 0.0012 0.0012 0.0012 |0.00009(0.00030 0.00035 0.00029 0.00021|0.00035
C 0.0011 0.0012 0.0012 0.0012 |0.00005|0.00026 0.00035 0.00023 0.00020|0.00035
Pilot hole 1 2 3 4 Ustrategy 1 2 3 4 Umnachine
D 9.9059 9.9057 9.9060 9.9058 |0.00013(0.00034 0.00033 0.00035 0.00027|0.00035
R 0.0017 0.0013 0.0018 0.0016 |0.00019|0.00021 0.00040 0.00038 0.00020|0.00040
C 0.0039 0.0026 0.0040 0.0032 |0.00068(0.00013 0.00042 0.00036 0.00013|0.00042
Note:

e All values are in mm
e 1-4L8P;2-3L8P,3-4L12P,4-3L 12P

Individual measurement data of present investigation can be found in the Appendix A
(Tab. A.1and Tab. A.2).

Based on these calculations, which are summarized in Tab. 7.3, it is possible to with-
draw several conclusions regarding the measuring strategy. In particular:

e The influence of number of points on measuring strategy can be best seen when
looking at results from measurements of roundness on RR. It is found that no
matter whether 8 or 12 points are probed around the circumference, no devia-
tion in results is observed.

e From a point of view of number of levels, there is no significant difference in
the results looking at the results from measurements of cylindricity on RR. This
means that choosing 3- or 4-level strategy does not play a role.

e Concerning the measurements on pilot hole, a difference in results is more
clear. It can be observed that strategy 3L 8P performs the best strategy for mea-
surements since it gives the smallest uncertainty (i.e. smallest standard devia-
tion).

e However measuring strategy used for evaluation of D, R and C for all pilot and
reamed holes (4L 8P) gives more information about the hole profile since there
is loss of information using measuring strategy 3L 8P.

Maximum value u51 = maX (Ustrategy, Umachine) OUt Of these uncertainty contributors for

diameter, roundness and cylindricity is taken into account for further uncertainty eval-
uation.

Standard uncertainty uj, investigates the influence of the workpiece positioning

(space accuracy) in the fixture on different positions. Five specimens in total posi-
tioned on three different positions within the fixture are used for this investigation. Da-
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ta from this measurement can be found in the Appendix A (Tab. A.4.1 and Tab.

A4.2).

Tab. 7.4 — Space accuracy results for standard uncertainty uz’; assessment

D R C

uj, 0.00025 0.00020 0.00026

Note: All values are in mm

7.2.3  Standard uncertainty uf,

Calculation of temperature related uncertainty is performed for a maximum possible
change in temperature £1.0°C. This is based on the fact that the laboratory is an
accredited laboratory with controlled temperature of 20°C. A contribution of a person
being in the room when performing measurements has to be taken into account. A
formula for diameter change taking into account a change in temperature £1.0°C can

be seen below.

ub =a-AT-D

Eq. 7.2

Tab. 7.5 — Diameter variation due to temperature difference for standard uncertainty uF, as-

sessment

RR Pilot
D 0.11000 0.15851
R 0.00001 0.00003
C 0.00002 0.00008

Note: All values are in um

Tab. 7.6 — Temperature expansion coefficients

a o (10° m/m°C)
steel 11
austenitic SS (316) 16

7.24  Systematic error b’

Systematic error is calculated as a difference between the values from calibration cer-
tificate and measured values at three levels of the RR. Then the average values for di-

ameter, roundness and cylindricity are calculated.



Tab. 7.7 — Systematic error results b’

From calibration certificate

Level D R C
-3 10.0011 0.0015 0.0017
-10 10.0018 0.0012 0.0017
-12  10.0024  0.0005 0.0017
b 0.00117 0.00043 0.00056

Note: All values are in mm

7.2.5

Expanded combined uncertainty
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Summarizing all above mentioned, one can calculate U, uncertainty. An uncertainty
budget including all uncertainty contributors can be seen in Tab. 7.8.

Tab. 7.8 — Uncertainty budget for pilot hole measurement on CMM

Uncertainty . .
No. component category Uncertainty component | Symbol Standard uncertainty [mm]
D R C
1 Reference Uncertainty of calibration| Ucy | 0.00049 | 0.00065 | 0.00080
2 Procedure Uncertainty of strategy uf,’ 0.00035 | 0.00040 | 0.00068
3 Environment Temperature difference ub 1.6E-04 | 3.0E-08 | 7.7E-08
4 Systematic error b’ 0.00117 | 0.00043 | 0.00056
Standard combined uncer-| p
tainty [mm] Upore | 0-00062 | 0.00076 | 0.00105
Coverage factor (for a K 2 2 2
confidence level of 95%)
Expanded combined P
Uncertainty [mm] U¥ole | 0.0024 | 0.0020 | 0.0027
7.2.6  Pilot hole geometry measurement results and discussion

Data from the measurement of hole diameter, roundness and cylindricity can be found
in the Appendix E on the CD attached to the report.

Following data are calculated on the basis of an average from 4-level measurement
strategy, a total of 15 specimens and 5 different tests. The bars represent expanded

measuring uncertainty of the hole calculated earlier in this section.
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Fig. 7.2 — Pilot hole diameter results

From the results in figures Fig. 7.2, Fig. 7.3 and Fig. 7.4 one can observed a good
reproducibity of measurement which is obvious looking at average values for all three
measurands. When taking into account measuring uncertainties UJ,,., all values
represent very consistent and reliable results which is based on a good repeatability of
the CMM.
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Fig. 7.3 — Pilot hole roundness results
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Fig. 7.4 — Pilot hole cylindricity results

When combining measurement uncertainty with an uncertainty resulting from the
process, such uncertainty can be calculated as follows:

2 2
Uﬁ)tal =k- \/uZole + ugrocess Eq. 7.3

Tab. 7.9 — Total uncertainty for pilot hole

D R C

ub.,., 00012 00010 0.0013
Ul ocess  0.0013  0.0004  0.0011

UP.., 00035 00021 0.0034

Note: All values are in mm

From the results displayed both numericaly (Tab. 7.9) and graphically (Fig. 7.5) one
can observe the reliability of the measurement and uncertainty with which the
specimens are taken from the batch with corresponding hole quality.

The resutls also show that measured holes with calculated uncertainty fall within the
tolerance of the hole taking randomly 15 specimens from the batch.
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Fig. 7.5 — Pilot hole measurement results (process)

The general shape based on 4-level measurement can be seen in the following figure
together with the concrete values of diameter. The highest difference in diameter can
be observed to be 3.9 um.
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Fig. 7.6 — General shape of the pilot hole



Page |75

Tilted views

0° inclination 10° inclination 90° inclination

Fig. 7.7 — Tilted views of workpiece profiles on CMM under different inclination angles

7.3 Surface topography

First of all, the stylus instrument is calibrated. This is done by measuring the back-
ground noise level of the stylus instrument. 12 measurements are performed using 10
um measuring range and a cut-off 0.8 mm. Ra values were calculated during sampling
of an ideally perfect plane optical glass plate WB 75/BL.

Using 1SO type C standard [56] with the certified uncertainty U,, a calibrated value
and a measured surface roughness on reference standard at different locations, the cor-
rection factor (CF) is calculated as a ratio of Ra value from calibration certificate and
average value of 15 measurements on different spots of reference standard (CF =
0.95). Using this CF, all measured values are multiplied by this value.

Measurements are performed following the proposed measuring strategy as described
in section 6.4.

An uncertainty budget for surface roughness Ra is created calculating the uncertainty
for pilot hole.

The formula for uncertainty budget of Ra for pilot hole is expressed in Eq. 7.4.

2
Ugen =k- \/uiznstr + ugen(abc) Eq. 7.4

7.3.1  Instrument uncertainty using ISO type C standard

The uncertainty budget consists of three components that are calculated from know-
ledge about: the reference artifact calibration uncertainty, the instrument repeatability
and the background noise level. Formula for instrument uncertainty is expressed as
follows:

Uinst = k - Ju2 + u2 + u Eq. 7.5
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where
o u, = % uncertainty of the standard,;
o U, = % uncertainty on the transfer of traceability (repeatability of the

instrument). N is the number of measurements in the same track with standard

deviation STDy;
1 Ral
* W=3E
ured background noise which is an average of measurements on the optical flat
and assuming rectangular distribution).

uncertainty caused by the background noise (Ra0 is the meas-

Tab. 7.10 — Uncertainty components for surface roughness uncertainty assessment

Indication Calculated

value
Un 0.006
Uy 0.001
Up 0.004

Note: All values are in um
7.3.2  Standard uncertainty due to roughness repeatability of the specimen

Standard uncertainty caused by variations in the roughness of the specimen at different
locations ugen(abc) is calculated as follows:

Ugen(abey = Max(STD) Eq. 7.6

where max(STD) is a maximum value of standard deviation taking into account three
following contributions:

(@) 15 specimens

(b) 3 repetitions at the same position on the specimen (measurements performed on
the same specimen)

(c) 4 repetitions around the circumference (measurements performed on the same spe-
cimen)

7.3.3  Pilot hole roughness measurement results and discussion

Data from the measurement of surface roughness as well as profiles can be found in
the Appendix F and Appendix H respectively placed on the CD attached to the report.

Several conclusions can be withdrawn (see Fig. 7.8):
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The surface roughness does not exceed 1 um in any case, which results in well
pre-manufactured hole quality.

The uncertainties in Fig. 7.8 are those calculated as a maximum values taking
into account an uncertainty of repeatable measurements on the same position
and uncertainty of measurement around the circumference. The latter is an un-
certainty contributor having the biggest influence on surface quality. However,
when taking into consideration an uncertainty of the process itself, this has no
influence on the uncertainty. This can be seen in Tab. 7.11 below.

1,0

® Position A
0,8 + 5| ™Position B T

0,0 -
Q7 Y 7 7 7 T ¥ Y T M VM MY Y

W.P. No. [-]

Fig. 7.8 — Surface roughness measurement results for pilot holes (without process)



Tab. 7.11 — Uncertainty budget for pilot hole measurement on stylus

Uncertainty

Standard uncertainty

No. component category Uncertainty component Symbol [um]
A B
1 Reference Uncertainty of instrument Uinet 0.007 | 0.007
calibration
Uncertainty of the process ugen(a) 0.055 0.084
Uncertainty of repeatable mea- P
2 Procedure surement on the same position | “Gen(») 0.031 0.045
Uncertainty of measurement p
around the circumference Ugen(c) 0.088 0.120
Standard combined uncertainty )
[um] Ugen 0.09 0.12
Coverage factor (for a K 2 2
confidence level of 95%)
Expanded combined p
uncertainty[pm] Uten 0.18 0.24
1,0
0,8 -
€ 06 - I
I
©
o 04 - l 1
0,2 -
0,0

Fig. 7.9 — Surface roughness measurement results for pilot holes (process)

Position A

Position B
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Fig. 7.10 — Typical surface roughness profile of pilot hole
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CHAPTER 8 - REAMING TESTS AND UNCER-
TAINTY BUDGET FOR REAMED HOLES

8.1 Introduction

This chapter contains the experimental results from cutting fluid performance evalua-
tion in reaming for a stainless steel work material. The measurements and evaluation
of reaming thrust and reaming torque are carried out as well as consequent hole quality
evaluation that is influenced by all present factors when the cutting tool comes into
contact with the workpiece. It has been stated in previous works that the cutting fluid
performance has a significant effect on hole quality when higher cutting forces result
during machining.

Six reaming test runs were carried out, characterized by different cutting conditions
and setup.

8.2 Overview of the tests

The table below presents the sequence of reaming operations with varying cutting pa-
rameters. As an initial step of choosing cutting conditions for the first reaming opera-
tion (R1), the recommended process parameters set-up conditions from the tool manu-
facturer is employed.

Tab. 8.1 — Overview of the tests

Parameter Symbol Unit Reaming operation

R1 R2 R3 R4 R5 R6
Reamer diameter Dk mm 10.1 10.1 10.1 10.0 10.1 10.1
Cutting speed Ve m/min 5 5 5 5 5 6
Revolutions N rev/min 158 158 158 159 158 189
Feed f mm/rev  0.315 © 0.315 0.21 0.21 021 021
Feed rate Vi mm/min  49.7 49.7 33.1 334 33.1 39.7
Type of feed rate slow rapid rapid rapid rapid rapid
Cutting time t sec 18.1 18.1 27.2 26.9 27.2 227
Temperature T °C 26 28 28 25 28.5 28
Depth of cut ap mm 0.1 0.1 0.1 0.05 0.1 0.1
Pressure p bar 6 6 6 6 6 6
Oil flow Q ml/h 50 60 55-60 50 55-60

Nozzle positioning TB TB TB _ B

Cutting fluid C/Al Lenow Lube
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Note:

e Temperature is measured during the cutting operation and is found to be al-
ways = 0.5°C.

e TB: Nozzle positioning from top and bottom, TT: Both nozzle positioned from
top.

Fig. 8.1 — Reaming operation R5 with top nozzle positioning

All the tests are carried out using HSS-E COBALT reamers, 10.1 mm and 10.0 mm
respectively, which dimensions are measured before every reaming operation using a
micrometer. The results of the measurements can be seen in Tab. D.1 in the Appendix
D. The positions where the reamer diameter is measured can be seen on Fig. 8.2. There
is a slight inclination observed when measuring between two positions on the reamer.
Bigger diameter of the reamer is found closer to the tool tip.

D2

D1

[]
a) us b)

Fig. 8.2 — a) Measuring positions on the reamer (L=30 mm; b) Micrometer for reamer diame-
ter measurement
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MQL conditions are maintained constant throughout all reaming operations. The lubri-
cation is turned off after each specimen is reamed. A fluid shut-off valve that is
mounted to the unit enables the unit to maintain the system prime and provide instant
lubrication.

Oil flow is always estimated based on the curve showing a dependence of oil flow on
temperature. This can be observed in Fig. 5.8 in section 5.3.

8.3  CNC code for reaming operation

In order to run the reaming process, a CNC code is created on CNC machine, see fol-
lowing:

05001

G 59 G90 G17 GO G43 H2 X0 Y0 Z5 S158 F33.18 M3
G1Z-25

GO0 Z10

G28 Z0 M5

M30

From above mentioned CNC code one can observe (see Fig. 8.3) that the reamer starts
working 5 mm above the workpiece zero point and goes 25 mm in —z direction, i.e. 10
mm below the bottom face of the workpiece and then rapid traverse returns the tool to
machine 0 point.

C2rey

0 pointfor
feedl workpiece

.
A\
] \
|

Fig. 8.3 — Reaming operation (CNC program)
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8.4 Reaming procedure
The general reaming test procedure is described below:

1) Warm up of the machine.

2) CNC program selection.

3) Reamer clamping into the tool holder.

4) Specimen clamping into the fixture and fastening.

5) Nozzles positioning.

6) MQL system start up in order to warm up and to reach constant conditions (oil
flow).

7) Setup of the data acquisition system.

8) Start of the reaming operation.

9) After each reaming operation, the lubrication is turned off, the workpiece is re-
leased from the fixture and replaced by a new one.

10) Repetition of the whole cycle for all 15 specimens.

8.5  Geometrical specifications of reamed holes

An uncertainty budget is created for geometrical specification of the reamed hole in-
cluding uncertainty contributors related to the CMM machine.

Reamed hole measuring uncertainty:

The same procedure as for pilot hole measuring uncertainty using 1SO 15530-3, de-
scribed in section 7.2, is followed, i.e. EqQ. 7.1 is used for reamed hole measuring un-
certainty. The uncertainty contributors are discussed in the following sections.

8.5.1  Standard uncertainty of calibration ucy
Standard uncertainty of calibration is calculated as in section 7.2.1.

8.5.2  Standard uncertainty uj

Standard uncertainty uj is divided into two uncertainty portions. A maximum value
out of both portions is then taken into account for uncertainty calculation.

Standard uncertainty u§1 is calculated experimentally measuring RR and reamed hole.
Four experiments are performed for both types of rings, based on measuring strategy
as described in section 7.2.2. A randomly chosen workpiece out of 15 after reaming
operation R3 is selected and used for the experiment.
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Tab. 8.2 - Results of the influence of strategy and machine on RR and reamed hole

RR 1 2 3 4 ustrategy 1 2 3 4 Umachine
D 10.0005 10.0005 10.0007 10.0007|0.00011|0.00016 0.00025 0.00022 0.00019|0.00025
R 0.0010 0.0012 0.0012 0.0012 |0.00009|0.00030 0.00035 0.00029 0.00021|0.00035
C 0.0011 0.0012 0.0012 0.0012 |0.00005|0.00026 0.00035 0.00023 0.00020]0.00035
Reamed

hole 1 2 3 4 ustrategy 1 2 3 4 Umachine
D 10.1073 10.1072 10.1074 10.1076|0.00018( 0.00027 0.00020 0.00043 0.00030|0.00043
R 0.0039 0.0033 0.0043 0.0040 |0.00043|0.00026 0.00040 0.00040 0.00030|0.00044
C 0.0077 0.0052 0.0076 0.0057 |0.00130{0.00021 0.00039 0.00048 0.00032|0.00048
Note:

e All values are in mm
e 1-4L8P;2-3L8P,3-4L12P,4-3L 12P

Individual measurement data of present investigation can be found in the Appendix A
(Tab. A.1 and Tab. A.3).

It can be observed that strategy 3L 8P would be the best for measurements from point
of view of both number of levels and number of points probed around the circumfe-
rence.

Maximum value u§1 = max (Ustrategy: Umachine) OUt OF these uncertainty contributors for
D, R, and C are taken into account for the uncertainty evaluation.

Standard uncertainty u,’;z = u,’,fz (see section 7.2.2). Data from this measurement can
be found in the Appendix A (Tab. A.4.1 and Tab. A.4.2).

8.5.3  Standard uncertainty u®

Standard uncertainty uR takes into account temperature-related uncertainty and is cal-
culated in the same way as described in 7.2.3.

Tab. 8.3 — Diameter variation due to temperature difference for standard uncertainty uf as-
sessment

RR Reamed
D 0.11000 0.16172
R 0.00001 0.00005
C 0.00002 0.00012

Note: All values are in um
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8.5.4  Systematic error b’
Systematic error is calculated in the same way as described in section 7.2.4.
8.5.5  Expanded combined uncertainty

Summarizing all above mentioned, one can calculate UF,,,, uncertainty. An uncertainty
budget including all uncertainty contributors can be seen in Tab. 8.4.

Tab. 8.4 — Uncertainty budget for reamed hole measurement on CMM

Uncertainty

No. component category

Uncertainty component | Symbol Standard uncertainty [mm]

D R Cc
1 Reference Uncertainty of calibration| Ug, | 0.00049 | 0.00065 | 0.00080
2 Procedure Uncertainty of strategy ug 0.00043 | 0.00044 | 0.00130
3 Environment Temperature difference ul | 1.6E-04 | 4.6E-08 | 1.2E-07
4 Systematic error b’ 0.00117 | 0.00043 | 0.00056

Standard combined uncer-

R
tainty ] uR,,, | 0.00067 | 0.00078 | 0.00153

Coverage factor (for a K
confidence level of 95%)

Expanded combined

R
uncertainty [mm] Uhote | 0.0025 | 0.0020 | 0.0036

8.5.6  Measuring uncertainty on reamer diameter

The measurement of reamer diameter is carried out before the reamer is used for each
reaming operation. A 10 mm gauge block is used to check the validity of the mea-
surement. All measuring results of reamer diameter and gauge block (GB) can be
found in the Appendix D. The expanded combined uncertainty for a confidence level
95% is calculated in the following way:

Ut =k - \/uéB(caD + Ueamer T Ules + Ufomyp Eq. 8.1

where:

® Uca(al IS the standard uncertainty related to the calibration of the gauge block is
found to be 0.00012 mm.
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Ureamer IS the standard uncertainty resulting from the measurement on the reamer

diameter is standard deviation based on ten repeated measurements. This value
is always found to be bigger than a standard deviation of measurements on GB
taking also ten repeated measurements.

culated assuming rectangular distribution.

micrometer and reamer is calculated in the following way:

Utemp = @+ AT+ D - b"

Ures 1S the standard uncertainty resulting from the micrometer resolution is cal-

Utemp 1S the standard deviation resulting from temperature compensation between

Eq. 8.2

Note: Dy is an average measured reamer diameter based on 10 repeated measurements.

Tab. 8.5 — Uncertainty of reamer diameter measurements

Uncertainty . :
No. | component gg;er(t)ilgr?t/ Symbol Standarc[i ur:;:ertamty
category P H
R1 R2 R3 R4 R5 R6
Reference | Uncertainty of
1 artifact | GB calibration | B 01 0.1 0.1 0.1 0.1 0.1
2 | Procedure | Uncertaintyof 11 12 11 11 12 10
reamer diameter | ~reamer ’ : : ’ ’ ’
Micrometer Uncertainty of
3 - micrometer Ures 29E-04 | 29E-04 | 29E-04 | 2.9E-04 | 29E-04 | 2.9E-04
resolution )
resolution
4 [Environment| Temeeratre |-, 1 o4 0.4 0.4 0.4 0.4 0.4
compensation
Standard com-
bined uncertainty | uRn 1.2 1.2 11 11 12 11
[nm]
Coverage factor
(for a confidence k 2 2 2 2 2 2
level of 95%)
Expanded com-
bined uncertainty | UR% 2.4 25 2.3 2.3 2.5 2.1
[um]

8.5.7

Reamed hole measurement results and discussion

Data from the measurement of hole diameter, roundness and cylindricity can be found

in the Appendix E on the CD attached to the report.

When combining measurement uncertainty with an uncertainty resulting from the
process, such uncertainty can be calculated as follows:
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2
Utlf)tal =k- Jugole + ugrocess Eq. 8.3
Tab. 8.6 — Total uncertainty for reamed hole
R1 R2 R3
D R C D R C D R C
uk e 0.0012 0.0010 0.0018 0.0012 0.0010 0.0018 0.0012 0.0010 0.0018
ugmcess 0.0008 0.0008 0.0014 0.0004 0.0006 0.0007 0.0003 0.0006 0.0006
Ufota, 0.0030 0.0025 0.0046 0.0026 0.0024 0.0039 0.0026 0.0023 0.0038
R4 R5 R6
D R C D R C D R C
uf,ole 0.0012 0.0010 0.0018 0.0012 0.0010 0.0018 0.0012 0.0010 0.0018
uﬁmcess 0.0004 0.0004 0.0006 0.0008 0.0007 0.0007 0.0005 0.0008 0.0011
UR,, 00026 0.0021 0.0038 0.0029 0.0024 0.0039 0.0027 0.0026 0.0042
Note: All values are in mm
10,120 R1(10.150.315 slow TB) 10,020
—_— feeeees R2(10.150.315 rapid TB)  feeeeeceres H7 —
= R3(10.150.21 rapid TB) e
c R4 (10.050.21 rapid TB) c
=, 10,115 - R5(10.150.21 rapid TT) 10,015 =
— R6 (10.160.21 rapid TB) —
(¢D] [¢D]
D ©
£ 10,110 - 10,010 €
< 8
S o
) )
o 10,105 - 10,005 o©
I @ Reamer 10.1 mm I
B Reamer 10.0 mm
10,100 7 7 . 10,000
R1 R2 R3 R4 R5 R6

Reaming operation

Fig. 8.4 — Reamed hole measurement results for diameter (process)

From the results displayed both numericaly (Tab. 8.6) and graphically (Fig. 8.4, Fig.
8.5 and Fig. 8.6) one can conclude several statements.

e First of all it has to be pointed out that all results of measured holes with
calculated uncertainties fall within the tolerance of the hole taking 15 specimens
into account, i.e the uncertainty of the manufacturing process is included.
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It is shown that individual reaming operations perform different results which is
obvious when different cutting conditions and setups are used.

First two reaming operations (R1 and R2, see Tab. 8.1) perform higher values
for all three measurands. This is possibly caused due to significant change in
feed rate, from 49.7 mm.min™ (R1 and R2) to 33.1 mm.min™ (R3), which pro-
longs the cutting time from 18.1 sec to 27.2 sec.

Reaming operations R3 and R5 perform better and more consistent results than
other reaming operations for all three measurands. Comparing these two
reaming operations, reaming operation R5 is more convenient since the
positioning of the nozzles is easier (both nozzles from the top).

Reaming operation R4 performs larger diameter of the reamed hole which can
be attributed to the small depth of cut.

R1(10.150.315 slow TB)

0,008 R2 (10.1 5 0.315 rapid TB)
— R3(10.150.21 rapid TB)
e R4 (10.050.21 rapid TB)
c R5 (10.150.21 rapid TT)
=, 0,006 - R6 (10.160.21 rapid TB)
7
e}
5
2 0,004 -
-
o 4 4 ¢
2L 0,002 - ¢ ®
S L 4
I
0,000 = . - . . . .

R1 R2 R3 R4 R5 R6
Reaming operation

Fig. 8.5 — Reamed hole measurement results for roundness (process)
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R1 (10.150.315 slow TB)

0,016 R2 (10.1 5 0.315 rapid TB)
— R3(10.150.21 rapid TB)
c R4 (10.050.21 rapid TB)
R5(10.150.21 rapid TT)
é 0,012 - R6 (10.160.21 rapid TB)
2
Q 4
~ 0,008 - 3
£ 7 ¢ [ 1
B
P 0,004 -
o
I
0,000 . . ; ; .
R1 R2 R3 R4 R5 R6

Reaming operation

Fig. 8.6 — Reamed hole measurement results for cylindricity (process)

The general shape of reamed holes is as can be seen in Fig. 8.7. Such a shape can be
explained by the fact that a material build-up is formed on the cutting edge and/or not
sufficient chip evacuation from the cutting area.

Top

Q
]

Q
o

Q
o

-]

. e Bottom

Fig. 8.7 — General shape of reamed holes

Graphs showing measurement results of diameter, roundness and cylindricity for
individual reaming operations are shown in the Appendix A. The results are displayed
together with their measuring uncertanties. It can be also found that some of the results

perform outliers. All values for each reaming operation perform very good
repeatability.
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8.5.8  Conclusion

It can be concluded that every reaming operation brings along different behavior (see
Fig. 8.5, Fig. 8.6, Fig. 8.7 and Fig. A.2 in the Appendix A where a detailed compari-
son between individual reaming operations is presented):

e However, all measured holes with calculated uncertainties fall within the
tolerance of the hole taking 15 specimens into account, i.e taking into account
the uncertainty due to the scatter of the manufacturing process.

e Not significant difference is observed among individual reaming operations
since all the results are compatible within calculated uncertainties.

e The only reaming operation that performs a significantly larger diameter is R4.
This is a result of a smaller radial depth of cut.

8.6  Surface roughness

All measurements are performed following the proposed measuring strategy as de-
scribed in section 6.4.

An uncertainty budget for surface topography is created calculating the uncertainty for
every reaming operation individually and consequently compared among each other.

The formula for uncertainty budget for reamed holes is expressed as follows:

2
Ugen =k- \/uiznstr + ugen(abc) Eq.8.4
Calculation of the instrument uncertainty is described in section 7.3.1.

8.6.1  Standard uncertainty caused by variations in the roughness of the speci-
men in different locations uf.,,

uR.,, is calculated as follows:
Uen(abey = Max(STD) Eq. 85

where max(STD) is a maximum value of standard deviation taking into account three
following contributions:

(@) 15 specimens
(b) 3 repetitions at the same position on the specimen (measurements performed on
the same specimen)
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(c) 4 repetitions around the circumference (measurements performed on the same spe-
cimen)

8.6.2  Reamed hole roughness measurement results and discussion

Surface roughness at position A in average (see Fig. 8.7) is in all cases bigger than
when measuring at position B on the workpiece (only when calculating average values
since on single measurements the surface roughness at positions A and B performs
random behavior). This is caused due to possible material build up on the cutting edge
or unequal cutting oil delivery into tool/workpiece interface. The uncertainties in Fig.
B.1 in the Appendix B are those calculated as a maximum values taking into account
only uncertainty of repeatable measurements on the same position and uncertainty of
measurement around the circumference. However, when taking into consideration an
uncertainty of the process itself, this result in the uncertainty contributor having the
biggest influence on the result (see Tab. 8.7).

Tab. 8.7 — Uncertainty budget for reamed hole measurement on stylus

No. 1 2
Uncertainty
component Reference Procedure
category
Uncertainty Uncertainty
Uncertainty Uncertainty| of repeatable of measure- Standard | Coverage | Expanded
Uncertainty of of the y measﬂrement ment around combined | factor (fora| combined
component instrument rocess | on the same the uncertainty| c. . of uncertainty
calibration | P » circumfe- [um] 95%6) [um]
position
rence
Symbol Uinst ugen(a) ugen(b) ugen(c) Ufgn K Ugen
R1 A| 0.007 0.107 0.017 0.042 0.11 2 0.21
B 0.007 0.073 0.014 0.057 0.07 2 0.15
R2 A| 0.007 0.097 0.017 0.048 0.10 2 0.19
B 0.007 0.115 0.014 0.042 0.12 2 0.23
R3 A| 0.007 0.148 0.009 0.035 0.15 2 0.30
Reaming B 0.007 0.126 0.015 0.045 0.13 2 0.25
operation R4 A| 0.007 0.163 0.019 0.064 0.16 2 0.33
B 0.007 0.118 0.042 0.080 0.12 2 0.24
Rs A| 0.007 0.124 0.021 0.047 0.12 2 0.25
B 0.007 0.120 0.033 0.070 0.12 2 0.24
R6 A| 0.007 0.154 0.014 0.046 0.15 2 0.31
B 0.007 0.169 0.027 0.074 0.17 2 0.34
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R1(10.150.315 slow TB)
R2 (10.1 5 0.315 rapid TB)
1,4 {R3(10.150.21 rapid TB)
R4 (10.050.21 rapid TB) @ Position A
| |R5(10.150.21 rapid TT) "
12 R6(10.160.21 rapid TB) - & Position B ]-
1,0 — I
E 0.8 [T T 1 | | =
< 0,6 T —
0,4 - . —
0,2 - —
0,0 T T T T T T

Pilot R1 R2 R3 R4 R5 R6
Reaming operation

Fig. 8.8 — Surface roughness measurement results for pilot holes (process)

As result, the following is observed:

e When looking at the influence of reaming process, all reaming operations perform
a stable behavior with uncertainties falling within the same range.

e First two reaming operations (R1 and R2) are compared to see whether there is any
significant difference in surface topography when reaming operations differ on the
reverse feed rate strategy (i.e. speed). When the same feed rate of the reamer when
reaming in —z direction and when coming back in +z direction is used, there is no
evidence on the workpiece to be scratched or somewhat damaged. While rapid
feed rate is used, scratches on the workpiece are visible. However, difference in
surface roughness no bigger than 4% can be observed when machining with rapid
feed rate.

e Evident difference in surface topography (uneven surface profiles) can be observed
when machining with a 10.0 mm diameter reamer (R4). The poor surface finish
can be attributed to the relatively small amount of material removed and the con-
sequent squeezing of the material by plastic deformation, instead of effective cut-
ting action. Due to these facts the effect of the tool diameter with respect to test
parameter is increased. Also when calculating the uncertainty proved that the re-
sults of reamed hole diameter are not within the tolerance with other reaming oper-
ations.

e Comparing R2 and R3 when the feed is lowered and therefore cutting time pro-
longed, no significant difference can be observed although better surface quality
when using lower feeds is expected.
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e Reaming operations R3 and R5 perform the most consistent results among all
reaming operations. R5 results even with lower uncertainty and is therefore
preferred to R3 since nozzle positioning in R5 is easier for the setup.

File: "WP_3.3 Bottamn Prafile no.: 6 Specimenmark: 0393347 6/12/08

5.0

S o

Al <~ R-profile / Evaluation Length [pm]. 4000 - 40071
Fa 0.844 Formn removal © Line
Fz 5424 Lz filter cut-off : 25
Fzmax B.480 Lc filter cut-off 800
RSm 43.011

Fig. 8.9 — Typical surface roughness profile of reamed hole measured at the bottom

File: WP_3.3 TOP Prafile no.: 10 Specimenmark; 0393347 E/12/08

5.0

A0n ¢~ R-profile / Evaluation Length [um]. 4000 -» 40071
Fa 0763 Farm remawal : Line
Rz 4.874 Lz filker cut-off : 25
Rzmax 6730 L filker cut-off - 800
RSm 48.625

Fig. 8.10 — Typical surface roughness profile of reamed hole measured at the top

All graphs showing individual reaming operations together with their measuring un-
certainties can be found in the Appendix B. Data from the measurement of surface
roughness as well as profiles can be found in the Appendix F and Appendix H respec-
tively placed on the CD attached to the report.

8.6.3  Conclusion

It can be concluded that every reaming operation brings along different behaviors (see
Fig. 8.8 and Fig. B.2 in the Appendix B where a detailed comparison between individ-
ual reaming operations is presented):
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e Reaming operations R1 and R2 perform the same surface roughness compatible
within the stated uncertainties. Visible scratches after R2 can be observed on
specimens which are results of rapid reverse feed rate.

e Both smaller depth of cut (R4) and higher cutting speed (R6) are subjected to
worsened hole quality and result in big uncertainty.

e The best reaming operation can be considered R5 because it performs good sur-
face roughness and lowest uncertainty, and it is of easier implementation due to
nozzle positioning setup (both from the top).

8.7 Reaming thrust and reaming torque

Usually the measurements of cutting torque and cutting thrust are performed only con-
sidering the contribution of the experimental scatter, but this is generally not sufficient
to account for measurement uncertainty. Therefore it is necessary to evaluate mea-
surement uncertainty based on experimental scatter, as well as other process-related
sources [11].

An uncertainty budget is created for reaming thrust and reaming torque including
above mentioned uncertainty contributors. Uncertainty of both measurands
(U(Th) and U(To)) is calculated based on their first derivation, following the GUM
methodology [57]. Equations expressing reaming thrust (see Eq. 3.7) and reaming tor-
que (see Eq. 3.10) are described in section 3.2.5. Equations for reaming thrust and
reaming torque uncertainty calculation are expressed as follows:

U(Th) = k - \/z’; (%h : u(xi))z Eq. 8.6
U(To) =k - \/Z’f (Z—Z . u(xl-))2 Eq. 8.7

The uncertainty contributors are discussed in the following.

8.7.1  Uncertainty of specific cutting force influence on thrust and torque u(k,)
Calculation of specific cutting force is performed using following formula:

k, =k, (0?4)0'29 Eq. 8.8

k. is an estimated value [39] for a work material similar to work material used in this
master thesis. The uncertainty of this uncertainty contributor is calculated using the
following formula:
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Ak 2
U(kc) =k- \/Z? (a_yl . u(yl)) Eqg. 8.9
8.7.2  Uncertainty of feed influence on thrust and torque u(f)

This uncertainty is calculated using rectangular distribution for an estimated feed in-
fluence on reaming torque +0.02 mm.rev'™’,

8.7.3  Uncertainty of reamer diameter influence on thrust and torque u(Dg)

This uncertainty is calculated in section 8.5.6 and brings along also an uncertainty of
the form error and surface roughness.

8.7.4  Uncertainty of pilot hole influence on thrust and torque u(d)

This uncertainty is calculated in section 7.2.5 and brings along also an uncertainty of
the form error and surface roughness.

8.7.5  Uncertainty of span definition window on thrust and torque u(sdw)

This uncertainty is calculated using rectangular distribution based on two different
evaluating methods (window span definition A (wsd_A) and window span definition B
(wsd_B)) for both reaming thrust and reaming torque. The window span definition can
be seen in Fig. 8.11.

wsd_A: Half of the time that reamer interacts with the workpiece in the middle of the
stable part of the curve.

wsd_B: Window span starts after 5 sec when reamer comes in contact with workpiece
and takes 10 sec.

0 1/4 3/4 1 Window start

g o

Window span ‘Window span

< >

<

h 4

Time [s] Time [s]

a) Evaluating method A b) Evaluating method B

Fig. 8.11 — Window span definition for reaming thrust and reaming torque evaluation
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8.7.6  Uncertainty of temperature influence on thrust and torque u(0il,)

Because the temperature in the workshop during the reaming process is not stable, the
flow of the oil is changed (see section 5.3). The uncertainty related to this temperature
change is calculated as follows:

u(0il,) = % Eq. 8.9

where:

e STD is a standard deviation based on six independent measurements of oil flow.
This uncertainty is assumed to be same for all reaming operations.

8.7.7  Uncertainty of acquisition system influence on thrust and torque u(acq)

This uncertainty is calculated using rectangular distribution for an estimated value +10
Ncm.

8.7.8  Expanded combined uncertainty of thrust and torque measurements

Each machined specimen is analyzed in a reaming thrust and reaming torque vs. time
diagram. Diagrams are evaluated in a given sampling window as described in section
6.5 evaluating reaming thrust and reaming torque on the stable part of the curve. Every
point on the graph represents an average value calculated according to the proposed
evaluating strategy. Graphs representing reaming thrust and reaming torque vs. time
are shown in the Appendix G as well as data from individual machined workpiece
which are placed in the Appendix G on the CD attached to the report.



Tab. 8.8 — Uncertainty budget for reaming operation R1 (reaming torque)

Page |97

Reaming operation R1 — reaming torque
Uncertainty . I E_stimated uncer-
No. component First derivative tainty of the uncer-
tainty component
T T
. () 2 ui(x)
Uncertainty of specif- aTo
u, (k) | ic cutting force influ- o 0.0255 u(k,) 249 6.4
ence on torque ‘
Uncertainty of feed dTo
U2 | influence on torque of 213 u(f) 0.012 2:5
Uncertainty of reamer 9To
us;(Dg) | diameter influence on TR -1343 u(Dg) 0.0024 -3.2
torque K
Uncertainty of pilot g
u,(d) | hole influence on tor- r 1417 u(d) 0.0035 5.0
que
Uncertainty of win-
us(wsd) | dow span definition u(wsd) 9.1 9.1
influence on torque
Uncertainty of oil
ug(0il,) | temperature influence u(0ily) 1.6 1.6
on torque
Uncertainty of acqui-
u,(acq) | sition system influ- u(acq) 5.8 5.8
ence on torque
Uncorrelated com-
bined uncertainty | uR(To) 14.2
[Nmm]
Coverage factor (for K 2
ac. |. of 95%)
Expanded com-
bined uncertainty | UR(To) 28
[Nmm]

Tables with uncertainty budget for reaming torque and reaming thrust of all remaining
operations (e.g. R2, R3, R4, R5 and R6) are placed in the Appendix C. Figures
showing reaming thrust and reaming torque for every reaming operation vs. time can
be found in the Appendix C.

When combining measurement uncertainty with an uncertainty resulting from the
process, such uncertainty can be calculated as follows:

Th _ h 2
Utotal =k- \/uRn(Th)z + u;;rocess

Eq. 8.10
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2
Ut7:)0tal =k- \/uRn(TO)Z + ug;gocess Eqg.8.11

where ufycess IS an experimental standard deviation based on measurements of 15
specimens.

Tab. 8.9 — Total uncertainty for reamed hole (reaming thrust)
Thrust R1 R2 R3 R4 R5 R6
uf™(Th) 3.4 35 2.8 2.6 2.9 2.8
Ultocess 3.0 5.0 1.8 1.7 1.8 2.4

urh 9 12 7 6 7 7

Note: Values for thrust are in N.

Tab. 8.10 — Total uncertainty for reamed hole (reaming torque)

Torque R1 R2 R3 R4 RS R6

uf™(To) 14 11 10 8 10 9
U lcess 79 46 46 57 36 59
ulo. 161 95 94 114 75 120

Note: Values for torque are in Nmm.

It is obvious from Tab. 8.9 and Tab. 8.10 that reaming process is the biggest uncertain-
ty contributor compared to other uncertainty contributors.

Tab. 8.11 — Number of evaluating points for different window span definition

R1 R2 R3 R4 R5 R6
W.S.D.A 905 905 1360 1345 1360 1135
w.sS.D.B 1000 1000 1000 1000 1000 1000

8.7.9  Reamed hole torque and thrust measurement results and discussion

e Reaming operations R1 and R2 are subjected to an experiment based on
slow/rapid reverse feed rate of the spindle. Almost no difference can be ob-
served in Fig. 8.12 between R1 and R2. This shows very good reproducibility of
the machine since no influence on reaming thrust and torque is expected when
different reverse feed rate is used.
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R1(10.15 0.315 slow TB)
R2 (10.1 5 0.315 rapid TB)
R3(10.150.21 rapid TB)

R4 (10.050.21 rapid TB)

R5(10.150.21 rapid TT)

I R6 (10.16 0.21 rapid TB)

I  }
T T
1 1
-+ * Reaming torque I 1 I
= Reaming thrust H

R1 R2

R3 R4 RS R6

Reaming operation

Fig. 8.12 — Reaming thrust and reaming torque results (process)
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Fig. 8.13 — R1 and R2 reaming operations

However, R2 performs better repeatability and therefore rapid reverse feed rate
is used for further reaming operations. Fig. 8.13 shows that when using the
same reverse feed rate as forward (slow), a reaming torque performs an incre-
ment in values when the tool is being removed from the work area. Results
from surface roughness measurement show a slightly lower Ra values when the
slow feed rate is used. The difference is small and can be therefore neglected. In
practice a rapid feed rate is normally used.

Reaming thrust and reaming torque are reduced significantly when lower feed is
used. This behavior can be observed between R2 and R3. It is also shown that
R3 represents very repeatable process.
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e R4, when 10.0 mm diameter reamer is used, lowers reaming torque about 15%
and reaming thrust about 50%, on the other hand this has a negative effect on
surface quality as mentioned in section 8.6.2.

e The position of the nozzles does not play a big role since the results are fully
compatible within the calculated uncertainties. A distance of the nozzles from
the workpiece and the MQL setup play generally a paramount role since by
changing these, the lubrication effect is changing as well.

e Increased cutting speed (R6) influences the process by lowering the reaming
torque.

Note: All graphs showing the reaming process are shown in the Appendix C. Peaks at
the end of the diagram represent burrs on the exit side of the specimen which were
created during the initial hole making process.

Bottom

Top

Fig. 8.14 — Burrs on the exit side

8.7.10 Conclusion

It can be concluded that every reaming operation brings along different behaviors
which is clear looking at Fig. 8.12 and Fig. C.2 in the Appendix C where a detailed
comparison between individual reaming operations is presented. In particular:

e Reaming operations R1 and R2 can be concluded to be not acceptable reaming
operations since both reaming thrust and reaming torque perform much bigger
values than the other reaming operations. Therefore a lower feed is preferred.

e The smaller material removal rate, the lower reaming thrust and reaming torque
are expected. This however results in bigger uncertainty of the process since
small material removal is more sensitive to the signal of reaming thrust and
reaming torque measured on dynamometer.

e R5 is considered the best reaming operation set-up because it performs reasona-
bly low values of reaming thrust and reaming torque, low uncertainty and easy
nozzles positioning.
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CHAPTER 9 - DISCUSSION: COMPARISON OF
CUTTING FLUID PERFORMANCE TESTS AT
DTU WITH RESULTS ACHIEVED IN PRESENT
THESIS

A comparison between different cutting fluid performance tests carried out at DTU
during previous years and the present work is carried out.

It is shown in [11] that reaming austenitic stainless steel and using different water
based cutting fluids, different results of cutting fluid performance with respect to hole
diameter, surface roughness, reaming thrust and reaming torque were achieved. The
main difference compared to the present work is in coolant application. The specimens
were immersed in a wrench. In this way, higher values of reaming thrust, reaming tor-
que and diameter oversize as well as surface roughness were obtained. The cutting
conditions were v;=6 m-min’, {=0.4 mm and a,=0.2 mm. It can be also observed that
higher a, values increase the sensitivity to the fluid. Another difference in evaluation
of the results can be encountered to the measuring methods and measuring strategies
when uncertainty is calculated, i.e. only six repetitions were performed when uncer-
tainty of reaming torque was performed which was 5%. Furthermore the strategy for
pilot hole measuring uncertainty is not well defined which can misrepresent the total
uncertainty.

The analysis of repeatability and resolution is carried out following [19] and [58]. The
calculation of latter is performed for reaming forces (reaming thrust and reaming tor-
que), hole geometry (hole diameter) and hole quality (surface roughness). The relative
resolution of the test o/p is introduced, where ¢ is defined as the ratio between the
standard deviation of a measurand and the mean of the measurand, and where p is the
range of variability of test results. Tab. 9.1 presents calculated values for above men-
tioned characteristics.

Tab. 9.1 — Relative resolution for reaming test

c p o/p
[%] [%]
Reaming torque 5-10 42 0.2
Reaming thrust 12-24 85 0.2
Surface roughness (A)  27-44 21 1.7
Surface roughness (B)  21-39 23 1.4

Hole diameter 0.03 0.03 0.8
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Generally, reaming torque tests, according to [19], are connected with good repeatabil-
ity and resolution and short time (typically half working day according to [19]) and
therefore relatively lower costs than for other tests. This is also a case of this project
where reaming torque performed very good repeatability as well as relative resolution.

In [9] it is shown that reaming austenitic stainless steel encourage for large experimen-
tal spread. During reaming with higher cutting depth (a,=0.2 mm), the cutting fluid
had a strong influence on the part accuracy which was reduced using smaller depth of
cut (a,=0.05 mm). This is not a case of this work because small depth of cut has a big
influence on part accuracy and surface roughness. Cutting fluid application was the
same as in [11]. The uncertainty of the reaming torque is based on six repetitions and
lies in the range 5-30%, compared to the mean, depending on the performance of the
fluid and on the accuracy of the specimen. The range of variation of the test is 40%.
These results are fully comparable with results obtained during this project.

In [8] reaming austenitic stainless steel using water based cutting fluids is performed.
The result of surface finish tests feature in high sensitivity to the choice of cutting fluid
which accounts for repeatability of 5-60% and resolution of 0.3-0.4. The uncertainty
combining the measurement and the process for surface roughness test is for the
present work in the range 20-45% and the resolution is so high that surface roughness
cannot be used as a reliable parameter to discriminate one test set-up being better than
another. The main difference is again in the measurement strategy and the way how
the uncertainty was evaluated.
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CHAPTER 10 - CONCLUSION

10.1 Summary

This master thesis regards the development of a test procedure for cutting fluid per-
formance in reaming and to apply the tests to MQL. In this project the performance of
insoluble oil has been investigated by varying cutting conditions and experimental se-
tup of the reaming process. The tests were carried out on austenitic stainless steels us-
ing HSS reamers with two different diameters. Individual reaming operations were
compared with respect to a number of evaluating parameters such as hole diameter,
roundness, cylindricity, surface roughness, reaming thrust and reaming torque. For all
mentioned measurands the uncertainty budget was created so that the reaming process
is fully under control. The calculated absolute and relative expanded uncertainties of
all measurands are summarized in Tab. 10.1.

Tab. 10.1 — Absolute and relative expanded uncertainties

Test . Test
HIEESUERE uncertainty Al uncertainty [%]
Diameter 3.0 pum 0.03-0.04
Roundness 2.6 um 89-116
Cylindricity 4.6 um 49-61
Surface roughness (position A) 0.31 um 27-44
Surface roughness (position B) 0.34 um 21-39
Reaming thrust 12 N 13-24
Reaming torque 12 Ncm 5-11

In this project a new unconventional method of MQL delivery was investigated. This
was achieved by installing one of the external nozzles from bottom, i.e. nozzle posi-
tioned through the dynamometer and the fixture mounted to the dynamometer.

Based on present investigation several conclusions are drawn:

e Present tests can be applied not only in connection with reaming but also could
be used for cutting fluid performance in drilling due to similarity of the process.
Other cutting fluid can be taken into consideration since it would give bigger
overview of the process and better quantification of the cutting fluid perfor-
mance.

e Not only measurands used in the present work (hole diameter, roundness, cylin-
dricity, surface roughness, reaming thrust and reaming torque) but also other
(tool life, tool wear, microhardness, chip evacuation, cutting power) can be con-
sidered for cutting fluid performance evaluation.
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e Care must be taken when evaluating the uncertainty since it contains both un-
certainty of the measurement and uncertainty of the process itself. Moreover, it
is associated with a loss of information regarding uncertainty contributors. For
some measurands, uncertainty caused by the process variation plays the biggest
role (i.e. reaming torque and surface roughness). The test parameters which
could be used for cutting fluid evaluation were the reaming thrust and reaming
torque. Results proved that measurements of reaming thrust and reaming torque
are reliable, ensuring consistent characterization of the lubricating performance
of cutting fluids. By measuring the hole geometry and hole quality, the corres-
ponding measurands can be used in connection with quality control. Very good
surface roughness, always found to be less than 1.2 um, was achieved as well as
hole cylindricity which did not exceed 14 pum taking into account both mea-
surement and process variation.

e Reaming operations R6, for higher cutting speed and R4, for smaller depth of
cut have the biggest influence on uncertainty of surface roughness and reaming
torque. R1 and R2 do not perform consistent results when reaming thrust and
reaming torque are considered although these two reaming operations should
have the same effect on these measurands.

e There is no difference between MQL applications (R3 and R5) when taking into
account all measurands. R5 is therefore preferred due to easier nozzle position-
ing.

e Comparing cutting fluid tests performed at DTU during last years, no signifi-
cant difference was found. Uncertainty assessment was in most of the cases car-
ried out by considering only the standard deviation from the process based on
six repetitions. This can be biased since more influential parameters should be
taken into consideration. This aspect was extensively investigated during the
present research.

10.2  Future development of the present thesis

Based on the results achieved in the present M. Sc. Thesis, several suggestions on fur-
ther research and development can be proposed.

Since the uncertainty budget phase has been quite time consuming, not many varia-
tions on the experimental setup and cutting conditions could be investigated. After this
project, one will be able to continue with the following investigation:

a) Use of different tool materials on the same workpiece material. Cermet reamers
could be an interesting alternative since smaller experimental spread in values is
expected.
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b) Use of different tool geometries.

c) Use of different reamer diameters to consider the effect of variations of depth of
cut on the process and on the overall quality of the holes.

d) Test of different cutting fluids. Water based cutting fluids are good solution when
reaming austenitic stainless steel and effective comparison with tests performed at
DTU could be carried out.

e) Investigation on different cutting conditions.

f) Perform tests based on same cutting conditions and experimental setup as in the
present thesis, but using conventional cooling and dry reaming. In this case a cer-
met reamer is recommended because of its good stability when high temperatures
are developed.

Generally, when external MQL is applied, nozzle positioning plays a paramount role,
therefore appropriate control on cutting fluid delivery into tool/workpiece interface
should be complied.

Reaming operation R4 was found to differ from the theory that says that when material
is removed, a hole oversize is expected (see section 8.5.7 and 8.6.2). Therefore a fur-
ther research is needed to confirm this theory since an opposite behavior was expe-
rienced.



Page | 106

REFERENCES

[1] E. C. BIANCHI, R. E. CATAI, R.Y. FUSSE, T. V. FRANCE, P. R. AGUIAR,
Study on the Behavior of the MQL technique under different lubricating and cooling
conditions when grinding ABNT 4340 steel, Vol. XXVII, Issue no.2 (April-June 2005)
pp.192-199.

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

[3] T. MAKIYAMA, Advanced Near Dry Machining System, Presentation for 4™ An-
nual NCMS Fall Workshop Series, October 2000.

[4] K. WEINERT, I. INASAKI, J. W. SUTHERLAND, T. WAKABAY SHI, Dry ma-
chining and Minimum Quantity Lubrication, Annals CIRP, Vol.53, Issue no.2 (2004)
pp.511-537.

[5] Sandvik Coromant, Dry and MQL Machining, Internal Presentation, 2005.
[6] Sandvik Coromant, Drilling educational kit, Internal Presentation, 2005.

[7] L. DE CHIFFRE, S. LASSEN, K.B. PEDERSEN, S. SKADE, A reaming test for
cutting fluid evaluation, J. Synth. Lubr., Vol.11 (1994) pp.11-34.

[8] L. DE CHIFFRE, Z. ZENG, W. BELLUCO, Parameter investigation in a reaming
test for cutting fluid evaluation, IPT, Technical University of Denmark, Publication
no.MM99.71 (1999).

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

[10] W. BELLUCO, Z. ZENG, L. DE CHIFFRE, Evaluation of cutting fluids in mul-
tiple reaming of stainless steel, Proceedings of PRIME 2001 Conference (Sestri Le-
vante), 2001, pp.45-48.

[11] L. DE CHIFFRE, W. BELLUCO, Z. ZENG, An investigation of reaming test pa-
rameters used for cutting fluid evaluation, Lubr. Eng., Vol.57 (2001) pp.24-28.

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



Page | 107

[13] L. DE CHIFFRE, Mechanics of metal cutting and cutting fluid action, Int. J.
Mach. Tool Des. Res., Vol.17 (1977) pp.225-234.

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

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

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

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

[18] L. DE CHIFFRE, Mechanical testing and selection of cutting fluids in laboratory
and workshop, Eurometalworking, VVol.92 (1992) pp.102-106.

[19] W. BELLUCO, L. DE CHIFFRE, Comparison of methods for cutting fluid
performance testing, Annals of CIRP, VVol.49/1 (2000) pp.57-60.

[20] D. AXINTE, W. BELLUCO, L. DE CHIFFRE, Reliable tool life measurements
in turning — An application to cutting fluid efficiency evaluation, Int. J. Mach. Tools
Manufact., Vol.41 (2001) pp.1003-1014.

[21] L. DE CHIFFRE, W. BELLUCO, Investigation on cutting fluid performance
using different machining operations, Lubr. Eng., VVol.58 (2002) pp.22-29.

[22] W. BELLUCO, L. DE CHIFFRE, Surface integrity and part accuracy in reaming
and tapping stainless steel with new vegetable based cutting oils, Tribology
International, VVol.35 (2002) pp.865-870.

[23] P. JERRY, |. BYERS, Metalworking fluids, 1994, ISBN 0-8247-9201-7,
TJ1077.M457.

[24] K. KOCMAN, Specialni technologie obrdabéni, Vysoké uceni technické v Brné,
Fakulta strojniho inZenyrstvi, January 2004, ISBN: 80-214-2562-8.

[25] S. L. GAUTIER, Metalworking Fluids: Oil Mist and Beyond. 2003, pp.818-824,
ISSN: 1047-322X print / 1521-0898 online, DOI 10.1080/10473220390237313.



Page | 108

[26] K., J. PROKOP, Technologie obrabéni, Vysoké uceni technické v Brn¢, Fakulta
strojniho inZenyrstvi, December 2001, ISBN: 80-214-1996-2.

[27] Metals handbook 9™ edition, Vol.16 Machining, ISBN: 0-87170-007-7.

[28] Dr. M. SCHACHT, Dr. CH. WOLFF, 40 % increase in production thanks to the
resolute use of minimal quantity lubrication in production operations, the result of
strategic planning, Willy Vogel AG; March 2003.
http://www.vogel-lube.com/Products/NearDryMachining/MMS-

Artikel Feb 2003 _US.pdf (September 2007).

[29] Sandvik Coromant, Minimum Quantity Lubrication, Internal Presentation, 2005.

[30] SKF website
http://www.skf.com/portal/skf vog/home/fag?contentld=339411&langn (October
2007).

[31] Lubrix website, http://www.lubrix.de/en/lubrix750.htm (January 2008).

[32] L. DE CHIFFRE, Lecture notes, Course 42216, Technical University of Den-
mark, 2006.

[33] J. BRULAND, Fluid performance testing in cutting austenitic stainless steel, In-
ternal material, IPL, Technical University of Denmark, 1995.

[34] S. KALPAKIJIAN, J. KARGER-KOCSIS, Manufacturing Processes for Engi-
neering Materials (2nd edition), 1999, ISSN 14658011.

[35] Union Butterfield website
http://www.unionbutterfield.com/tech/reamers/geometry.asp (June 2008).

[36] Super Tool, Inc. website
http://www.supertoolinc.com/tools/High-Speed-Steel (July 2008).

[37] Cutting tool central — American machinist website
http://www.cutting-
tool.americanmachinist.com/quiEdits/Content/bdeeel6/bdeeel6 1.aspx (June 2008).

[38] A. HUMAR, Slinuté karbidy a veznd keramika pro obrdabéni, 1995, ISBN 80-
85825-10-4.

[39] A. HUMAR, Lecture material, 2006.


http://www.vogel-lube.com/Products/NearDryMachining/MMS-Artikel_Feb_2003_US.pdf
http://www.vogel-lube.com/Products/NearDryMachining/MMS-Artikel_Feb_2003_US.pdf
http://www.skf.com/portal/skf_vog/home/faq?contentId=339411&langn
http://www.lubrix.de/en/lubrix750.htm
http://www.unionbutterfield.com/tech/reamers/geometry.asp
http://www.supertoolinc.com/tools/High-Speed-Steel
http://www.cutting-tool.americanmachinist.com/guiEdits/Content/bdeee16/bdeee16_1.aspx
http://www.cutting-tool.americanmachinist.com/guiEdits/Content/bdeee16/bdeee16_1.aspx

Page | 109

[40] Sutton tools website
http://www.sutton.com.au/uploads/downloads/L.iterature/Product/499980268Reaming
Brochure_Ir.pdf (July 2008).

[41] http://books.google.com/books (June 2008).

[42] Prirucka obrabént, Sandvik Coromant, 1997.

[43] Sandvik Coromant website
http://www2.coromant.sandvik.com/coromant/pdf/Metalworking Products 061/tech

e_1.pdf (May 2008).

[44] W. BELLUCO, Performance testing of cutting fluids, IPT, Technical University
of Denmark, PhD Thesis, December 2000, Publication no. IPT.198.00 (MM00.63).

[45] B. LEFFLER, Stainless steels and their properties
http://www.outokumpu.com/files/Group/HR/Documents/STAINLESS20.pdf (July
2008).

[46] British stainless steel association website
http://www.bssa.org.uk/topics.php?article=121 (July 2008).

[47] Dormer website
http://www.dormertools.com/sandvik/2531/internet/s003591.nsf?OpenDatabase (May
2008).

[48] Magafor website
www.obergverktoy.no/ez/index.php?/site/content/download/533/1904/file/4%20REA

MERS.pdf — (June 2008).

[49] ISO 4287:1997 Geometrical product specifications (GPS) -- Surface texture: Pro-
file method — Terms, definitions and surface texture parameters.

[50] Lubrix manual

[51] L. DE CHIFFRE, Geometrical metrology and machine testing, Lecture notes
(Course 42215), January 2005.

[52] ISO 1101:2004 Geometrical Product Specifications (GPS) -- Geometrical toler-
ancing -- Tolerances of form, orientation, location and run-out.


http://www.sutton.com.au/uploads/downloads/Literature/Product/499980268Reaming_Brochure_lr.pdf
http://www.sutton.com.au/uploads/downloads/Literature/Product/499980268Reaming_Brochure_lr.pdf
http://books.google.com/books
http://www2.coromant.sandvik.com/coromant/pdf/Metalworking_Products_061/tech_e_1.pdf
http://www2.coromant.sandvik.com/coromant/pdf/Metalworking_Products_061/tech_e_1.pdf
http://www.outokumpu.com/files/Group/HR/Documents/STAINLESS20.pdf
http://www.bssa.org.uk/topics.php?article=121
http://www.dormertools.com/sandvik/2531/internet/s003591.nsf?OpenDatabase

Page | 110

[53] Mahr website
http://www.mahr.com/index.php?NodelD=8718 (June 2008).

[54] 1SO 11562:1996 Geometrical product specifications (GPS) -- Surface texture:
Profile method — Metrological characteristics of phase correct filters.

[55] ISO/TS 15530-3:2004 - Geometrical Product Specifications (GPS) -- Coordinate
measuring machines (CMM): Technique for determining the uncertainty of measure-
ment -- Part 3: Use of calibrated workpieces or standards (2004).

[56] ISO 5436-2:2001 Geometrical Product Specifications (GPS) - Surface texture:
Profile method; Measurement standards - Part 2: Software measurement standards
(2001).

[57] 1SO (International Organization for Standardization), GUM (Guide to the Expres-
sion of Uncertainty in Measurement) (1995).

[58] C. CARATOSSIDIS, Analysis of cutting fluid tests with economical evaluation of
machining tests, 1998, M. Sc. Thesis, Publication nr. MM98.42, IPT, Technical Uni-
versity of Denmark.


http://www.mahr.com/index.php?NodeID=8718

Page | 111

NOMENCLATURE

ap [mm] depth of cut

acq acquisition system

Ac [mm?] nominal chip cross-section

b [mm] nominal chip width

b’ systematic error

BUE material build-up on cutting edge

b’ assumed U-distribution (b’’=0.7)

C [mm] hole cylindricity

CMM coordinate measuring machine

CT carbide tipped

d [mm] diameter of pre-existing hole

D [mm] hole diameter

Dr [mm] reamer diameter

f [mm] feed/rev

f; [mm] feed/tooth

Fc [N] tangential force

Fei [N] tangential force component

Fs [N] feed force component

Foi [N] passive force component

h [mm] nominal chip thickness

HSS high speed steel

k coverage factor for a confidence level of 95% — k=2
ke [N-mm™] specific cutting force

kg [N-mm™] specific cutting force (for a feed/rev f=0.4 mm)
L [mm] cutting length
m [kgs™] mass flow
MQL minimum quantity lubrication

n [-] number of measurements

[min™] revolutions

p [bar] pressure

Q [m3s™] oil flow
T [mm] radius on which the tangential reaming force is acting
R [mm] hole roundness

Ra [um] arithmetical mean roughness of a surface
RR reference ring

R1-R6 [-] number of reaming operations
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SC solid carbide
t [s] time
T [N-cm] reaming torque
T [°C] temperature
TB (T&B) one nozzle positioned from top and one from bottom
TT (T&T) two nozzle positioned from top
u(f) estimated uncertainty for cutting feed and is calculated us-
[mm] : O
ing rectangular distribution
u(ks) [N-mm?] estimated uncertainty for specific cutting force and is calcu-

lated using rectangular distribution
u(0il,) [ml/hour] uncertainty of oil temperature influence on thrust and torque

u(x;) estimated uncertainty of the uncertainty component

u(y;) estimated uncertainty of the uncertainty component

U(Th) [N] uncertainty derivation with respect to reaming thrust

U(To) [N-mm] uncertainty derivation with respect to reaming torque

uR™(Th) IN] uncorrelated combined uncertainty fro individual reaming
operation of reaming thrust

uR™(To) [N-mm] uncorrelated combined uncertainty fro individual reaming
operation of reaming torque

u, (k) [N-mm?] uncertainty of specific cutting force influence on torque

u,(f) [mm] uncertainty of feed influence on torque

us(Dg) [mm] uncertainty of reamer diameter influence on torque

u,(d) [mm] uncertainty of pilot hole influence on torque

us(wsd) [N-mm] uncertainty of window span definition influence on torque

ug(0ily)  [ml/hour] uncertainty of oil temperature influence on torque

u,(acq) [N-mm] uncertainty of acquisition system influence on torque

uy (ke) [N-mm?] uncertainty of specific cutting force influence on thrust

usy(f) [mm] uncertainty of feed influence on thrust

us(Dg) [mm] uncertainty of reamer diameter influence on thrust

uy(d) [mm] uncertainty of pilot hole influence on thrust

us(wsd)  [N-mm] uncertainty of window span definition influence on thrust

ug(0ily)  [mi/hour] uncertainty of oil temperature influence on thrust

us(acq) [N-mm] uncertainty of acquisition system influence on thrust

Uup [um] uncertainty caused by the background noise

Ue [mm] standard uncertainty related to the calibration of the refer-

ence ring stated in the calibration certificate
Ucal [mm] standard uncertainty of calibration
UGB(cal) [um] standard uncertainty related to the calibration of the gauge
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block
Uinstr [um] standard uncertainty of the stylus instrument calibration
Urmachine [mmi] maximt.Jm value of standard deviations considering four
measuring strategies
Uy [um] uncertainty of the roughness standard
Up [mm] standard uncertainty due to measuring process
U, uncertainty on the transfer of traceability (repeatability of
[um] the instrument)
Ureamer standard uncertainty resulting from the measurement on
[um] reamer diameter
Ures standard uncertainty resulting from the micrometer resolu-
[um] tion
Ustrategy standard deviation of average measured values at different
[mm] levels on the cylinder. Includes variation in number of levels
together with number of points probed around the circumfe-
rence
Utemp [um] standard deviation resulting from temperature compensation
USen standard uncertainty caused by variations in the roughness
[um] of the reamed hole in different locations
Uben standard uncertainty caused by variations in the roughness
[um] of the pilot hole in different locations
Ufen(a) [um] uncertainty of the process for surface roughness of pilot

hole
uncertainty of repeatable measurement on the same position

P
u m i
Gen(b) [um] for surface roughness of pilot hole

Uen(e) [um] uncertainty of measurement around the circumference for
surface roughness of pilot hole

U en(a) [ uncertainty of the process for surface roughness of reamed

um] hole
R uncertainty of repeatable measurement on the same position

Uaen(b) [um] for surface roughness of reamed hole

Uen(o) [um] uncertainty of measurement around the circumference for
surface roughness of reamed hole

Ul oe [mm] standard combined pilot hole measuring uncertainty

up (] standard uncertainty resulting from the measurement proce-
dure on CMM of the calibrated workpiece (pilot holes)

uy (] standard uncertainty resulting from the measurement proce-
dure on CMM of the calibrated workpiece (reamed holes)

ugl [rm] maximum value of standard deviations of Ustrategy 8Nd Umachine

(pilot specimen)
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ugz = uﬁz average value of standard deviations from measurements on
[mm] five specimens positioned at three different positions in the
fixture
u{fl [mm] maximum value of standard deviations of Ustrategy 8Nd Umachine

(reamed specimen)

experimental standard deviation for geometrical dimensions

of pilot hole based on measurements of 15 specimens

experimental standard deviation for geometrical dimensions

of reamed hole based on measurements of 15 specimens

UDRcess N] experimental standard deviation for reaming thrust based on
measurements of 15 specimens

experimental standard deviation for reaming torque based

on measurements of 15 specimens

ugrocess [m m]

ugrocess [m m]

uTO
process [Nmm]

ub [mm] standard uncertainty resulting from temperature deviation of
pilot hole

uRk [mm] standard uncertainty resulting from temperature deviation of
reamed hole

Ufen [um] expanded combined uncertainty for surface roughness of
pilot hole

Ug.., [um] expanded combined uncertainty for surface roughness of
reamed hole

Ufiote [mm] expanded combined pilot hole measuring uncertainty

Ufiolecy ~ [mm] pilot hole measuring uncertainty for cylindricity

Ugole([,) [mm] pilot hole measuring uncertainty for diameter

Ufioley ~ [mm] pilot hole measuring uncertainty for roundness

UR e [mm] reamed hole measuring uncertainty

U}jole(c) [mm] reamed hole measuring uncertainty for cylindricity

Uforepy  [mm] reamed hole measuring uncertainty for diameter

U};’ole(m [mm] reamed hole measuring uncertainty for roundness

URE [um] Measuring uncertainty on reamer diameter

Ul cal (] total expanded uncertainty of the pilot hole measured on
CMM

UL tal (] total expanded uncertainty of the reamed hole measured on
CMM

Uit . [N] total expanded uncertainty of reaming thrust

U [N-mm] total expanded uncertainty of reaming torque

Vi [mm-min]  feed rate

wsp window span definition
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z [-] number of teeth

a [10® m/m°C] linear coefficient of thermal expansion

AT ] maximum possible change in temperature in accredited la-

boratory with controled temperature to be 20°C

AT’ [°C] temperature difference between micrometer and reamer

p [kg'm™] density

0 [rad] chamfer angle

Ok first derivative of each component of the equation for spe-

i cific cutting force

oTh first derivative of each component of the equation for ream-

0% ing thrust

ZTO first derivative of each component of the equation for ream-
Xi

ing torque
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Appendix A - 1

Fig. A.1 - Hole dimensions (Diameter, Roundness and Cylindricity) for every reaming opera-

tion
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Hole dimensions - Reaming operation R2
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Hole dimensions - Reaming operation R3
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Hole dimensions - Reaming operation R4
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Hole dimensions - Reaming operation R5
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Hole dimensions - Reaming operation R6
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Appendix A - 2

Fig. A.2 - Hole dimensional comparison (Diameter, Roundness and Cylindricity) for R1/R2,
R2/R3, R3/R4, R3/R5 and R3/R6 reaming operations
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Hole dimensions comparison — R3/R4 (depth of cut)
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Tab. A.1 - Experimental investigation on measuring strategy (RR)
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Diameter Diameter
Exp.No. 1 4L 8P Exp.No. 2 3L 8P
Meas.No. L3 L6 L9 L12 AVG Meas.No. L 4.5 L75 L1105 AVG
1 10.0005 10.0005 10.0005 10.0006 10.0005 1 10.0008 10.0007 10.0009 10.0008
2 10.0006 10.0004 10.0006 10.0006 10.0006 2 10.0005 10.0003 10.0010 10.0006
3 10.0003 10.0002 10.0005 10.0005 10.0004 3 10.0004 10.0001 10.0002 10.0002
4 10.0002 10.0005 10.0006 10.0005 10.0005 4 10.0007 10.0004 10.0007 10.0006
5 10.0000 10.0002 10.0010 10.0005 10.0004 5 10.0006 10.0001 10.0004 10.0004
AVG 10.0003 10.0004 10.0006 10.0005 10.0005 AVG 10.0006 10.0003 10.0006 10.0005
STD 0.0002 0.0002 0.0002 0.0001 0.0001 STD 0.0002 0.0002 0.0003 0.0002
Diameter Diameter
Exp.No. 3 4L 12P Exp.No. 4 3L 12P
Meas.No. L3 L6 L9 L12 AVG Meas.No. L 4.5 L75 L105 AVG
1 10.0009 10.0009 10.0007 10.0012 10.0009 1 10.0006 10.0007 10.0009 10.0007
2 10.0006 10.0008 10.0007 10.0009 10.0008 2 10.0007 10.0005 10.0009 10.0007
3 10.0003 10.0008 10.0006 10.0005 10.0006 3 10.0005 10.0010 10.0008 10.0008
4 10.0006 10.0006 10.0007 10.0006 10.0006 4 10.0006 10.0008 10.0007 10.0007
5 10.0001 10.0004 10.0009 10.0009 10.0006 5 10.0001 10.0006 10.0006 10.0004
AVG 10.0005 10.0007 10.0007 10.0008 10.0007 AVG 10.0005 10.0007 10.0008 10.0007
STD 0.0003 0.0002 0.0001 0.0003 0.0002 STD 0.0002 0.0002 0.0001 0.0001
Roundness Roundness
Exp.No. 1 4L 8P Exp.No. 2 3L 8P
Meas.No. L3 L6 L9 L12 AVG Meas.No. L 45 L75 L105 AVG
1 0.0009 0.0007 0.0003 0.0005 0.0006 1 0.0008 0.0012 0.0008 0.0009
2 0.0008 0.0008 0.0008 0.0007 0.0008 2 0.0010 0.0010 0.0013 0.0011
3 0.0004 0.0006 0.0003 0.0014 0.0007 3 0.0005 0.0005 0.0011 0.0007
4 0.0005 0.0005 0.0003 0.0007 0.0005 4 0.0006 0.0004 0.0004 0.0005
5 0.0014 0.0011 0.0005 0.0011 0.0010 5 0.0013 0.0012 0.0010 0.0012
AVG 0.0008 0.0007 0.0004 0.0009 0.0007 AVG 0.0008 0.0009 0.0009 0.0009
STD 0.0004 0.0002 0.0002 0.0004 0.0002 STD 0.0003 0.0004 0.0003 0.0003
Roundness Roundness
Exp.No. 3 4L 12P Exp.No. 4 3L 12P
Meas.No. L3 L6 L9 L12 AVG Meas.No. L 4.5 L75 L105 AVG
1 0.0007 0.0007 0.0009 0.0007 0.0008 1 0.0008 0.0010 0.0006 0.0008
2 0.0011 0.0005 0.0006 0.0007 0.0007 2 0.0009 0.0012 0.0009 0.0010
3 0.0009 0.0009 0.0008 0.0010 0.0009 3 0.0009 0.0009 0.0008 0.0009
4 0.0010 0.0005 0.0001 0.0009 0.0006 4 0.0012 0.0008 0.0012 0.0011
5 0.0012 0.0012 0.0013 0.0012 0.0012 5 0.0012 0.0013 0.0011 0.0012
AVG 0.0010 0.0008 0.0007 0.0009 0.0008 AVG 0.0010 0.0010 0.0009 0.0010
STD 0.0002 0.0003 0.0004 0.0002 0.0002 STD 0.0002 0.0002 0.0002 0.0002
Cylindricity
Meas.No. 1 2 3 4
1 0.0011 0.0014 0.0010 0.0010
2 0.0010 0.0016 0.0011 0.0013
3 0.0014 0.0011 0.0013 0.0010
4 0.0008 0.0007 0.0012 0.0014
5 0.0014 0.0014 0.0016 0.0014
AVG 0.0011 0.0012 0.0012 0.0012
STD 0.0003 0.0004 0.0002 0.0002




Tab. A.2 - Experimental investigation on measuring strategy (Pilot holes)
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Diameter Diameter
Exp.No. 1 4L 8P Exp.No. 2 3L 8P
Meas.No. L3 L6 L9 L12 AVG Meas.No. L 4.5 L75 L1105 AVG
1 9.9062 9.9065 9.9059 9.9038 9.9056 1 9.9070 9.9049 9.9042 9.9054
2 9.9064 9.9079 9.9060 9.9044 9.9062 2 9.9072 9.9058 9.9044 9.9058
3 9.9064 9.9074 9.9059 9.9042 9.9060 3 9.9070 9.9056 9.9053 9.9060
4 9.9060 9.9080 9.9059 9.9039 9.9060 4 9.9071 9.9055 9.9047 9.9058
5 9.9056 9.9078 9.9056 9.9043 9.9058 5 9.9067 9.9057 9.9043 9.9056
AVG 9.9061 9.9075 9.9059 9.9041 9.9059 AVG 9.9070 9.9055 9.9046 9.9057
STD 0.0003 0.0006 0.0002 0.0003 0.0002 STD 0.0002 0.0004 0.0004 0.0002
Diameter Diameter
Exp.No. 3 4L 12P Exp.No. 4 3L 12P
Meas.No. L3 L6 L9 L12 AVG Meas.No. L 4.5 L75 L105 AVG
1 9.9060 9.9075 9.9054 9.9039 9.9057 1 9.9067 9.9061 9.9048 9.9059
2 9.9064 9.9081 9.9066 9.9041 9.9063 2 9.9073 9.9057 9.9042 9.9057
3 9.9063 9.9083 9.9060 9.9036 9.9061 3 9.9075 9.9056 9.9045 9.9059
4 9.9065 9.9076 9.9062 9.9043 9.9062 4 9.9070 9.9061 9.9043 9.9058
5 9.9061 9.9072 9.9058 9.9042 9.9058 5 9.9074 9.9059 9.9042 9.9058
AVG 9.9063 9.9077 9.9060 9.9040 9.9060 AVG 9.9072 9.9059 9.9044 9.9058
STD 0.0002 0.0005 0.0004 0.0003 0.0002 STD 0.0003 0.0002 0.0003 0.0001
Roundness Roundness
Exp.No. 1 4L 8P Exp.No. 2 3L 8P
Meas.No. L3 L6 L9 L12 AVG Meas.No. L 45 L75 L105 AVG
1 0.0017 0.0022 0.0012 0.0017 0.0017 1 0.0017 0.0015 0.0020 0.0017
2 0.0019 0.0022 0.0018 0.0011 0.0018 2 0.0011 0.0014 0.0016 0.0014
3 0.0020 0.0021 0.0016 0.0013 0.0018 3 0.0012 0.0010 0.0016 0.0013
4 0.0019 0.0023 0.0014 0.0012 0.0017 4 0.0021 0.0009 0.0009 0.0013
5 0.0017 0.0020 0.0012 0.0008 0.0014 5 0.0010 0.0013 0.0009 0.0011
AVG 0.0018 0.0022 0.0014 0.0012 0.0017 AVG 0.0014 0.0012 0.0014 0.0013
STD 0.0001 0.0001 0.0003 0.0003 0.0001 STD 0.0005 0.0003 0.0005 0.0002
Roundness Roundness
Exp.No. 3 4L 12P Exp.No. 4 3L 12P
Meas.No. L3 L6 L9 L12 AVG Meas.No. L 4.5 L75 L105 AVG
1 0.0011 0.0018 0.0022 0.0019 0.0018 1 0.0018 0.0018 0.0019 0.0018
2 0.0011 0.0017 0.0032 0.0021 0.0020 2 0.0012 0.0014 0.0019 0.0015
3 0.0009 0.0028 0.0019 0.0021 0.0019 3 0.0015 0.0019 0.0020 0.0018
4 0.0012 0.0016 0.0021 0.0018 0.0017 4 0.0014 0.0015 0.0017 0.0015
5 0.0014 0.0018 0.0013 0.0017 0.0016 5 0.0011 0.0018 0.0018 0.0016
AVG 0.0011 0.0019 0.0021 0.0019 0.0018 AVG 0.0014 0.0017 0.0019 0.0016
STD 0.0002 0.0005 0.0007 0.0002 0.0002 STD 0.0003 0.0002 0.0001 0.0002
Cylindricity
Meas.No. 1 2 3 4
1 0.0038 0.0033 0.0039 0.0033
2 0.0041 0.0025 0.0044 0.0031
3 0.0038 0.0022 0.0044 0.0032
4 0.0040 0.0025 0.0037 0.0031
5 0.0040 0.0024 0.0037 0.0034
AVG 0.0039 0.0026 0.0040 0.0032
STD 0.0001 0.0004 0.0004 0.0001




Tab. A.3 - Experimental investigation on measuring strategy (Reamed holes)
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Diameter Diameter
Exp.No. 1 4L 8P Exp.No. 2 3L 8P
Meas.No. L3 L6 L9 L12 AVG Meas.No. L 4.5 L75 L1105 AVG
1 10.1125 10.1101 10.1062 10.1044 10.1083 1 10.1093 10.1076 10.1053 10.1074
2 10.1125 10.1074 10.1059 10.1036 10.1074 2 10.1093 10.1071 10.1052 10.1072
3 10.1121 10.1071 10.1061 10.1036 10.1072 3 10.1094 10.1074 10.1050 10.1073
4 10.1118 10.1073 10.1055 10.1035 10.1070 4 10.1091 10.1072 10.1048 10.1070
5 10.1123 10.1073 10.1056 10.1037 10.1072 5 10.1092 10.1066 10.1050 10.1069
AVG 10.1122 10.1078 10.1059 10.1038 10.1074 AVG 10.1093 10.1072 10.1051 10.1072
STD 0.0003 0.0013 0.0003 0.0004 0.0005 STD 0.0001 0.0004 0.0002 0.0002
Diameter Diameter
Exp.No. 3 4L 12P Exp.No. 4 3L 12P
Meas.No. L3 L6 L9 L12 AVG Meas.No. L 4.5 L75 L105 AVG
1 10.1109 10.1082 10.1051 10.1039 10.1070 1 10.1103 10.1078 10.1057 10.1079
2 10.1111 10.1086 10.1062 10.1046 10.1076 2 10.1095 10.1072 10.1056 10.1074
3 10.1110 10.1078 10.1067 10.1050 10.1076 3 10.1092 10.1074 10.1055 10.1074
4 10.1105 10.1076 10.1067 10.1045 10.1073 4 10.1098 10.1072 10.1054 10.1075
5 10.1109 10.1081 10.1066 10.1048 10.1076 5 10.1096 10.1074 10.1063 10.1078
AVG 10.1109 10.1081 10.1063 10.1046 10.1074 AVG 10.1097 10.1074 10.1057 10.1076
STD 0.0002 0.0004 0.0007 0.0004 0.0003 STD 0.0004 0.0002 0.0004 0.0002
Roundness Roundness
Exp.No. 1 4L 8P Exp.No. 2 3L 8P
Meas.No. L3 L6 L9 L12 AVG Meas.No. L 45 L75 L105 AVG
1 0.0057 0.0036 0.0030 0.0040 0.0041 1 0.0034 0.0021 0.0022 0.0026
2 0.0057 0.0032 0.0030 0.0025 0.0036 2 0.0045 0.0033 0.0028 0.0035
3 0.0065 0.0039 0.0030 0.0025 0.0040 3 0.0042 0.0032 0.0028 0.0034
4 0.0065 0.0043 0.0032 0.0024 0.0041 4 0.0049 0.0032 0.0028 0.0036
5 0.0064 0.0035 0.0030 0.0027 0.0039 5 0.0046 0.0031 0.0026 0.0034
AVG 0.0062 0.0037 0.0030 0.0028 0.0039 AVG 0.0043 0.0030 0.0026 0.0033
STD 0.0004 0.0004 0.0001 0.0007 0.0002 STD 0.0006 0.0005 0.0003 0.0004
Roundness Roundness
Exp.No. 3 4L 12P Exp.No. 4 3L 12P
Meas.No. L3 L6 L9 L12 AVG Meas.No. L 4.5 L75 L105 AVG
1 0.0066 0.0042 0.0045 0.0037 0.0048 1 0.0047 0.0046 0.0037 0.0043
2 0.0057 0.0045 0.0035 0.0033 0.0043 2 0.0049 0.0037 0.0030 0.0039
3 0.0058 0.0041 0.0034 0.0037 0.0043 3 0.0047 0.0039 0.0034 0.0040
4 0.0066 0.0042 0.0036 0.0028 0.0043 4 0.0053 0.0037 0.0033 0.0041
5 0.0058 0.0038 0.0038 0.0028 0.0041 5 0.0046 0.0040 0.0032 0.0039
AVG 0.0061 0.0042 0.0038 0.0033 0.0043 AVG 0.0048 0.0040 0.0033 0.0040
STD 0.0005 0.0003 0.0004 0.0005 0.0003 STD 0.0003 0.0004 0.0003 0.0002
Cylindricity
Meas.No. 1 2 3 4
1 0.0074 0.0046 0.0084 0.0060
2 0.0077 0.0054 0.0077 0.0055
3 0.0079 0.0054 0.0074 0.0055
4 0.0079 0.0056 0.0076 0.0061
5 0.0078 0.0051 0.0071 0.0054
AVG 0.0077 0.0052 0.0076 0.0057
STD 0.0002 0.0004 0.0005 0.0003




Appendix A - 4

Tab. A.4.1 - Experimental investigation on space accuracy (Diameter)

Hole D
W.P. No. [mm]
(-3) (-6) (-9) (-12) AVG

1.3. 18 10.1168 10.1122 10.1082 10.1051 10.1106
5 10.1163 10.1125 10.1087 10.1042 10.1104
39 10.1172 10.1117 10.1081 10.1042 10.1103
AVG 10.1168 10.1121 10.1083 10.1045 10.1104
STD 0.0005 0.0004 0.0003 0.0005  0.0001
1.8. 7 10.1140 10.1085 10.1034 10.1086
28 10.1143 10.1075 10.1036 10.1085
1 10.1140 10.1081 10.1035 10.1085
AVG 10.1141 10.1080 10.1035 10.1085
STD 0.0002  0.0005 0.0001  0.0001
1.11. 36 10.1156 10.1110 10.1071 10.1033 10.1093
1 10.1155 10.1115 10.1071 10.1033 10.1094
19 10.1149 10.1107 10.1075 10.1032 10.1091
AVG 10.1153 10.1111 10.1072 10.1033 10.1092
STD 0.0004 0.0004 0.0002 0.0001  0.0001
1.12. 34 10.1166 10.1109 10.1076 10.1039 10.1098
23 10.1158 10.1112 10.1072 10.1033 10.1094
40 10.1180 10.1117 10.1079 10.1042 10.1105
AVG 10.1168 10.1113 10.1076 10.1038 10.1099
STD 0.0011  0.0004 0.0004 0.0005  0.0005
1.15. 1 10.1109 10.1076 10.1037 10.1074
22 10.1115 10.1079 10.1034 10.1076
14 10.1123 10.1082 10.1036 10.1080
AVG 10.1116 10.1079 10.1036 10.1077
STD 0.0007  0.0003 0.0002  0.0003
AVG 0.00025
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Tab. A.4.2 - Experimental investigation on space accuracy (Roundness and cylindricity)

Hole R C
W.P. No. [mm] [mm]
(-3) (-6) (-9) (-12) AVG
1.3. 18 0.0032 0.0033 0.0024 0.0035 0.0031 | 0.0083
5 0.0033  0.0029 0.0028 0.0023 0.0028 | 0.0085
39 0.0027  0.0037 0.0019 0.0018 0.0025 | 0.0082
AVG 0.0031 0.0033 0.0024 0.0025 0.0028 | 0.0083
STD 0.0003 0.0004 0.0005 0.0009  0.0003 | 0.0002
1.8. 7 0.0023 0.0017 0.0023 0.0020 0.0021 | 0.0110
28 0.0025 0.0021 0.0018 0.0018 0.0021 | 0.0114
1 0.0020 0.0019 0.0026 0.0017 0.0021 | 0.0111
AVG 0.0023 0.0019 0.0022 0.0018 0.0021 | 0.0112
STD 0.0003 0.0002 0.0004 0.0002 0.00001 [ 0.0002
1.11. 36 0.0031 0.0026 0.0026 0.0019 0.0026 | 0.0085
1 0.0038 0.0031 0.0013 0.0014 0.0024 | 0.0085
19 0.0045 0.0033 0.0013 0.0011 0.0026 | 0.0081
AVG 0.0038 0.0030 0.0017 0.0015 0.0025 | 0.0084
STD 0.0007  0.0004 0.0008 0.0004 0.0001 [ 0.0002
1.12. 34 0.0041 0.0023 0.0013 0.0012 0.0022 | 0.0087
23 0.0026  0.0017 0.0018 0.0020 0.0020 | 0.0083
40 0.0043 0.0017 0.0014 0.0017 0.0023 | 0.0094
AVG 0.0037 0.0019 0.0015 0.0016 0.0022 | 0.0088
STD 0.0009 0.0003 0.0003 0.0004 0.0001 [ 0.0006
1.15. 1 0.0043 0.0031 0.0031 0.0012 0.0029 | 0.0079
22 0.0037  0.0022 0.0023 0.0019 0.0025 | 0.0081
14 0.0052 0.0027 0.0032 0.0027 0.0035

AVG 0.0044  0.0027 0.0029 0.0019 0.0030 | 0.0080
STD 0.0008 0.0005 0.0005 0.0008 0.0005 [ 0.0001
AVG 0.00020 | 0.00026
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Appendix B -1

Fig. B.1 - Surface roughness for every reaming operation
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Surface roughness — Reaming operation R4

6 - H Position A[]
1, = Position B| |
< 08
x

0,4 -

0,0 -

DT T T T T e X X (VTN N TN

W.P. No. []

Surface roughness — Reaming operation R5

1,4 T =position A
1,2 - mposition B I

N A N O N AN AN

W.P. No. [-]
Surface roughness — Reaming operation R6
1,4 ® Position A
m Position B[




Page | 132

Appendix B - 2

Fig. B.2 - Surface roughness comparison for R1/R2, R2/R3, R3/R4, R3/R5 and R3/R6 ream-
ing operations
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Surface roughness comparison — R3/R5 (nozzle position)
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Tab. C.1 - Reaming thrust uncertainty calculation
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Reaming torque — Reaming operation R2
Uncertainty . A E_stimated uncer-
No. component First derivative tainty of the uncer-
tainty component
dTo dTo
x u; (x;) a u; (x;)
Uncertainty of specif- 9To
u, (k) | ic cutting force influ- o 0.0255 u(k.) 249 6.3
ence on torque ¢
Uncertainty of feed dTo
w27 | influence on torque of 212 u(f) 0.012 2:5
Uncertainty of reamer 9To
us;(Dg) | diameter influence on T -1343 u(Dg) 0.0025 -3.3
torque K
Uncertainty of pilot oo
u,(d) | hole influence on tor- r 1417 u(d) 0.0035 5.0
que
Uncertainty of win-
us(wsd) | dow span definition u(wsd) 2.7 2.7
influence on torque
Uncertainty of oil
ug(0ily) | temperature influence u(Qopi) 1.6 1.6
on torque
Uncertainty of acqui-
u,(acq) | sition system influ- u(acq) 5.8 5.8
ence on torque
Uncorrelated com-
bined uncertainty | uR(To) 47.3
[Nmm]
Coverage factor (for K 5
ac. |. of 95%)
Expanded com-
bined uncertainty | UR(To) 95
[Nmm]
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Reaming torque — Reaming operation R3
Uncertainty . A E_stimated uncer-
No. component First derivative tainty of the uncer-
tainty component
dTo dTo
x u; (x;) a u; (x;)
Uncertainty of specif- 3To
u, (k) | ic cutting force influ- T 0.0169 u(k,) 282 4.8
ence on torque ¢
w, (F) Uncertainty of feed aTo 238 u(f) 0.012 57
2 influence on torque of ' '
Uncertainty of reamer 9To
us;(Dg) | diameter influence on T -1007 u(Dg) 0.0023 -2.3
torque K
Uncertainty of pilot oo
u,(d) | hole influence on tor- r 1062 u(d) 0.0035 3.7
que
Uncertainty of win-
us(wsd) | dow span definition u(wsd) 4.7 4.7
influence on torque
Uncertainty of oil
ue(0il,) | temperature influence u(Qpi) 1.6 1.6
on torque
Uncertainty of acqui-
u,(acq) | sition system influ- u(acq) 5.8 5.8
ence on torque
Uncorrelated com-
bined uncertainty | uR(To) 10.3
[Nmm]
Coverage factor (for K 5
ac. . of 95%)
Expanded com-
bined uncertainty | UR(To) 21
[Nmm]
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Reaming torque — Reaming operation R4
Uncertainty . A E_stimated uncer-
No. component First derivative tainty of the uncer-
tainty component
dTo dTo
x u; (x;) a u; (x;)
Uncertainty of specif- 3To
u, (k) | ic cutting force influ- T 0.0082 u(k,) 282 2.3
ence on torque ¢
w, (F) Uncertainty of feed dTo 115 u(f) 0.012 13
2 influence on torque of ' '
Uncertainty of reamer 9To
us;(Dg) | diameter influence on T -1010 u(Dg) 0.0023 -2.3
torque K
Uncertainty of pilot oo
u,(d) | hole influence on tor- r 1036 u(d) 0.0035 3.6
que
Uncertainty of win-
us(wsd) | dow span definition u(wsd) 0.5 0.5
influence on torque
Uncertainty of oil
ue(0il,) | temperature influence u(Qpi) 1.6 1.6
on torque
Uncertainty of acqui-
u,(acq) | sition system influ- u(acq) 5.8 5.8
ence on torque
Uncorrelated com-
bined uncertainty | uR*(To) 7.9
[Nmm]
Coverage factor (for K 5
ac. . of 95%)
Expanded com-
bined uncertainty | UR(To) 16
[Nmm]
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Reaming torque — Reaming operation R5
Uncertainty . A E_stimated uncer-
No. component First derivative tainty of the uncer-
tainty component
dTo dTo
x u; (x;) a u; (x;)
Uncertainty of specif- 3To
u, (k) | ic cutting force influ- T 0.0170 u(k,) 282 4.8
ence on torque ¢
w, (F) Uncertainty of feed dTo 238 u(f) 0.012 28
2 influence on torque of ' '
Uncertainty of reamer 9To
us;(Dg) | diameter influence on T -1007 u(Dg) 0.0025 -2.5
torque K
Uncertainty of pilot oo
u,(d) | hole influence on tor- r 1062 u(d) 0.0035 3.7
que
Uncertainty of win-
us(wsd) | dow span definition u(wsd) 2.1 2.1
influence on torque
Uncertainty of oil
ue(0il,) | temperature influence u(Qpi) 1.6 1.6
on torque
Uncertainty of acqui-
u,(acq) | sition system influ- u(acq) 5.8 5.8
ence on torque
Uncorrelated com-
bined uncertainty | uR*(To) 9.5
[Nmm]
Coverage factor (for K 5
ac. . of 95%)
Expanded com-
bined uncertainty | UR(To) 19
[Nmm]
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Reaming torque — Reaming operation R6
Uncertainty . A E_stimated uncer-
No. component First derivative tainty of the uncer-
tainty component
dTo dTo
x u; (x;) a u; (x;)
Uncertainty of specif- 3To
u, (k) | ic cutting force influ- T 0.0169 u(k,) 282 4.8
ence on torque ¢
w, (F) Uncertainty of feed dTo 238 u(f) 0.012 57
2 influence on torque of ' '
Uncertainty of reamer 9To
us;(Dg) | diameter influence on T -1007 u(Dg) 0.0021 -2.2
torque K
Uncertainty of pilot oo
u,(d) | hole influence on tor- r 1062 u(d) 0.0035 3.7
que
Uncertainty of win-
us(wsd) | dow span definition u(wsd) 1.2 1.2
influence on torque
Uncertainty of oil
ue(0il,) | temperature influence u(Qpi) 1.6 1.6
on torque
Uncertainty of acqui-
u,(acq) | sition system influ- u(acq) 5.8 5.8
ence on torque
Uncorrelated com-
bined uncertainty | uR*(To) 9.3
[Nmm]
Coverage factor (for K 5
ac. . of 95%)
Expanded com-
bined uncertainty | UR(To) 19
[Nmm]
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Appendix C - 2

Tab. C.2 - Reaming torque uncertainty calculation

Reaming thrust — Reaming operation R1
Uncertainty ) A E_stimated uncer-
No. component First derivative tainty of the uncer-
tainty component
aTh aTh
ox; u; (x;) x| u; (x;)
Uncertainty of specif- oTh
u; (k) | ic cutting force influ- — 0.0051 | wu(k.) 249 1.3
ence on thrust ¢
. Uncertainty of feed dTh
() | influence gn thrust of 43 u(f) 0.012 0.5
Uncertainty of reamer aTh
u3(Dg) | diameter influenceon | —— -614 u(Dg) | 0.0024 -15
thrust ?
Uncertainty of pilot oTh
u, (d) hole influence on — 627 u(d) 0.0035 2.2
thrust
Uncertainty of win-
ug(wsd) | dow span definition u(wsd) | 0.23 0.23
influence on thrust
Uncertainty of oil
ug(0il,) | temperature influence u(Qoi1) 1.6 1.6
on thrust
Uncertainty of acqui-
u,(acq) | sition system influ- u(acq) 0.6 0.6
ence on thrust
Uncorrelated com-
bined uncertainty | uR(Th) 34
[N]
Coverage factor (for K 5
ac. |. of 95%)
Expanded com-
bined uncertainty | URY(Th) 7
[N]
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Reaming thrust — Reaming operation R2
Uncertainty ) A E_stimated uncer-
No. component First derivative tainty of the uncer-
tainty component
aTh aTh
ox; u; (x;) x| u; (x;)
Uncertainty of specif- oTHh
ui(ke) | iccutting force influ- | == 0.0051 | wu(k,) 249 1.3
ence on thrust ¢
. Uncertainty of feed dTh
u2(f) influence gn thrust of 42 u(f) 0.012 0.5
Uncertainty of reamer OTh
u3(Dg) | diameter influenceon | —— -614 u(Dg) | 0.0025 -15
thrust 5
Uncertainty of pilot oTh
u, (d) hole influence on — 627 u(d) 0.0035 2.2
thrust
Uncertainty of win-
ug(wsd) | dow span definition u(wsd) | 0.13 0.13
influence on thrust
Uncertainty of oil
ug(0il,) | temperature influence u(Qpi1) 1.6 1.6
on thrust
Uncertainty of acqui-
u,(acq) | sition system influ- u(acq) 0.6 0.6
ence on thrust
Uncorrelated com-
bined uncertainty | uR(Th) 35
Coverage factor (for K 5
ac. . of 95%)
Expanded com-
bined uncertainty | URY(Th) 7
[N]
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Reaming thrust — Reaming operation R3
Uncertainty ) A E_stimated uncer-
No. component First derivative tainty of the uncer-
tainty component
aTh aTh
ox; u; (x;) x| u; (x;)
Uncertainty of specif- oTHh
ui(ke) | iccutting force influ- | == 0.0034 | u(k,) 282 1.0
ence on thrust ¢
. Uncertainty of feed dTh
u2(f) influence gn thrust of 48 u(f) 0.012 0.5
Uncertainty of reamer OTh
u3(Dg) | diameter influenceon | —— -460 u(Dg) | 0.0023 -1.0
thrust 5
Uncertainty of pilot oTh
u, (d) hole influence on — 470 u(d) 0.0035 1.7
thrust
Uncertainty of win-
ug(wsd) | dow span definition u(wsd) | 0.03 0.03
influence on thrust
Uncertainty of oil
ug(0il,) | temperature influence u(Qpi1) 1.6 1.6
on thrust
Uncertainty of acqui-
u,(acq) | sition system influ- u(acq) 0.6 0.6
ence on thrust
Uncorrelated com-
bined uncertainty | uR(Th) 2.8
Coverage factor (for K 5
ac. . of 95%)
Expanded com-
bined uncertainty | URY(Th) 6
[N]
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Reaming thrust — Reaming operation R4
Uncertainty ) A E_stimated uncer-
No. component First derivative tainty of the uncer-
tainty component
aTh aTh
ox; w; (x;) x| u; (x;)
Uncertainty of specif- oTHh
ui(ke) | iccutting force influ- | —= 0.0016 | wu(k,) 282 0.5
ence on thrust ¢
. Uncertainty of feed dTh
uz(f) influence gn thrust of 23 u(f) 0.012 0.3
Uncertainty of reamer OTh
u3(Dg) | diameter influenceon | —— -460 u(Dg) | 0.0023 -1.1
thrust 8
Uncertainty of pilot oTh
u, (d) hole influence on — 465 u(d) 0.0035 1.6
thrust
Uncertainty of win-
ug(wsd) | dow span definition u(wsd) | 0.09 0.09
influence on thrust
Uncertainty of oil
ug(0il,) | temperature influence u(Qpi1) 1.6 1.6
on thrust
Uncertainty of acqui-
u,(acq) | sition system influ- u(acq) 0.6 0.6
ence on thrust
Uncorrelated com-
bined uncertainty | uR1(Th) 2.6
Coverage factor (for K 5
ac. . of 95%)
Expanded com-
bined uncertainty | URY(Th) 5
[N]
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Reaming thrust — Reaming operation R5
Uncertainty ) A E_stimated uncer-
No. component First derivative tainty of the uncer-
tainty component
aTh aTh
ox; u; (x;) x| u; (x;)
Uncertainty of specif- oTHh
ui(ke) | iccutting force influ- | == 0.0034 | u(k,) 282 1.0
ence on thrust ¢
. Uncertainty of feed dTh
u2(f) influence gn thrust of 48 u(f) 0.012 0.6
Uncertainty of reamer oTh
usz(Dg) | diameter influence on 0 -460 u(D) 0.0025 -1.1
thrust
Uncertainty of pilot oTh
u, (d) hole influence on — 470 u(d) 0.0035 1.7
thrust
Uncertainty of win-
ug(wsd) | dow span definition u(wsd) | 0.06 0.06
influence on thrust
Uncertainty of oil
ug(0il,) | temperature influence u(Qpi1) 1.6 1.6
on thrust
Uncertainty of acqui-
u,(acq) | sition system influ- u(acq) 0.6 0.6
ence on thrust
Uncorrelated com-
bined uncertainty | uR(Th) 2.9
Coverage factor (for K 5
ac. . of 95%)
Expanded com-
bined uncertainty | URY(Th) 6
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Reaming thrust — Reaming operation R6
Uncertainty ) A E_stimated uncer-
No. component First derivative tainty of the uncer-
tainty component
aTh aTh
ox; u; (x;) x| u; (x;)
Uncertainty of specif- oTHh
ui(ke) | iccutting force influ- | == 0.0034 | u(k,) 282 1.0
ence on thrust ¢
. Uncertainty of feed dTh
u2(f) influence gn thrust of 48 u(f) 0.012 0.5
Uncertainty of reamer OTh
u3(Dg) | diameter influenceon | —— -460 u(Dg) | 0.0021 -1.0
thrust 5
Uncertainty of pilot oTh
u, (d) hole influence on — 470 u(d) 0.0035 1.7
thrust
Uncertainty of win-
ug(wsd) | dow span definition u(wsd) | 0.08 0.08
influence on thrust
Uncertainty of oil
ug(0il,) | temperature influence u(Qpi1) 1.6 1.6
on thrust
Uncertainty of acqui-
u,(acq) | sition system influ- u(acq) 0.6 0.6
ence on thrust
Uncorrelated com-
bined uncertainty | uR(Th) 2.8
Coverage factor (for K 5
ac. . of 95%)
Expanded com-
bined uncertainty | URY(Th) 6
[N]
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Appendix C - 3

Fig. C.1 - Reaming thrust and reaming torque for every reaming operation
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Reaming thrust and reaming torque — Reaming operation R4
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Appendix C - 4

Fig. C.2 - Reaming thrust and reaming torque comparison for R1/R2, R2/R3, R3/R4,
R3/R5 and R3/R6 reaming operations

Reaming thrust and reaming torque comparison - R1/R2 (reverse feed rate)

— Reverse feed rate —
(_slow/ rapid)

(o]
o
]

— Reverse feed rate
(slow/rapid)

!
1

= N

(o] o

o o
]

(@)
(@)

[EEN
(0]
o

¢

[EEN
~
o

(2]
o

[EEN
(o2}
o

Reaming thrust [N]
=
=
Reaming torque [Ncm]

al
(@)

[EEN
al
o

R1 R2 R1 R2
Reaming operation Reaming operation

Reaming thrust and reaming torque comparison — R2/R3 (feed)

90 — Feed (0.315/0.21 —

=200 — Feed (0.315/0.21 —
= mm.rev-1) S mm.rev1)
= 80 =180 T
g 2 $
2 70 =
< 1 = 160
]
rgm 60 > .
= 140
£ 50 { £ t
3 g
T 40 . & 120 .
R2 R3 R2 R3
Reaming operation Reaming operation
Reaming thrust and reaming torque comparison — R3/R4 (depth of cut)
70 ——— Depth of cut T 150 —— Depth of cut
Z' 60 (0.01/0.05 mm) S 140 7(0.01/0.05 mm)
2 50 ) 1
~ 3 130
S 40 S |
> T 120
£ 30 ! > T
= =
5:3 20 1 % 110 I
10 . @ 100 .

R3 R4 R3 R4
Reaming operation Reaming operation




Page | 148

Reaming thrust and reaming torque comparison — R3/R5 (nozzle position)
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Appendix C -5

Fig. C.3 - Reaming thrust and reaming torque graphs for each reamed specimen and every RO
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Reaming operation R2
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Reaming operation R3
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Reaming operation R4
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Reaming operation R5
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Reaming operation R6
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Appendix D - 1

Tab. D.1 — Reamer diameter measurements
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R1

Reaming operation / 10 mm Gauge block
R2

GB

GB

R3

GB

Meas.No.

D1

D2

a

D1

D2

a

D1

D2

O© 00 N O Ol WDN K-

=
o

10.101
10.102
10.099
10.102
10.102
10.102
10.100
10.102
10.100
10.102

10.092
10.091
10.090
10.091
10.090
10.091
10.091
10.090
10.091
10.091

10.002
10.002
10.002
10.001
10.002
10.002
10.001
10.002
10.002
10.001

10.102
10.100
10.100
10.100
10.101
10.101
10.099
10.102
10.102
10.099

10.090
10.088
10.088
10.090
10.089
10.087
10.087
10.090
10.090
10.089

10.005
10.004
10.004
10.004
10.004
10.004
10.004
10.004
10.005
10.004

10.101
10.099
10.099
10.099
10.102
10.099
10.099
10.099
10.100
10.100

10.090
10.091
10.092
10.091
10.090
10.091
10.091
10.091
10.091
10.093

10.003
10.002
10.002
10.003
10.002
10.002
10.002
10.002
10.002
10.003

avg
std

10.101
0.0011

10.091
0.0006

10.002
0.0005

10.101
0.0012

10.089
0.0012

10.004
0.0004

10.100
0.0011

10.091
0.0009

10.002
0.0005

R4

Reaming operation / 10 mm Gauge block
R5

GB

GB

R6

GB

Meas.No.

D1

D2

a

D1

D2

a

D1

D2

© 00 NO Ol WDN K-

=Y
o

10.002
10.000
10.000
10.001
9.999

10.000
10.000
10.002
10.000
10.002

9.990
9.989
9.991
9.989
9.989
9.990
9.990
9.992
9.990
9.990

10.003
10.004
10.004
10.004
10.003
10.003
10.003
10.004
10.003
10.004

10.100
10.102
10.102
10.100
10.099
10.099
10.100
10.102
10.100
10.100

10.090
10.092
10.091
10.089
10.090
10.091
10.089
10.090
10.090
10.089

10.002
10.003
10.002
10.002
10.002
10.003
10.002
10.002
10.002
10.003

10.101
10.100
10.101
10.099
10.100
10.098
10.101
10.101
10.100
10.100

10.090
10.089
10.089
10.090
10.089
10.089
10.090
10.089
10.089
10.090

10.001
10.002
10.001
10.002
10.000
10.000
10.001
10.000
10.002
10.001

avg
std

10.001
0.0011

9.990

10.004

0.0009 0.0005

10.100
0.0012

10.090
0.0010

10.002
0.0005

10.100
0.0010

10.089
0.0005

10.001
0.0008




