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This Final Technical Report covers work performd under Contract 6
T33615-6-C-1148 from I December 1967 to 30 April 1969. To manuscript
was released by the authors in April lq6 9 for publication.

This co.tract with Metcut Research Associates Inc., Cincinnati. Chio,
was initiatel under Manufacturing Methods Project 703-8, "wachinabtln
Psr.'z,'t rs on New and Seiective Aerospace MtaterLals." It was sccomlisl'ed
under the technical direction of Mr. Max A. Guenther and Lt. .av~md Cc •e
of the Fabrication 1kranchi (MATT), Manufacturing Tec-.rolov Division. Air
Force Material* Laboratory, Wright-Patterson Air Force Base. Ohio.

Mr. Norun Zlatin. Director of Machinability Researth at Hetcut. was
te engineer in charge. Others who coop'rated in the preparation of this
report were: Crs. Michael Field and F. E. Westermann and Messrs. John D.
Christopher. L.R. Gatto, and John B. Kohl*. This project has been given 6
the Metcut Research rternal Numer 960-11400.

This project has been ccomsplished as a pert of the Air Force Manufac-
turing Methods Pregram. the primary objective of which is to develop on
a ti. 'y bast. manutacturing processe$, techniques, and equipment for use
in economical production ef USAF materials ind comionente. * •

Your coments are solicited on the potential uttlisattn of the irforv.
tion contained herein as tpplied to your present or future production pro-
grass. Suggestions concerning additional manufacturing methods deovlopiont
required oan this or other subjects will be appreciated.

This technical report Uas b*en reviewd and to approved.

OChief. Fabrication trench
"Nanu aeturing Technology Division
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A S " ACT

F:our groups of alloys nf interest to thv aerosp.ce ind.stry were Pelected
for the machinability studies from a survey of the industry and a review of •
the literature. The four groups consisted of (i) high strength steels.
(2) titanium alloys. (3) nickel base alloys and (4) stainless Iteel alloys.
Both wrought and cast alloys were incl-4ded in the first three grnups.

C'onvrntionAl tools were pner.illy used in this Program. However. durin
the span of this progran. multiple-tooth carbide milini rz etrs ('ai.h - S
provided a greater variety of tool geometries) were made available
commerc.ally. This development permitted a wider range of investigations
with multi"le-tooth cutters in face milling the variety of alloys includ.:d
in this pr, -am. Also. end milling cutters ut-.Isling "throwaway" inserts
were made ivailable which had a geometry more suitable for peripheral
end milling the difficult-to-machine high nickel base alloys. Hence. these •
cutters were used in many of the tests. The cutting speeds with these
carbide cutters were at least double thote permitted with high speed steel
end mills.

In ,,neral. the cast nickel base allovs required even lower cutting speeds
than the wroight alloys in this category. Recommendations are lia'ed in I *
tables in the report for machining all of the alloys included in this program
with commercially available tools. It should be noted. however. that in
some instances small departures from the suggested cutting s.*eeds. feeds.
cutting fluids, tool geometries or tool materials could result in signrficant
redactions in tool life.

The relationship between dimensional accuracy and length of end mill
cutter was also determned. This investgaton also included the effect
of tool wear on cutter deflection.

A ahort study was also made of the machined surfaces ostained by face t I
m4,14nit and grinding of two titanium alloys, a lugh etrength steel, and a : t I
nickel base alloy.

Ths document ts subeet to special export controls and each transmittal to
forcisn goernments or foreign nationals may be made only with prior I I
apyrovel of the Manuacturint Technology Division. MAT. Air Furte
Msteruale Labratory. Wrilht-Patterson Air Force Base. Ohio 44)3.
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P Photnoravh of l.eilond Heav-v Duly Lath- 6 41

V i',,t, ra.i of Cin r nati. No. 3 11 irizo-tal Ifigh Speed
Dal TN;-" Mfll:n Machine

3 V'hotoravh of (:ncinnati No. 2 Vertical Dial TyWe

4 P'lvtAvh of Cancinrati Cainova O Ve'rtta Mdl ning 4!

hta lIa ne

Face Mtlling Setup Ii

t, End lhellhng Setups 33

7 IPh.' lgrach of Bckfurd Heavy Duty Box l,)]umn Drill I 4'
Press and Cincinnatt Box Colhmn Drilling Machine 1Z
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In rrnnq HP 4)-4-45 Steel N,:.rna:ized 341 BSN Z2 * *
11 Turrinrg 11" 9-4.4S Steel N14rmalaed 343 fIN ZZ

'2 Turning 1W .4.45 Steel Normalised 341 61IN 23

13 Face MIling HP Q-4-4 Steel Normalized 30#. 7 HN Z

14 Fac Milling 11 4-4-4S Steel Norrnaliaed 302 8HN 24 41

is race Milli ai liP 9-4-45 Steel Normalized 302 V HN Z4

Ib rate Milling HP 9-4-45 Steel Normalized 302 8HIN s

1? face Milling HP 9-4-45 Steel N:ormaliaed 302 SHN as

Is race Milling HP 9-4-45 Steel Nnrmaliaed 30* S HIN Z6 4

19 Face Milling HP 9-4-4S Steel Normalized 30* 3HN 16

20 Peripheral End Millin HP 9-4-45 Steel No@rnahied
30 5HN 27

*1 Peripheral End Milling HP 9.4-4S Sxwel Normalized
302 SHN 1? 4 6

22 End Mili Slottong HP 9-4.4$ Steel Normalized 302 SHI' as

a3 End Mill Slotting HP 9-4-41 Steel Normalized 301 BHN t8
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44 Face Milling Cast 18% Nickel Macaging Steel Soluation
Treated 33 I3I ?) 40
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Treated)31 ISHM 49
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50 Peri'eaEnMilli ng Cast IS'* Nickel Ma aging Steel S~to rae
Souiietd311 BHt'S

S) Turiwl Ualng Cas t 38%# Nickel Marar,&nR Steel Aie 44pc$

54 Turningi Cast We% N.6kel Maragtimi Steel 570

5S Tsnirig Cast 1$', Nickel Marag tig Steel 58

S6 Face Milling Cast 17-4 P11 Solution Treated and Aged
4$ IS 3HN 6

S7 Face Milling Cast 17-4 PH1 Solbtion Treated and Aged 0
41S BHN 6S

se Face Milling Cast 17.4 PH4 Solution Treated and Aged
41S 8117 66

$9 Face Milling Cast 17-4 PH Solution Treated and Aged
43S BHN 66 0
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93 Face Miling Cast 17.-4 PH Solutas V. ea'e4 PAi Aged
41S847 a6
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afnd Aged 41S BHN 70
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41S BIN 1

End Mill Slotting Cast 17-4 Pit 5'. -,tion Trv.aed anf Aled
415 SHN 71

70 End Mill Slotting Cast 17-4 P11 S(jl,4tion Treated ad Aaed
415 1 1 "

7I End Mdl SI 'tt-. Cast 17-4 P11 S,.,[,n T-'ra'* .%-dt Age'j *
41,% BI!N

Z Drilling Cast 17.4 PH Soiutaon Treated amd Aived 4 1 % RI'

73 Reaming Cast 17.4 Pl Solution TreatoO and Aled 435 IIN 73
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e4 •r ing Almar 3b1 Amaalod and _.m r Aged IS& Bu1N4
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128 R n Titard'~m 6~Al-4% B-.a Fig- %.'111
331 BH{N
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331 1 N I1Z1
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331 BHN 124
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137 Face Milling Cast Tatanium 6Ai.4V As Cast 341 BHN 1 q

138 Face Milling Cast Titanium 6AI-4V As Cast 341 BiN 130

139 Face Milling Cast Titaniu.-n bAI.4V As Cast 341 BHN 130

140 Face Milling Cast Titanium 6AI-4V As Cast 341 BHN I1I

141 Face Milling Cast Titanium bAi-4V Ag Cast 341 BHN 131

142 Peripheral End Milling Cast Titanium bAl-4V As Cast
311 BSlN lZ

143 Peripheral End Mlling Cast Titanium 6AI-4V As Cast
311 BHN 132

144 End Mill Slotttng Cast Titanium tAI-4V AS Cast 311 BHN 131
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147 End Mill Slotting Titanium 6A-1.ZSn-4Zr-ZMo Solution
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148 End Mill Sotting Titanium tAl-ZSn-4Zr.ZMo S lution
Treated and Aged 3Z BHN 140

141 End Mill Slottirg Titaniurm 6AI-ZSn-4Zr.ZMo S'ilution
Treated and Aged 3ZI IUN 141

1;0 Drilling Titanium 6Al-ZSn-4Zr.ZMo Solution Treated ,
and Aged 3Z1 BHN 14Z

151 Drilling Titanium 6A -ZSn-4Zr-ZMo Solution Treated
and Aged 3Z1 BHN 14Z

152 Drilling T;!anium 6AI-ZSn*4Zr-ZMo Solution Treated
and Aged 321 BIIN 143 a

153 Drilling Titanium 6A-ZSn-4Zr-ZMo Solution Treated

and Aged 321 BHN 143

154 Reaming Titanium 6AI-ZSno4Zr-ZMo Solution Treated
and Aged 321 IN 144

1.5 Tapping Titanium 6AI-ZSn-4Zr-ZMo Solution Treated I *
and Aged 321 BHN 144

156 Tapping Titanjum 6AI-ZSn-4Zr-ZMo Solution Treated
and Aged 321 5MN 145

1!7 Tapping Titaruum 6A-ZSn-4Zr-ZMo Solution Treated

and Aged 321 BHN 145

It8 Turnang Titanium 679 Solution Treated and Aged 35Z B HN 150

159 Turning Titanium 679 Solution Treated and Aged 352 5HN 150

160 Turning Titanium £79 Solution Treated and Aged 35Z HN Sl1

161 Turning Titanium 679 Solution Treated and Aged 352 BHN A1 I

lba Peripheral End Milling Titanium 679 Solution Treated
and Aged 3S2 BH 152

163 Peripheral End Milling Titanium 679 Solution Treated
and Aged 352 BHN 152 ;

,
S164 Peripheral End Milling Titanium 679 Solution Treated

and Aged 352 BHN 153

* 165 Peripheral End MaUing Titanium 679 Solution Treated
and Aged 3SZ BHN IS3
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I (,t Prr~p ,PrA| En, ,i M ilini Ti1an;,.n t,.1 S .,.Tion Tre.itrd 4
anid Ai 3'.! IMHN

Ib7 Dr-,i1inu Titani..rn 7 4 Sluti:n Trq-aq'd and Aie-d )41 PHWN !4

I ,, r aling Tian ,n -m In So'non TrvAtfid ard Aged 341 1AHN 1Y n

Agei 45 R, I".,
I71 Peripheral End Milling Inconel 7 1A So tion" Treated And

Aged 4$ R, '

171 Pe ripheral End Miling Inconel 7 18 Sollttion Treated and
Aged 45 Rc 14

172 Peripheral End Millng Intonel 71, Solution Treated and
Aged 45 Rr I .

173 Peripheral End Milling Inconel 718 Solltion Treated and
Aged 45 Rc  1-4

174 Peritpheral End Milling Inconel 71S Solution Treated and
Aged 45 Rc 1o4

175 Peripheral End Milling Inconel 718 Solution Treated and
Aged 45 Rc  165

17i Peripheral End Milling Inconel 718 Solution Treated and

Aged 45 R€  its
177 Peripheral End Milling Inconel 718 Solution Treated and

Aged 45 RI bb

178 Peripheral End Milling Inconel 718 Sol-tion Treated and
Aged 45 Rc 167

179 Peripheral End Milling Inconel 718 Solution Tiated and
Aged 45 Rc l6

100 Peripheral End M-Illng Inconel 718 Soluton Treated and

Aged 4S R€  167
181 Peripheral End Milling Inconel 718 Solution Treated and

Aged 45 RC 168

1SZ Peripheral End Milling Incoriel 715 Solution Treated and

Aged 45 Rc 166 S-
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!S3 Peripheral End MillinR Inconel 718 Solution Treated
and Aged 45 R 169

144 Peripheral End Milling Inconel 718 Solution Treated
and Aged 45 RC 169

1". eripheral End Mtlling Inconel 718 So4.tion Treated
and Aged 45 c 170

lS6 Peripheral End Milling Inconel 718 Solution Treated
and Aged 45 PC 170

1 7 Peripheral End Milling Inconel 7IS Solution Treated
and Aged 45 PC  171 4

1,R Face Milling Inconel 6' r, Annealed Z77 BHN 175

i,) Face Milling Inconel fZ5 Annealed 277 BHN 15

I 10 Er. Mill Slotting Inconel 6Z5 /'nnealed 277 BhN 176

I1I End Mdll Slotting Inconel 6Z5 Annealed 277 BHN 176 0
'1Z End Mill Slotting Inconel 625 Annealed Z77 BHN 177

1 13 End Mll Slotting Inconel 625 Annealed Z77 BHN 177

194 Peripheral End Milling As Caiet Udimet 700. 3Z BHN 14

195 Peripheral End Mlling As Cast VdiTnet 700. 302 I3HN 184 4

196 Peripheral 'nd Milling As Cast tdlmet 700. 302 BHN 185

197 Peripheral End Milling As Caet Udimet 700. 3002 DHN 1$
q

196 Peripheral End Milling As Cast Udamet 700. 302 SHN 16,

1 9 Peripheral End Milling As Cast Udimet 700. 302 NO04 186 1
ZOG Peripheral End Milling As Cast Udimee 700, 302 BHN 16?

201 Peripheral ECtd Milling As Cast Udamet 700. 302 3104 Is?

202 Peripheral End M41ling An Cast Udimet 700, 302 584N 184 ;

203 Peripheral End Milling As Cast Udimet 700, 302 BIHN I1 $

204 Peripheral End MIhllng As Cast Udimet 700. 302 bHN 189

205 End Mall Slotting As Cast Udamet 700, 302 DHN 189

2%; End Mll Slotting As Cast Udimet 700, 302 887N 190

3m6
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207 End W1 S1itting As Cast 'dimrt 7 30. B0 1 .4N 1

2 ,q 9 Drilling As Cast lUdimet 70'). 311,1 PIN

10Q Dr ii.nqI As Cast t'irmet 700. 3Z P11% II

210 Reamrng As Cast Vdimet 700. 302 PIN 11|

611 Rearnain An Cast Vdimet 700. 302 riHN 1

112 Reanir~g As Cast Udimet 700, 302 BHN 113

Z13 Tapping As Cast Udimet 700, 30Z WIN :14

214 Tapping As Cast .dirriet 700. 30Z BHN 114

215 I~erip ,vral End .tHihing Cast Inconel 718 As Cast Z6q BI?N 119 •

216 End Mill Slottitg Cast Inconel 718 As Cast Z69 BHN 198

217 End M4l1 Slotting Cast Inconel 718 As Cast Z69 BHN 191

218 Turning Greek Ascoloy 'awe',ched and Temppred 352 8114 20

219 Turning Greek Ascoloy Quenched and Tempered 352 BIN 2 5

220 Face MRlirg Greek Ascolov Quenched and Tempered

352 BHN 209

I21 Face Milling Greek Ascoloy Quenched and Tempered
352 SHN 209

I22 race Milang Greek Ascoloy Quenched .nd Tempered
352 BIN 210

223 race Milling Greek Aecoloy Quenched and Tempered
39S BN 210

224 race Milling Greek /Ascoly Quenched and Tempered
3SZ BHN all

U*S Face Milling Greek Ascel'iy Quenched and Tempered
352 BHN II1

226 Face Mill•in Greek Ascoesy Qatoched and Tempered
39Z BHN 212

I2? race Milling Greek Ascoley Qeached and Tempered
352 BHN sit

228 race Mdling Greek Ascoley Quech"d and Tempered
3S1 BW4 ll3

•
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I - LI&ST OP~?~ A OSe~n~l.1

V-0 Fat Md)&nig Greek Asc rloy Q'ienthoid and Tempered
152 Mil."21

230 Face .Milling Greek Asculoy Quenched and Tempered
'1M! 2;fNZ14

2T1 Fai.~' Mtlianz Greek Ascoloy Quenched and Tempered
"z~ MIPN 214

* 2 Face Millonit Greek Ascoloy Quenchod and Tempered
31;z BIN 215

?3 Face Mi)1~nv Gr.."t Asc'!-iy arad-iie tn empered
315.11 SIM Z15

Z)4 Face Mitri Grtek Ascoloy Quenched and Tempered
35Z M~IN4 216

21 Face WMltrig Greek Ascoloy '.)uenchod and Tempered
35Z PIN *16

131§ Prip' eral W~rw Mailinvg Greek Ascolay Quenched and *
Temipered ;Z BV3INi2

2117 Peripheral X#d WIlling Creek Ascoloy Qluesched and
Tempered 352 5W433

24 End Milt 51 ttin Greek Ascoloy Q'2q-chod and

Tempered W!? SUN 316
239 End M411 Slotting Gtreek Ascoloy Ouenached and

Tempered 3SI 111N Ma

140 Dra*Iia Greek Asaloy Quienchod and Tompereod 321 51414 219

241 Oring Greek Aseeloy Quenched and Tempeuied 321 RSHN all

141 Reaniusg Greek AscoloV Cliseched &ad Tempered 333 14 330 n

14) Topia Creok Astolmy Oweched ad Tempsu'ed II1 RDlE no

144 Distortion and 3esld4w1 Stroe Toot Spocame 33

245 Deflectsn oaeronim riuftw 334

24*. Phatograph of Clecttolytic Apparats Used for Daiferenusal
Etchang of Residual Stroe Specimieas Us5
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0 r 7 PA *! ,I

D''- r-i e I- From Face. Ming till 1~ 4-45
Marr'',-,re1', Tl - 232

44 Rrai ;a, S'roet A:.er F;ate Millina HP 1) 4-45

4.4 ~Frs',1 .. a.' e' Ater r ar Mihr-d fi' a- .4-%

% r #-r - r -I I R, 331

D. steor'i~ Rr.u.$ tieet Frort Fac Mirdnic HPi q-.4-45
Martempwrtd I R €  233

z$I Reurtut pileora Ater Fate Milting PP 4.4-45

NIa rtemp~red %lI R. 2)4

ReV3dial Siress After Face Miding P -4-454S
Mlartemnwred SI R C  234

.Stort n ReSi ing From Sirface Grindir HP 9-4-4S4

taMrtermpred li R €  235

Dit~rti')n 14404u;'Int From S-irfac. Grinding HP 11-4-45 *
M~w rn,rd rI P, 235

Reid,.&I Stress Ater Surface Grin~ding 14P 9.4. 15
Martempered SI Rc 236

zb Itesad,4aI Stress After Surface Grinding IP 9-4-4S

Martempered SI R €  &36

2s" Resid'ial Stress After Surfar Grinding HP 9-4-4S
Martempered %I Re 23?

4sa Reitfa Stress After Surface Grindang HP 9-4-4Martemrpered SI Re

259 Residua Stress After Surface Grinding HP 1.4-4S
Ma.tempered t Re A 2

240 Residual Stress After Surface Grinding HP 9.4.45
Martemrpered 51 Ius

Z61 Residual Stress After Surface Grinding VIP 9-4.4S
martempered sI Re 239

22 Distortion Result-rg rrom Fact kkillang Titanium
6AI.4V* Sets Rolle As"d 322 WIN4 24?

---. - -. -



11ST OF I?1AU'S ATIONS f untinvec)

Zel} Rrsidupl Stress After Face Mi>g T;tanium eA1-4V.
Beta Rolled, Aged 322 3HN Z47

V-4 Residual Stress After Face M irl; Titanium 6AI-4V.
Beta Rolled, Aged 322 BIN 241

Residual Stress After Face Milling Titanium 6AI.4V.
Beta Rolled, Aged 3ZZ BHFN Z48

N',. Dist3rtion Res-ilting From Fa'e Milling Titanium CAI-4V.
Beta Rolled, Aged 322 BHN Z4?

Z(7 Residual Stes After Face %illing Titanium 6AI-4V.
Beta Rnlled, Aged 3ZZ SHN 24')

Zt8 Distortion Rtesulting From" Surface Grrndrn~g Titanium
6AI-4V. Beta Rolled. Aged 322 BHN 2S0

Z69 Distortion Resulting From Surface Grindirg Titanium
tAI-4V. Bea Rolled. Aged 32Z PiHN 250

1-00 Distortion Resulting From Surface Gr4ndin , Titanium
tAl-4V. Beta Rolled. Aged 322 WIN Z51 I

Z"7 Residual Stress After Surface Grinding Titanium iAl.4V.
Beta Rolled. Aged 322 BHN 253

Z72 Residual Stress After Surface Grinding Ttanium fAl-4V.
Beta Rolled. Aged 322 BUN 2

27 Residual Stress After Surface Grinding Titanium 6AI-4V.

Beta Rolled, Aged 32Z BHN zSz

274 rhstortion Resulting From FaTe Miling Titanium
-.A-Sn-4Zr-IMo. Annealed 3III RI1 2i

ZT5 Residual Stress After Face MUlling Ti-Al.2Sn-4Zr-Zdo,.
Annealed 321 OHN h16

276 Residual Stress After race Milling Ti.4AI-ISn-4Zr-IMo.
Annealed III BHN 26

V?? Distortion Resulting From race Milling Titanium
6AI-ISn-4Zr-Mo. Annealed 321 BF1N RU

276 Residun* Stress After Face Mdhlra T-AN-Us-4Zr-lMo.
Annealed 321 5141 261

279 Residual Stress After race Milling Ti-W.2S-Zr.l.o
Annealed 321 O1HM 843

- lat
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3 DIor! wni Rrs ilt: ne, t'ror S ;r t C; e ~ G, ~ !am:a -n

t*A Z- n-4.' r -~ '% . A e41 32 Q1 !INN Z - 4 4

t.I-S~42.2u.Anpaled. 321 SIT', 204

D.,crt.u) Rq's-Itir From Sirfat e Gr~ndzn1aanu:

HRri .al 'Strc%q A-ter S rawG~~~*' m 14
tA~.~,-?r~2t'.A-rrd 321 PIIN

2 -'4 ResidlA Stress A:'rer Surface Grinzi Titan-.m
MIA-2-i-4/r,2o. Annealed 3!1 BU!N t

Res.dual Stress After Surface Grindinit T~tanvam
tAl-2Sn4Zr-*'%.o. Annealed 3Z1 MiPN t

Residual Stress Aiter Surface Gra~nrfn Ti-tAI.ZSn.4Zr-2Nfo.
Annealed 321 WIN Z i' -

Distortion Resultine From Face 16t.1ing Inconel tZ

Aneasf! 2') W!IN Z -4 * *
2ni Rext! aIl Stress A".er F.&(e Milling ;monl t '

Annealel Z00 PITN 27 4

Z2I9 Resid tal St-ess Alter Face Wiling Irconol 62S
Annealed ZOO BUN 2

240 Ditortion Resulting From Face MkIling Incon#l 62S
Annealed 203 BHN 7

Z91 Residuaal Stress After Face Millinag tnconel 625
Annealed ZOO SHN 7

22 Residual Stress After lace Milling Inconel 62S
Annealed ZOO WIN 276 6

29) D~stortion itesuitant rromn Surface Grinding Incofel 62S
Anneald 200 BHN 277

Z94 Distortion Resulting From Ssirface Grinding Inconel 62S
Annealed 200 BHN Z77

295 Reidual Stress After Surface Grin#ea Inconel 625
Aaaealed 100 BII? 278



Rploidu.al Strpoo After 3 ;ra e I.- -- w.
Awpaerd 2:19 M'IN

Z.6 Tes:I,,AI Street After S~irfa c ~.~ Incoraeli6
Antwcaled ZOO MIN 3

Residual Stress After S-.rfac v Gr-w n4Iw rlk
Annealedt ZY) BlIN

-40
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T,'S T )F'A 1

I .'tonnded Cunaiiorn tur MAinj VP 9-4-4,
Szcel. NorniliarLd '41 BHN

II fRetor.mried (.)n'titiurs ft.r MAO *nilj~1 HP Q-4-,*
S3teel. %,Art.ipred ;I R(

ILI Rve nime'"trd Cv-ditio-is for Xtak'.nni Cast 14', 6

iv ~Recomniendt'd Londitkors for MA*ii Cast 1i't

Nickel Naragknii Ste'-1. Agrff' 4 ) R 5

VRe%: rrmmrndta Cortditiorb f-)r Mdannn 17-4 P11 Cast.
Sauattun Treated an-f Aited 4 1 1'41% 0,1S

vi Recommc,'ded Corkitons for %1&0 nini Almar P.Z.
Annrealid 248 WIN

'WI Recomnntned Co.adit.ons for Maca'4nng Almar ItZ.
Ariced ari1 Tet.iler Aij-.1 3'; P'1N A

v 1.1 jRekommertted Conditions tur %sta#'ir.nic Tat-vm tAl.4V
Beta Forced ))I WIN

Ix Reco-rnmented Condition* tor Machining Cast Titanium
bA1-4V. As Cast 141 WIN 1 ZS

x Recommended Conditions for htai.%ininx Titani'.m
6A1.ZSn.4Zr.ZMo. Solotion Treated and Aged 321 H.4 139

X1 Recommended Conditions for Maciat'ang Timnirn 6m f,9.
Solliation Treated and Aged WS 81,14 11

X11 Rec,..enrded Conditions (ur Machining Inconel ?18.
Solatain Treaited and Aged 4S Rc 16

X1~I Recommended Coraditions for Machutng Incorel QZ5.
Annealed 277 BIIN 174

XIv Recomrmended Corditionli for Machining Udkrmet ?00.
As Cost 101 SHI4 153

XV Recommended Cond-tions tot Macasnung Inconel 718.
As Cast 269 BHNd 19?

XV1 Recommended Conditions (or Machstnn Creek Ascoey.
Quench..l and Temperod 35Z BK?4 Z06

a -A6bd
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XVII Surface Roughness Frod';ced by Face M&Ailing HP 9-4-45 4
Martempered 51 RC ZZ2?

xvUI Surface Roughneen Produced bv' Fact Miling HP 9-4.4S
16artemocred 51 Rc 230

XIX Surface Roughness Produced by Surface Grandtng
HJP q-4 -45 1tartempered 4" R 231

XX Surface Roughness Produced by Face Mtllina Titanium
6AI-4V Seta Rolled. 322 LHN Z43

xxi Surface Roughness Produced by Face Miling Titanium
6Al-4V Beta Rolled. 322 PHN 244

XXII Surface Itouchnoss Produced by Surface Crinding

I

Titanium WA-4V Beta Rolled. 322 OHN 24S
XXZU Surface Roughness Produced by Face Mi-ling Titanium

6Ai-ZSn-4Zr.ZMo. Annealed. 321fi HN 25

XXIV Surface Rougrneus Produced by Face Nllnr Titanim -

XXv Surface Roughness Produced by Surface Grinding

Titanium 6Al-ASn-4Zr-ZM*. 321 SHN ~ Z59
XXVI Surface Roughness Produ:ed by Face Milling leconel 62S.

Annealed. 0Z d. DH . 271 * 4

XXVII Surface Ro,.ighness Produced by Face Milhng Intel 61S.
Annealed, o 1HN 272

XXVI Surface Roulhness Produced by Surface Grinding

Inconel 45. Anneal ed. 00 WIN 27

XX= Surface Rinigh Measurer es in ace Mllan|g all

Xxx Surface Riish Measre.cant to Perpberal Zed Milliang 3

XXX Surface IRFaih Pasureme ate in Sud Mill Slotting3

T3i1 6

AStaed 0 0H S 00
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SN- :,,m.-c rtial alloys are cont -i:g t: be d*vel.-rw-J in or . ro meet .e
desii rrq.irernent vf advanced %?rv;:-ae IVdeg. (,- 1 r11 ,.V. ,t i
nece.arv to develop machfling know-how for thee now Clove i-i order to
meet -re production requirements of the aerospace ird-49try. It is ifl9,era-
tive thtAt the data be developed with e no,;Ch lead-time to avoid ifAplicaton of
effort on the part of prime contractors and their marrY *,bcontractore who i
are responsible for machiing these new matelrias'. Many of the newer .
alloys, including cast titanium arid nicilel base alloes. are bocomirg more
ar d more difficult tq machine. Conme';.ently. everv effort must be m-.ade to
develop votimum conditions for commercLl prudiction conditions.

Redctioi, in machinability hast d direct impact ein the number of machine
tos and general plant facilities .equired as well as labor reqtiremients
and costs. In view of the long machine tool delivery schedules &a well as
the generial lack of machine tools, such as profilers. concerte9 effrt must
con*anually be made to *solate the best teciniques for mater.al -emovel.

The ncP-asine aupilication of N/C machine tools. including the potential of
direc, %,mputer control of banks of N/C machine*, dictates the need UPr
readilv available tool life data for the programmers In addition, the
lime ,tliaatton -f N%.C mah;ines whth reoresent* his% capital nes-ment I *
could be increased.

In keepkin pace with the aforementioned requirements. the Air rorc,
Materiala Laboratory at Wright-atterson Air Torce ase has sponsored
this program. The MMP pro)ect covered by this report is concerned
primarily with the coaventional machining of thee materials. Its purpose
and object ve has been to develop machAtng data and relo'ed information
for direct util~aaton by the aerospace irsuetry *a S.Iecttd new materials
and machining processes for which data had sot been available. Irr'her.
the data to developed had to be of such qulty that the various cootiactore
of the aerospace industry would sot fied it necessary to requsaliy noe
duplicate the data real.sed from these machtnsbdltv s"teo.

t
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A: . e imtr.rr te.sts desc e,- t ¢ld in .,, tI ,iT %ve r it" *,P- )n A
t He vv. D-;,-*- 16t i y*T e ;. r , '

tak cri on ra .h to,91 I,ar .)r,or t.) -ak .. a t3 n ; tes t tolt r r': oAr-
i. r'ar effec ts. Tos wsh throwa~av inserts were used.

i1V norneniclature fur the s. nle-pvnt lathe tools I . own -

Z. 2 F.1ce M .tlnj

The face ttse performed on a Cincinnati No. Horizon-.
ta.l D,al Type ,MI rR Machie a Cn'innati *So, 2 Vwercal D.*.' Type

M t.1inR Machi-ne. A.-d & Cincinn-ati Cinova 40 Vertical .fillini M..I ',
These ,nachmnes are shown in Fiizurvi 2, 3 and 4.tm,' 7.s d 4.•
Single and multiple -tooth hiqe sted steel a.d carbSdw cwrtter were

used in tace milling. The qetups used are showr in Fir,,re S. pa,-, I.

The milling test bars were clamped in postion on the milling rviacne

'.sing a specially-designed fixture to insure maximumn "-igidity. A!.'
test bar's were 2 in. thick ' , 4 in. wide by U{ an. long. tn most tests,
tht 2) in. silie was milled; thus. the width of cut was 2 in, A clean-4p
machiung cut of . 050 to .A00 in. depth was made on all sides to
remove any sutrface ewfects on ahe test bar.

Tool gieometry. tool materiai, cutting speed. znd feed were e~al .atvd
using a 4 in. diameter singlo-tooth }HS or carbide cutter. Th'e MLSS

multiple-tooth cutter was also 4 in. diameter with 14 teeth, while te
carbidt- multiple-tooth €u*.ter had six inserts.

The -menclature for a ty ;l fact milling cutter is shown in
Appendi U. page 290.

2. 3 Peripl.eral End Milling[ and End Mil otn

The fad milling tests were rmde on the Cincinnati No. 2 Dial Type
Vertical Mlhing M chir and e Cincinnati Cin t oa 80 Vertical



p

M.L. ~a( hit'. si 'wn in, i roor 3 amid 4. pages R~ arAd I. '. lost

tbar was - am;wd in an 8 in. eavy-dity vie a'a-hed to t., rL',
rn&O~inr tabe. Straigh~t 0s.anit et~d rril1g wer? umed and 'bedl 4M tho
liaz hine 'With ani &ada)tor.

I

T.e test bars were 2 in. by 4 in. fr I in. long. All heat freato4 bars
wer, first face milled to a depth of .OSO o . 100 in. to remove any

surface effects on the bars.

B',!h end mailirg setups are shown in Figure 6. pae II. Tfol life is
expressed in inches work travel to obtain the specified wearland on
the tool.

High speed steel ard carbide end millirt4 c,tters were used in periph.
eral ed millnr. OnJ;' high speed steel cutters were jsed in slott;ng.
The cutters were I in. for peripheral crd miling and 3/4 in. diameter
f-r slo: nua .

The nomenclature for end mill@ is illustrated in Appendix 111. page Z91.

2.4 Drilingi

The drilling tests were pezformed On a Bickford 24 in. HeavyrDaty " @

Box Column Drill Press and a Cincinnati 16 ie. Sliding Head Box
Column Drilling Machine. Both machines were equipped with con-
tinuously vsriale speed drives to oroduce any desired spindle speed
in the speed range of Z20 to 4100 rpm. An additional variable speed
unit was used to drive the feed mechanism. making available fe905
raning from 0. 0001 in. /rev. to 0. 015 in. /rev. This euiprnent is
illustrated in Figure 7. page 12. The drilling test sampl-e were 1/2
in. thick plates cut from the I in. by 4 in. milling bar stock. A face
milling cut of 0. 060 in. was rde on both faces of each plate to
remove any uttrface effects and provide a smooth surface for drillin.

Most of the drilling tests were performed using 1/4 in. diameter luhg
speed steel drills. Some tests were performed with Semller eise
drills. Drills made from several types of high speed steel@ wre sed.

The drill nomenclature for standard point and crankshaft powP grind
is illustrated in Appendix IV. page Zfl.

i
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7'-f C I r.%Ati 1 l l. Si !,!- Head P-'I -1 "i )r - 'M a '- 0,0

in~ F", re 7. ;,age 14'. was a'.o ) isd f~r .'ro.%,' -i -Pis-. T P

rpa~i- i -eat varn.5e were the% I"*' in . 6-.V -t. Ad bee. 11

Most of the rramn ,g tests were (idtit te-! w;:,i 1,t'pr If.&'27.1 in. -aI

59.x-fl.jte hjh 9pwed steel rearri-r.. c>r-'~.ar') !-. rramers wt p.

,ue- on 9'Peral if t:-e "-#t'al ea &nP'. Ps-aj'rer *ss were *e'
,)a ' 7 :rr ent t4 -re-s.

T-v nomern atirr ior the roarnors isa u-wr in Aperdix V. pig. Z1'

Vie Bicxford "'4 in. Drill I rese shown in Figaro 7. page 12. was .'I4
for the tsvpin.z tects. Vie tappng *eat earmplo were I rZ .n. t -.'.
plates with the previously reamed holes. The tap-'init tests were r i-
511t,-24i NF tape ma~de from several high speed itteeli5.

Tap ineatr is i!niatpd by At've-I.x VI pao 4' *

A Norton P an. by 24 in. Hydraulic Suarface Grinder eq,.ipped wth a
2 ho. variable opeed spindle drive was used for C- grinding tests.
Thij grander to shuwn in Fgure 8. page 11. anid the twat setup to sit-vn
in Figure, 1. page 14. A fixture was used to hold the test spec irrins
which were I in. by Z in. by 6 in. long. Thise !ixture was slottedi at
both ends and in the center so that specimen thickness rvwasurem~n'
coa~d be made without remroving the specimen or fixt-Are from the
machine. Tho effects of grarding conditions on grinding ratio (G rat~ol
were evaluated.

The grinding ratio (C ratio) is a meas4r* of grinding wheel life.
analogous to tool litis in other machining operations. and to defired as-

Volume M~etal Removed
VolUime Wheel Removed

A wheel ses of 10 in. by I in. by 3 an. was usmed tar all tests.

The, folilowing procedure was used for grinding teats. Befooik 1 e
grinding tests were started. a . 03 in. deop by 1/1 an. wide step was
dressed in the grinding whetel. see FiPgure 9. pale 14. This step was

-4-



ived as&a r'rv-%C in m-Pasiri-gs *'Sool wear. A 0. Q r, i in. 4,1r~ 1
CA-;IT~~J9 171.nvio a fixt.Are sttsr: .1 jo th', 10%vol v q-j was r~g~

in t with this stel) and ",# in'i. aor was set to rosd so.7 -,No

indicatur was then moived to tS* UP:Wr Stop Of Ifinding @'lAC4 aeOf the
w ,ee1 and the initial readinit waft toievi. Indicator rvarlige were take"
after 0. '2$ in. or after . C) an. drwph metal rnooved. The* d; ! r eac t
botwuers, the initial indicator reading anid 014ccosavo readings was 6
n'.asairp of the radial wheel wear. The initi~aI o'Atsid9 d~amwtor of the
wheel was ac-iratoly messrod bof-)ro each test with a voriner caliper.
Tl*-m vnlumeo of wheel remrvod vat ralc'Alsted from initial anti final
wheel diameters. Grindira ratacs woe. salci~ated corresponding to
a 0. 3 t: ibic inch stock rornoval.

2.SCitivnt Ti'd) Neirnenclat-ire

MOg speed steel and carbide cuatting tools were used for this pr-)gram.
In genieral, the commrcial desirriation for the** materialit is arned
throughout this report. An identification of theme c'ittang lool materials
to presentedt in Apendices VII arid VIII. paes. PSi aM Zlo. A hard-
noes convrrsion chart to shown in Apponi.1 IX. page -6 47.
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Irnd llin tet* er p~eorml on Cincnti Me, a Voeticl

4 1

D•ia Type Milling IMie A pry mst utt i n nid oaqctor

is hov ot the mahinte. A otry elo is iown s antmd to the

top of a holow drsw bar for Apply"$t pry mst Or Cttmi n flid

througih hole lon the amu of the rottin cutteor.
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3. MA. I~;';' TR A Ir-r: -.P 1K-71~ 5F:F!_s

3. 1 PP Q444 Stapt. N-rr-mahes-

Alloy Pemtiricv

HP 9-4-4S is a nickel-cobalt. high strength. hardenable steel which
is capable of viveid etrenothe jp to Z5 kei and t.Oihbts good touaghness
characteristics. The nominal composition of this material to so
fo.'Iowo-

Ire-9Ni.4Cn.. 4SC-. 3Cr-. 3Mo

Frrgr,4 normnalised Z in. by I in. rectmngular bair@ were procured
for the milling tests. The niormaliuing treatment performed at the
mall was as follows:

l6zs~F/z hourstair cool

The as-received hardness of the material was $02-141 8HN.. The
normaizi~ng treatment produced a microstructue which is essenuially
spheroidal. This condition is illoAstrated below.

104
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T t. . t a irP I' l ar w;,4 ii .'*, t k . " , M 4 S::,'.. .,

F.,-ie 10, po e ' 2. A!, c t, g 1ped oa c ll R mf ,te, the t'-:

life wh etth er of thfee two typwes of h ni s-,es itre wav 44 -in: r9.

T , ,ife %rvte wi:h three different Cradet of carb.d-s are siow-1 in

Ft-re 11. agie 2. There was a wide rane of , .:'g opeeis o-er
w th three Rra a r)f Larb&,e a r b; d. ,r euarp.. a' a

* t~vi life of 3) tii~nu'rv. I), C- , Rrate o! iA w l avv -3!to j Viw

at a. uinq spee~l of 35 !r-~iup f.# the tI!ti.jmr Catb'ie o
be jsed at a cu'tirg seed of W,') Ieet manue. The cttang 5peI we-1
the C-Z grade. which perf .reed the p'oremt. woiiil be less Chan 2 11
feet'minute.

The surface found on the 11P 4-4-45 steel as a result of "iorma]il ng
was 3tppreckably mor,- diff'i -At to machine than the base metal. Note
in F g'ure 12. paRe Z3. that at a cutting steed of 350 feetj n i -ite the
tool life under the skin with the C- o graie of carbido was 40 minutes
as tornpared to six minutes when mach,nini the s~n.

Fac# kflliro0L .!N)
Tool lie c, rves with three different grades of high speed steel are
shown in Figure 13. page 23. Note that in the lower cittit.. speed
range the MZ HSS cutter performed the best. There was a tendency
for the TIS and M42 ISS cutteia to chip.

For a liven cutter life. tne cutting speed at a feed of . 01S in. /tooth
was almost 25 ' ercent faster than that at a teed of 010 in. /toolh. see
Figure 14, page 24. This is an important factor since with a multiple.
tooth cutter generally the feed has to be reduced over that used with a
single-tooth cutter. However. even at a feed of . 00' in. /tooth. the
ctter life wih a multipleotooth cutter was very short over a range of
cutting speeds; see Figure 15, page 24.

As shown in Figure 16. page ZS. by further reducing the feed to . 003
in. /tooth. the life of the 14-tooth c ,tter ,ncrease. from 20 to 7 inc.ies
of work travel per tooth. In other words, at a feed of . 003 in. /tooth
and a cutting speed of 160 teet/minwte, the total :ool life of the 14-tooth
cutter was slightly more than 1.000 inches of work travel.

* ll-
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; Stq.'e, al : P' , ; tUBS' i.J.". *.C;t'e-' *.,oel. 9,p. ,K.: : *l 4.

jri".;,g~l W. " a .. t? "el t;.,.' i~r.' ewsemr.. as si .wi . I ;re l?.

pre t~o wer e, iea k. et.i? w| 'h aeSi !e--c')th • ar' r Itnoel *& PtVN dr . r its re o ad t is !. v ,; %1.

in. tlht' cAti 'fes o rrv rlot -i! rYa~ n E V 'I

when a t 0 1 tr- was sed. TAr life CitvWo are peseeted

inj FI.ute l(.pae t.. ~r at 4ing toothada *ix-o"' car-)r ata

fee'd of 0O'r i. !to)ot.. T w tt,'r Ile per tooth was red ied fr'irm
.0 to 5 n hel of wr trael gongi from the 7 )e-t' . -> to w.-.

ta-toth cutter. roy.ter, the ts-tooth tter d A provWde a toa'l
tool ife of 450 i dches of work tratel.

resut wher towihd Psingl -~ tooh tN' r

Tool ale curveo over i r wns of cutt " liedf are presented it n
Figure ZO. paile. Z. for two dri'e- tot feed rats. -wote t' at a tr-uI
9le of 125 inches of work travel, the Cuting ipted at t1e ligter fee

ws almost 20 perceat greater thant tht t &tb. feed of 004 am. /toh.

The effect of feed rate on cutter life i fto ther demonstrated in a

rigure 2). page 27. At a cutting speed of 225 feetmiu,;te, the tool
tio deeaed from 210 to 17 inches of work travl wien th. feed

rate waincthreed from . 03 to., 004 an. Itor.

lnd MIII SotttnM (601 B0N2BI

The tool life curves shwn a rFigre -2. pave is. were obtained at
to different feed rates. I. as immediately ppeN, eatt toathe ar3er

feed rate is much more desirable. Not only ,e the feed rate twice as
great. Uit the c untting speedr at t ie teed rate
waf .l00 in. ptooth.0

The feed ctrve shown fe Fre re i. c l t Ii. rdicatet how critical
th. feed as when end mill slotting at a ctting speed of 150 feet/minute.
For eample iat a feed rate of 004 in. /tooth, the toe If. was 230

of . 01aItoh

-1?-

Th fee cunrveI•showin to Iriur 23. p---o 28 --e ho critica

Fo tumpt at & odrt f 0 n tot.tetomlf 3

• = le ii



Ink 9 of! ri t tra '. v k real5rl !'e !00- ra'e S)Per, -t roe .:."I

in a -, r,. e t -P! I;, n n two I I te. A*, w' -n -oe Irp- rato W.Ss

1'. reeved 50 ;erlent. ! i tn.wl Ia# was to-!i .te.1 33 percent.

As ii'owm in U.jurr '1. 21.~. at a l-ttn e'on of 71 fq-of/m1v.'e
wl~ore 1'-v drill 1lie was ireator than a~i si-l- riia

C-Iasln 'ittin- l .A ?i..P drill liv Willi 0 0 ht' MI 1-vd 14 4.' I'S; d1 tr 1

were "oe sarie. As I'th it~ting speed was tam( reasoed. ile drill I.,
wth ie t:l :-; dr,1ls t& ream -Tvit h more frizd:Y ta n with ! b. M42

1*$!S dri.41. lf.eevor. when a chlorinated oil was ~g~,tue citui

swP49 with buth drills were aropreciably loes and thr MA) FISS drIls
were Qw.;'erlar to the MC.' F53 drills. see F,%:krP ZS. Paiv Z), F,.,r
examylp.o at a r-jtin4 speed of 50 feetimiluto the 4rill life with the

Ml 1:SS drills wits more than 250 holes as compared to less than 101
with 0--e M42 1(SS drills. At higher speeds above 0% feet/minute. the
two different grades of 1133 drills Performed 6,milarIv.

It to -ite restimit to note the effect of catting flijid on tuoot life (t~ both
t'e NC and the M442. USS dr ills as shown in Firers 2#j a-wi V?. P~sge

M) Ving the 161 I{SS drills. the cutting speed for a tool loat . 253
hol-e was 40 percent faster when using the chemical emiulsion as
compared to using the chlori-Ated oil. When using the M42 IISS drills.
the drill life was satisfactory with the chemical emulsion. howerver,
the drill Wif drupped radically when a chlorinated oil was %,s-d. For
example. over ZSO holes were drilled at a cutting speed of 70 fett per
minute with the chemical emulsion. Using the chlorinated oil. the
drill life was only SO holes.

Rteamin]LLSOZ 84N.)

A comparison Vf tho tool life curves obtained with two different cutting
Gluide to reaming with an M2 H33 six-flut* reamer is shown in rigure
28. page 3 1. Note that the chemical emulsion was mach rpore effoct~we
than the chlorinated oil. For example. at a cutting spe of UZS feet
per minute. the tool life with the chemical emuldson was 17S holes as
compared to 35 holes with the chlorinated oil.



t I )tP 13.4-4 .t; 01. Nnrmalzae* (,onIted)

As shown in Fgure 29. page 31. the three-flute tap provided cons,d.
trably longer tap life than the two-flute tap. At a cutting speed of
ZOO feet/minute. the tap life was 35 holes with the two-flute tap and
Z15 holes with the three-flute tap. The cutting speed of 200 feet/minute
was the maximum available on the machine.

The chlorinated oil was more effective than the chemical emulsioan in
tapping. Note in Figure 30. page 32. Uat at a cuttinq speed of Z0 0
feet/minanute. the tap lie with tne chemical emulsion was SO holes as
compared to 215 holes with the chlorinated oil.
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HP 9-4-45 is.a nickel-cohalt. hXh etrongt.h. hardenable stool whichf
is capable Ayi~eld strengths up to ZSO ei and exhibts goovi tsi.agh-
nees characteristics. The norninal composition of this mnateraW is
as follows:

JFE- 9Ni-4Co-. 4SC.. 3Cr-. IMo

The sterial for the lturnin too's was procured as forged. normraliisd
4in. diameter bars. Forged rectangu,'ar hare Z in. by 4 in. . also

in the normalised condition. were proc.i'md for the grindinig tosts. I iI
All of tht material was then subjected to tkw following hardefung
hoot treatment:

Austenitise: 1475*F11 hour
Isothermal Terr'ptr: Transfer to furnace at 475 Fl? houars/

air cool

The rvsulting hardness was 51 )t(* This treatment produced a Irnirosrutur, sow be",-whch onsst ofbaiit, ad mrr4nots

HP 9-4-4S, M4artoempered

Etchavit: Xallags Meg.:. XOOQX IU
3-



4. U .4 So c! arwt. r (f ni-aeff)

Turn:nc (41l R,)

A comparison of tool life cir~es obtained with two grades of high speed
steel is shown in rigure 31, page 37. At cutting speeds above 62 *
fect/minute. there was e'ry little difference between the performances
of the MZ and M42 HSS tools. However, at a cutting speed of ,' feet
per minute. the tool life with the %Q }ISS tool was 49 minutes as
cornpar-d to 84 minutes plus with the M42 HSS tool.

As shown in Figure 32. pvag- 37. the harder C-8 grp,!e of carbide was •
appreciably better than t.ne C-6 grade. For example. for a tool life
of 20 minutes. the cutting speed with the C-6 grade was 200 feet/minute
as compared to 305 feet/minute with the C-8 grade oi carbide. Note
that the feed was .007 in. /rev. However. as shown in Figure ^. page
38. increasing the feed from .007 to .010 in. /rev. wit i tho C-9 grade
of carbice resulted in decreasing the tool life from 24 minutes to
9 minutes. However. the same tool life (24 minutes) can be obtained
at the higher f-ed if the cutting speed is reduced about 16 percent. In
other words, when turning the HP 9-4.4i steel, quenched and
temperod to a hardness ofSI Rc1 a heavier feed of .010 in. /rev. will
provide the same tool life as a f,,ed of . 307 in. /rev. ,;, :,w *.itnt
speed is reduced about 15 to 20 percent. Thus. a higher rate of
metal removal can be obt3ined by using the heavier feed rate and
slightly lower cutting speed.

Surface Grinding (51 R;)

The effect of wheel speed on grinding ratio (G stio) ts showi in in
Figure 34, page 38. Note that the grinding rat. increased from S to
36 as the wheel speed was increased from 2000 to 6001 feet/minute.

As shown In Figure 35, page 39. increasing the cross feed resulted
in a decreast in the C ratio. At a cross feed of . 050 in. /pass. the
grinding ratio was 9.6 as compared to 4. 8 at a cross feed of . 100 4
in. /pass.

Increasing the table speed also resulted in a marksd decrease in the
C ratio, see Figure 36. page 39. For example. as the takle speed
was increased from 40 to 60 feetiminute. the grinding ratio decreased
from 36 to 9. 4

Tt grinding ratio decreased markedly when the nfown feed was
increased as shown in Figure 37. page 40. Doubling the down feers

S 4

- 34o

t 4



NO

S IP '1-4-4; Secl. Slarte"'-p-r-, (continued)

Surface Grindin, (5 Rr) (cortin'aed)

(. 001 to . OnZ in. /pass) rvsuuted in decreaming the G rati-i from 45

to 36. Doubling the down feed again to . 004 in. /pass further
decreased the G ratio to 9.

I
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- I
EFFECT OF MW%,.' FFrD )

WHEEL GRADE- 32A4iK8VflE
CROSS FEED: .050 IN. /PA5S 
TABLE SPEFO: 40 FEET/ .... T 7
GRINDING FLUID: SOLUBLE OIL I:20)

WHEEL SPEED: 6000 FEET/MINUTE

sol
40

30

10 L

o I0-....

2 0 -I dlll I

0 .001 .0 T 003 .004 .005

DOWN FEED - 3I4TH,)PASS?

See text. Palo 34 -.40 - rise" $?



3. 3 CTast 18, Nirkel Soai.~ ''. l.Ltion Treated4

Alloy Identification

187, nickel rnaraging strel can be categorzied ar t dfl atra hig~h stlrergth
steel which can develop yield strrngths of 200 to 340 kmi. This la
accomplished by an aging treatment which strengthens the prior 4
annealed martenotitic xtructure.

The' rominal composition of the cast alloy in am follow":

Fe- IbNi- lOCo-4. 6,Mo-. 3Ti-. OIC

The material for the turning wi.-ts was procurt-d as cast logo. approxi-
mately 4 in. in diameter. Ca3t bar@ 2 in. by 4 in. were procured
for the milling tests. The material for the drill-ng tests was obtained
by sectioning 1/2 in. thick plates from the 2" by 4" cast bars. A3 of
the material had been given the following solution annealing treatment
at the m11I:

1650*F/l hour/air cool
1450*r/I hour/air cool

The hardness of this an-received material was 331 BHN. In the
solution annealed condition, the microstructu.ce evidenced below
consists of coarse equiaxed martensite.0

%, 4

Cast 16% Nickel Maraling Steel. So1latlon Treated

Eftchant: IreC13  Mat.: SOOX

-41--
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3. 3 Caqt l"l Ni, krl MarAhn. St,'el. S! l1'it:o, Tr-ai,l ((,r.ti.zed)

Tkurninq (331 rN)

A comparison of the tool life curves ob-:ncd with an Ni4?. and an MZ
HSS tool is shown in Figure 33. pa&P 46. Note that for a given tool
life, the MAZ 1SS tool permitted a 10 percent ncreas, ,n cutting
speed over the MZ iS$ toel. It is also interesting to note that at a
cutting speed of 85 feet/minute the tool life with the MZ IISS tool was
30 minutes. while the M42 tiol was still cutting after "0 mir..es.
The wear!and at this point was only .010 in. on the M42 tool. 1

Of the three grades of carbide used. the C-I g4 ade proved to be
superior to the other two; see Figure 39. page 46. For example. at
a cutting speed of 4Z0 feet/minute. the tool life with the C-6 tool was
S minutes: with the C-Z. 9-1IZ minutes. and with the C-) grade.
36 minutes.

Face Milline (31 BRN

As shown in Figure 40. page 47. the TIS HSS tool proved to be slightly
better than the MZ tool in face milling. The tool life with the M4Z
tool was. however. somewhat less tlan either ot the other two tools. I 0
At a cutt.ng speed of Z10 feet/minute, the tol life values obtaineJ with
the three tool* were as lollows: M42. 95. MZ. 120: and TIS. 145
inches of work travel.

'rhe effect of feed rate on tool life wit) both the MZ and the TIS HSS
cutters appeared to be -elatively low over th, range of fteed rates of
.003 t . M1. .%.. . '..i. a d.vwn in Vigu34e 41, pato 47. the TIS
FSS cutter provided the same tool life at . PS in. /tooth f-ed rate as
it did at a teed of .006 in. Itooth. With the MZ HSS tool, the cutter
lift dropped from 145 inches of work travel at a feed rate of . 003
in. /toyid, to 1i inches of work travel at a feed rate of . 005 in. /tooth.

As shown in Figure 42. page 48. the Cutter life obtained with the
chlorinated oil was almost the same as that with the soluble oil. Hence.
a solubli .il was used in the teats with the multiple-tooth cutter. A
comparison of the Single-tooth with thl multiple-tooth cutter, shown
in VigiAre 43. page 48, indicates that at a cutting speed of 225 feet "et
minute the tool life Lwr tooth with Lhe single-tooth cutter was almost
double that obtained with the multkple-ooth cutter. However, the
total tool life with the 14-tooth cutter was S60 inches of work travel
as compared to tS inches of work travel with the stngl*.tooth cutter.
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In fad.'d rl.: ith~ arbde tools. then cuttr lfcdr treas- w."
*,ks ratf~ a:e ratzgsedof5femte. Not nFRr 4.p~e4.tiat r>.? V'. *...

d. ht reape frade o4 ata biea rate! o .09r ot. Iocth~ to n,*e ~f
wohk C-trae. om~- at a utn eed of .3~ 007 -s.'toth

ts hew inte lat wt te 5. pgre as utte havin cate~ to ivl angls

wurk travel with the C-6. gracle of carbide.

Cutter life was apprectably less in terni, of inchre of *,.itW traVO-l per4
too'h with the multiple -tooth cutter Aq comeared w~th a atnclf -tooth
i utter in face milling the cast Vl nic~kel mardemr, steel. As *!-iOwn
in Figure 47. page 50. thc C-2 gradr. providetd sornewhat heo'er nAd
life. at least at the higher cutting sp..cdls. than the C.#, rrar.
tWawev-r. as shown in Figure 44. pa.-e I, the cutter l..'e in. rriys of
artdbes of work travel per tooth was considerabl, less for the s*%ot S
cut,.r th~n for a sigle-tooth cutter at the same cutting tpred.7 *sn&
a cutting fluid such as soluble oil resulted in improv.no the toot lie of
the multiple-tooth cutter; howevtr. the cutter life was sill t nsider .
ably less with the mialtiple-tnoth cutter. see Figure 49. pare %1.
Note also irk Figure 49 that at a cutting speed of SO0 tert/minute, the 4
cutter life with the -oix-toot% cutter wast 30 inches of work tracIl per
tooth. or a total metal removal of 196 inches of wor r travel. This
compares to 194 Inches of work travel for thq single-tooO. .. ilt-r
set Figure 48. The 3nly advantage then ini using the mutt.tootha
cu.t~er sit the fact that the metol I* Leing removed *sa times faster
than with a single-tooth cutter. 4

Peripheral £npd Milling '311 5HIN

The relationsup bttween cutting speed ai-d tool Isto with a I in. 8 &.,

four-flute, MZ 143 end mil is shown in Figure 50. pa&-* S2. %ote
that at a cutting speed of 27S Neet/minut. a toot life ot 145 tn.'eo of
work travel was obtained.

The feed rite is very 4.ritical when peripheral end mallinil the cast
l$% nickel macaging steel. Note in rigure S1. page SZ. %icw rapidly
the tool life decreased whwn the fe*I ratio was either increased or

43



OW

Carra A~' r!h. a3 SF ion- msd ,I)t~,r,

4.ecraxr,1 :rorn a feed rate of .00i in. i/owh. The too(l life d' res~aed
frm9t) at a fri rate of .004 in. /to~oth to 20 inthq' o! wor-c 'a';.el at

a fr'ed rate ot! 001: in. -tooth and to '2in. 'c of work trai~r1 at a
feed rate of 007 in. /tooth.

Pr~i (31 PH1

The IS-) n.C~ m'1raragizc qtfv rr ",, sotition trea'ed .no a be

firill e~i withii t 1: f-icaltv. ': 2rn .::e; . pag 3. that wl-e- One

drixlr.: te Rt was aft'r !~- .. n Z;O holes at a c'itt~riz qpeed -f

1 0 feet/minute. tihe wfearlan,- '. t dr~ll was only .012 in.
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DRIi.ING CAST I" NICKEL MAPAGING STEFI.

SOLUTION TREATED 311 BHN

EFFECT OF CUTTING SPEED

DRILL: 1/4" DIA. MI HSS SCREW MACHINE LENGTH
POINT ANGLE: 118 CLEARANCE: 7
HELIX ANGLE: Z9" POINT TYPE: CRA.%KSIIAFT

FEED: .005 IN. /REV. j P
DEPTH OF HOLE: 1/2" THROUGH
CUTTING FLUID: CHLORINATED OIL
TOOL LIFE END POINT: 015" WEARLAND

3001 ,

012" wearland
100 fpm _n 250 " " 4

00

150 -...-.
ISOIz

o.

so -

0I

iiii - iii IP D FE ?M N T
'0 100 110 IZ0 130 140 IN6

CUTTING SPUED - ..E.I TE 0

e tent. pap¢ 43 - S3 - TrilF sa



3.4 Cast 18S Nickel Maraging Steel, Agrd

Alloy Identification

The turning tests were performred only on material which had been
maraged after the solution anneal treatment. The rnaraging treat-
ment was as follows:

850*F/9 hours/air cool

It resulted in a hardness of 49 Rc.

The microstructure of the aged grade. which is illustrated below,
consists of coarse platelets of martensite strengthened by the
formation of intermetallics of Ni. Mo and Fe in various stoichiometric
forms.

40
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3. 1 4 t I, N 'i4#1% M~r~i'' t ~ c. A..'

The perform ar e of the M 42 ISS to l was consid ira ly b'-.tcr t6- '
tha t the M2 FiSS tool, Note in F:-':.re 3. page 57. that for a
50-mrnute tool lde. the cutting spre'd with the M4Z USS tool was abojt
Z0 percent fi.vtr than that with the MZ IISS tool.

Figtires S4 ani 55. pa.:e 57 and ;A. hrnw a rompar:son of i.ne tool
life curves obtained on the st.el -,a two heat treated cerd.!ions with
an M42 IISS tool and carbide tcoiq. With the T{SS tools. the steel in
the solution treated &ondition (531 BHN could e machined abo',t P' , 6
percent faster than the same steel in the aged 49 RC cond.ion. Unile
with carbide tools the cutting speed was 100 percent faster. Note
also " .at a tool life of 35 minutes was obtained at a culting speed of
200 fhet/manute.
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100

F:FF CT CF (-7- , A') , '',IA.Y':A ,

TOOo MATERIAL: C-3 (Ku4 CARBIDE INSRT -As
BR: 5" NEG. ECEA: IS"
SR: 5' NEC R EIEF: S*
SCEA: 15 NR: .010"

35 - FEED: .,oo11.REv. O .__0 .I DEPTH OF CUT: .002)"
CUTT'.NG FLUID: SOLUBLE OI. (I:Z0)
TOOL UFE END POINT:

. 015" UNIFORM WEAR

30 .030" LOCALIZED WEAR __---_

-IIO. .TION
TREATED

25 ~~~331 BHN - ____25 iRc

zD

0 AGEDI ,, , , ! , , I_

00 ISOZ 300 350 400 4S0

i CUTTING SPEED - TEET/miNu rEI I I 

20 txt _ _l -$ -Ti _r
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3. S Cast 11.4 P.H .5t,is-,U e SI.,, 5 ,,i;on Treat.,i and A ,e'!

Alloy Identificat on

17-4 PH is a precipitation.hardering martensitic stairleses steel
which has been attracted to the casting ind.istry because of its
desirable castability characteristics. The alloy which has high
strength and good corrosion resistance has found application in the
aircraft industry. The nominal composition of this material is as
follows:

Fe-16. OCr-4. ONi-3. OCu-. 75Si-. 35Mn-. 3rb+Ta-. 03C

The material for the milling tests was procured as 2 in. by 4 in.
rectangular bars in the solution treated and aged condition. The heet
treatment performed at the mill was as follows:

2100*F/90 min. /air cool; 1450"F/4 hours/air cool;
1950"F/90 min. /oil quench; 930"F/90 min. /air cool

The material exhibited a hardness of 415 BHN in this condition. The
microstructure evidenced below consists of coarse. equiased mar-
tensite and islands of delta ferrite. The matrix is strengthened by
the precipitation of a copper-rich phase.

P 1

Cast 17-4 PH. Solution Treated and Aged

Etchant: FeC1 3  MaE.: S0OX

9- -
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Tool life curves for two d ifferent gra-e! s F'tSS '.,Uhni ig "ers are
shown in Figure 5b. page 6. Note t-it ' M42 HSS uti. r rr'i",
only a slightly lonetr tool life than tle SUM 5S .itter o.-er t ., ranir
of speeds used. Both were sir.gIe-ooth c-2-rrs

The effect of feed in cutter life is shown in Fr,,ire 57. page k 5. Nte
that even though the cutter life at the heavier fered was sor,rw 'at
lower, the production rate was hticer at the heavier feed rate For
example. at a tool life of Q0 inches of w,.,rK trarl. the cut!"i- seed
at a feed of . 005 in. .tooth was 100 feet ,ri"tr. By red ric: te p
cutting speed 10 percent. an equivalent tool l-fe was obtain,.d at 'we
the feed or .010 in. /tooth. However. it should also be pointed )u. that
when using multiple-tooth cutters it is usually necessary to .;se lower
feeds than those found with single-tooth cutters.

In Figure 58. page 66. a comparison is made between a single-tooth p
and a multiple-tooth cutter having 14 teeth at a feed of . 005 in. /tooth.
Note that even at this lower feed the cutter lite per tooth at a cutting
speed of 100 feet/minute decreased from 9Z with a single-tooth cutter
to 60 inches of work travel with the multiple-tooth cutter. However.
at this tool life of 60 inches of work travel per tooth, the 14-tooth
cutter cut a total of 840 inches of work travel.

The effect of carbide grade on tool life in face milling the cast 17-4 FH
alloy is shown in Figure 59, page 66. The C-2 grade proved to be far
superior to the C-6 grade. For example, at a cutting speed of 200
feet/minute with a single-tooth cutter, the tool life with the C-2 grade
was 240 inches as compared to 25 inches with the C-6 grade.

The results shown in Figure 60, page 67. indicate that when face
milling the cast 17-4 PH alloy in the solution treated and aged condition
with carbide cutters, it is best to cut dry. Also, as shown in Figvre
61. "age 67. the carbide cutter should have negative rake angles. The
cutter with the negative axial and radial rake angles provided much
longer tool life than the cutter with the positive axial and radial rake
angles.

Note )n Figure 62, page 68, the comparison between a single-tooth
and a multiple-tooth cutter based on tool life in terms of work travel p
per tooth. A% the feed rate was increased, the difference between the
single-tooth and the multiple-tooth cutter increased appreciably. A
comparison is shown in Figure 63. page 68. between a single-tooth

- 60-



3. 9 C 1-mt V-4 FT. 5.ilt:nn Trate a,! A I,' .ontinied) 4

Face M jII 45 U i Pl) (con:l'..d)

cutter at a feed A ,U10 in. /tooth and a milt.ple-tooth (six-to'tl)

cutter at a feed of .007 in. Itooth. The cutter life in ;nches of work

travel per tooth at 300 feet,; rn.i te with the nultiple-ttoth c-;tter was

somewhAt less. even though the feed was lower i '*the inle-
toth cutter. Nevertheless. a? t!-:3 & :tt:nk s.,rd. tne mu;,.r:ze- tooth

cutter cut a total of 4W4. inc '.eS of work travel.

Perrheral Fnd MWlli (4 L1 H".N

Tool life curves for berth the Nil' and ,'- M42 . HSS @tin milis are shown

:n Figure 6,4. page 63. Note that for a tool life of 12-. inches of work

travel, the cutting speed with the M42 HSS cuttcr was s!ightv more

than 25 percent faster than with the M2 MSS cutter.

As shown in Figure 65. page 69 the magnitude of the feed rate was
not very critical. For example. at a cutting speed of 150 feet/minute.
the cutter life decreased from 85 at a feed of . 002 in. /tooth to b0
inches of work travel at a feed of .004 in. /tooth. Nevertheless. a
feed of . 003 in. /troth was used in subsequent tests. mince it was felt
that a feed )f 004 in. /tooth wouiu result in excessive deflection of the
cutter. *

An oil base cutting fluid at the cutting speeds used in peripheral end
milling the cast 17-4 PH alloy resulted in the generation of excessive
smoke at the cutter. Hence. a chlorinated soluble oil was used at a
dilution of l:Z0. The curves in Figure 66, page 70. show the improve-
ment gained by using this chlorinated soluble oil. For example. at
a tool lifr. of 175 inches of work travel, the chlorinated sollable oil
permitted a 20 percent increase in cutting speed over that --4-d with
the plain soluble oil.

As shown in Figure 7. page 70. at a cutting 2peed of 150 feet/minute
doubling the depth of cut resulted in a decrease in tool life from 180 *14
to lZ) inches of work travel. However, it should be noted that by
decreasing the cutting sueed from 16l( to 150 feet/minute, it was
possible to increase the &tpth of cot from. 125 to .250 in. without any
change in tool life. In other words. the metal -,vmo,-al rate was
considerably higher at the depth of cut of. 250 an. and a cutting speed
of 150 feet/minute without any sacrifice in tool life.

-461-
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The chl,)rinated soluble r'i also provo.d to be nef.ial in erd mill
slotting the cast 17-4 PH alloy. F.'r as shown in Fig'zre t8. page 71.
the cuttina seed was approximately 1) p--rt cnt preater wi'h the 4
chlorinated soluble oil as compared to the pla n soluble oil.

A comparison -if two grades of HSS cutter* is shown in Figure
page 71. At a tool life of IZ0 inches of work trivel. the M4Z HSS tool
provided a 15 percent higher cutting speed than the M2 FSS cutter.

As shown in Figure 70. page 7M. the cutter life d'd not change
appreciably as the feed rate was increased from . 002 to .004 in. /tcot'..
The variation was from 50 to 70 inches of work travel. The tool life
ut 7C inches was obtained at a teed of . 003 in. /tooth and a cutting
speed of IZO feet/minute. The %ool curves in Figure 71. page 72.
show that the cutter life was longer with the feed of . 003 in. /tooth. 4
even at lower cutting speeds. While the increase in tool life was
sbo'4,t 20 percent, the production rate at this higher feed was also
50 percent higher. Hence. a feed of .003 in. itooth will be recommended.

Drilling (415 BHN)

Tool life curves for both M42 and MZ HSS tools are presented in
Figure 72. page 73. Note the %ast difference in the performances
of these two types of HSS drills. For a drill life of 250 holes, the
cutting speed with the M42 HSS drills was 50 feet/minute. while with
the MZ HSS drills it was only 10 feet/minute.

Reaming (41S BHN)

As shown in Figure 73. page 73. the chemical emulsion proved to be
even slightly better than a chlorinated oil. A reamer life of more
than 250 holes resulted at a cutting speed of 40 feet/minute and

' a feed of .009 in. /rev.

-TaPping (4S BHN)

The chlorinated oil was far more effective than the chemical emulsion
in tapping; see Figure 74. page 74. Over 250 holes can be tapped at
a cutting speed of 90 feet/minute with the chlorinated oil. Using the 4

chemical emulsion, the tap life was 68 holes at a cutting speed of
25 feet/minute.

- 62 -
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See text, page 4 -74 - Figure 74
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3.6 Almar 3Q. Anna!rd

Alloy Identif;catorn

Almar 362 can be defined as a stainless maraginR steel which

convtains an addition of chromium that renders the alloy good

corrosive and oxidation resistance properties. The nominal compo-
sition f this alloy is as follows:

Fe-14. 5Cr-6. 5Ni-. 8Ti-. 3Mn-. ZSi-. 03C

The material for the peripheral end milling tests was procured as
forged, mill annealed, 2 in. by 4 in. rectangular bars. The
material for the drilling tests was obtained by sectioning 1/2 in.

thick plates from the 2 in. by 4 in. bar stock. The a -- &ling treat-
ment at the mill was as follows:

1500*F/l hour per inch of thickness/air cool

The resulting hardness was 248 BHN.

The microstructure. illustrated below, consists of soft. ductile
martensite.

77qS,,. .w.. S . , _,'. ",_ ._. • - . 6i..

Etch*nt Fs p$ Ma|. : $OO
4v4

.?$. W

Almar 362, Annealmd

Etchant: Fe C13  Mal.: SOOX

*75

-. . ---------- - - - " - .
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3. t, Ai-nar 342, A n '.a!r (conti..ued) p

Perinheral End M;'ihriz (24R MHN)

Tool life curves are shown in Figure 75. page 78. for peripheral end

milling Almar 362 in the annealed condition usir, conventional milling

and climb milling. A 30 percent increase ;r tool life was obtained by

imb milling compared to conventional milling. IS

A comparison of two cutting fluids, a soluble oil and a chlorinated oil.

is shown in Figure 76, page 78. Note that the soluble oil was slightly

better than the chlorinated oil.

T'he relationship between feed rate and tool life is presented in p
Figure 77. page 79. The difference ii. the tool life was not as great
as one might expect when the feed rate was increased from . 003 to

. 005 in. /tooth. At the higher feed of . 005, however, there is always
the problem of tool deflection. Hence, a feed of . 003 or . 004 is
recommended, depending on the death and width o( cut.

In a case where heavier depths of cut were used, the feed was set
at . 003 in. /tooth as shown in Figure 78, page 79. Note that for a
given tonl life the clitting speed had to be reduced about 10 percent

wen the depth of cut was increased from . 125 to . 250 inches.

A comparison of two different high speed steels, MZ and M42, is '
presented in Figure 79, page 80. The M4Z tool permitted a 20
percent incrcase in cutting speed as compared to the MZ tool.

Drilling (25S BHN}

Tool life curves with two different types of HSS tools are shown in
Figure 80, page 80. The tool life was appreciablv better with the

M42 lESS drills as compared to the M) HSS drill, for the drilling
speed with the M42 IISS drills for a given tool lfe was abou. O
percent higher than with the MI HSS drills.

76
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17 Atiiar 1..Agel

Zn or !er to cor'ar O'e aged to tSo m.N anrwalc4 corvit.Na. a
portion of the rmaterial was heat treavted as fo" -we:

QOO/Z :.,Mro/ar co,l
S

The treatment roprul.ed in a .ardness of 375- 358 BHN. The micro-
structure of the aged grade. which is evidenced belw. cor.zst of
a martensit,e matrix strengthened by prec:pitates.

b wy

Alnor M6. Agod

Ectchast: TeC13 MalS.: SOCZ
aI)

V .D

1S
0 1

Nmsw 3Z. Ag
Zechait: F.Q3 Mag.: ,OO
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r~ -I I er t"''. ,1.lapr ffe*rr SS s': Are -jro,P,P'

in F haure ?, I. -a)&a. Tiob %14' H1S; I pr M~r'] I r .eq

itte Of tl'e tools ti'J ed ti~e t aa; 1,? wi!'- - v T1 PS-Y .~

PK>() ? 9t Vie o raeeds fur a to-l hitr it 1'') afli 6 e ,t vv,r-

tta%.-I wist .e Tl". h14 &-%A M42 *tt3S5t. were F;'). W4 and1
feet m.tmutr. rrspew tia'ek

As shown in IFag ire SZ. paile 44. a !@e'f r4 .Qf I(O ipi'nh vrr'i-!ea the
bri; tooQl life jnr.a e-asing the feed tVa 4 in t'aut rre ,e'f in a

2r raet drreAse aIn t.a1 life. at a1fef it.~s:cd't IC"1 ter' mi

A komaar~rison otf to)I ift- urre I ir vprt1-%r~her 0 I v~
Almar Itt2 alloy in the annealed tondit. nand tit aced s. on,n.a
Si.,aW- In F Q'IV 10. 0dige A; ... t- 'a-t t~t. al"Uy' inl the anfledCf
ont~ca*n can be ma 1-ined ahout th.ree tim~es faster Ihen 0%p saame

ilo n the ailed cuaidtian..

Tool life cairves at two 4ifferent feelIs are shmwn in Fiac aro 44 oa go
S'5. tdViIa Ain-ar )kZ. aged to .'Ai PlIN N -t tha114t ta1r a 1,3,)
life oft 200 holes thr , tttind speefd with the ( i4 on. irev wag P') 1 0
perc~ent haj:her than 0,at which was used1 at a 4opoed iif . O)S a- re v.
The relatiunihmas, between feed and tool life are showen at %*%eral
different cutting speeds in Figure IS. Palle 66.

A comparison of tool Wae curves in dral' -c the Atmar 3t.Z alloy in
two different heat treated conditanet is*hown in Figue . poll# A..
rot a tool life of 170 holes the alloy in th. annealed condition
R(SS O14') can be machined at twice the drilling speed ths w*uid te
req 4red tor the alloy in the ageod condition (366 511NI.
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8Th 4. MAr t"~:', 'N -!AN'M.% ALLOYSI

44. 1 Titain:'m O Al-4V. Bta Firged

Allov Nentificalion

Ti-t'AI-4V is a high-alpha. lean-beta titanium alloy which exhibits
excellent elevalrd temperature strength and stability as well as a
wide range of hot workability. One of the most recent developmrents
has been centered oni forging the -Iloy above the alpha plus beta/beta
transus. This practice has not shown any significant effect in
reduction of mechanical properties. bsit rather has improved creep
strcngth and !rac-ture toughness. The alloy has the following
nominal composition:

Ti-6. QAI-4. OV-. OSC

The material for turning tests was procured as 3 in. diameter bars
in the beta forged condition. It was reportedly forged at 1950"F and
air tooled to room temperature. The hardness of the bars was
331 BHN.

The resulting micros -ructure. which is illustrated below, consists
principally of acicular alpha.

eW-4Wt - ino;7

VN

Titanium 6AI-4V. Beta Forged

Etchant: HI, HNO 3 . HZO Mal.: SOOX
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4. 1 Tila ,n ,AI-4. Peta Forged (continued)

The 1/2 in. thick sections for the milling tests were machined from

I in. by 4 in. rectangular bars in the beta forged condition. Beta
forged slabs 1/2 in. by 4 in. were procured for the drilling tests.
The mAterial was reportedly forged at 1950'F and aar cooled to room
temperature. The resulting hardness on all the material was 331 BHN.

The micr,)structure of the 2 in. by 4 in. bars. hwn below, consists

of alpha platelets. This coarser structure in contrast to that of the
1/2 in. by 4 in. slabs is indicat;'ve uf a slower cooling rate.

" S4 ,.*# +A"+ f . 1

TitaI." 
i"AtaFofrye

,, ,+ N+ -,,,

Ctchant. HT, !.i OlO HO Mag.: SOX

.4

* 66
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4.1Titaniutn AAI.4V. Po.ts Forizd (contirnu.d)

The micro-otructure of the 1/2 in. by 4 in. material is evidencedbelow. It consists principally of acicular alpha.

Titaniumr 6AI-4V, Beta Forged0
Etchant: IHF& HN0 3 , H20 Mal.: SO0X
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Tool life L-.r~es with three diffe-ert tes o! H.,S too', Are vhw'n .-I
Fig.re 87. page 100 for turn.ng Tta-u mtAI-4V hftA loritec. J.1
B:N Note that for a b0-m-nute tool life. tt'e .tt.r.z speeds were
4b feet/minute for the M2. 52 feet,'mn .Ate for tM.e T&S and 5b feet pec
mirtute for the M42 HlSS tools.

The t-.pe N42 HSS tool was even more s-.Doez&c- at the ).eavier feeds.
For example. as shown in Figure S4. paze 100. t".e cutting speeds at
a fee i of .015 an. /rev. were about 40 per.ent faster than at a feed of
.010 in. /rev. and 70 rw.rcent faster than at a feed (,I . 005 in. /rev.

In general. the cutting speeds used in mat hininR the ,.rraes of the
forged bars of the titaniuna alloy were appreciably less than those
used tot machining under the skin Note in Figjr- 81. page 101. that
the cu.trg speeds in ttrning the skin ot these toyred bars were less
thsn 50 percent of those used under the skin. The dflierence in the
depthe of cjt for the two different curves s not oelieved to be an
important factor in the comparison.

Tool life curves with carbide tools are shown in Fiz.re 90. pace 101.
for 1 zo two tool geometries: (1) S" regative ba,.k rate ard 5' negitave
l*de rake and (21 0' back rake and 5' positive de rake. Note taat 0
the tool with the negative rake angle. *to.tded tligbit,, higher toni
life than thse tools having the posative side take.

The C-2 grade of carbide again provided the longest tool lite. Note in
F.rar. 91, page 102. that both the titanium carbide and the C-' grade
performed poorly compared to the C-A grade of carbide. Aht o the
ad. antdge of us.rng a cutting oil was not ve'y sgarufirant when compared
to c ttinS dry- see Ftagre 9Z. page 102. At a 30 m.n.te tool life. t w
catt,ng opeed with the oil was less than 10 pe-,.ent faster than cutti g
dry, However, it is to be expected trat the tu-,l lite values would be
more consistent when using a cutting oil since thet would be less s a
tendency for the chip to weld to the cutting edge.

It 6s imerstw.in to note in Irisure 92. page lot that at a cAtting speed
of lY$ feetimiate with carbide, the toni life dropped SO percent when
the feed was ircreased from. 010 to .015 ,n. Ire When cutting with
h $-- %peed SItl tols., as shown earlier tl'e tool &.Ae increased when
the feed was snct*ased to. 015 in. lee.

90
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Iool life curves with NQ and M42 TISS sin&1r- tootn qitters are sh.wn
in Figure 14. page 103. At a cumt:n4 sr-ed of SO feet/rn;-re, tie to.A
life with the M42 !.:SS cutter was 1'0 inches of work travel wh;le with
the M HSS cutter the tool life was 10 Anches of work tra,.. .

Figure 95. page 104. presents trol life curves at two different fezds
nver a range of cutting speeds with an M42 HSS single-tooth c atter.
These two curves reveal that with the srngle-tooth c -ter. the hgher
vroduction rate is at the feed of .005 n. /tooth. However. it has h'een
found in the past 'hat when usin; a multiple-tooth critter the feed
generally has to be rer!uced somewhat in order to maintain a reasonable
tool life. Hence. a comparison of the performance of a single-tooth
cutter with a 14-tooth cutter is made in Figure Q6. page 104. at a feed
of . 003 in. /tooth. Note that at a culting speed of 10 feet, r.in~nte the
cutter life in terms of inches of work travel per torth dropned from 90
with a single-tooth cutter to 40 with the 14-tooth cutter. Howe-er.

4 even with the lower tool life per tooth using the multasie-tooth cutter.
the total length of workpiece cut -was 14 times 40. or St0 inches of
work travel.

A comparison of the tool life values obtained with a vartetv of grades

of carbide is presented in Fgz-are ;. page 105. Note that no zutt:ng
fluid was used with a single-tooth cutter having S' oositiw rake
angles. Also, the feed was . 005 in. /tooth. L'nder these conditions.
the C-2 grade 883 was superior to all of the other grades tested.

As shown in Figure 98. page 105. a cutter oath 5' negative axial
and rad %l rake angles provided longer tool life than a cutter with

4 S' positir. axial arid radial rake aingles at a cutting speed of I00
feet/minute. At this speed. the toul life was 240 inches of work
travel wath the cutter having the negative rake angles. whAle with the
cutter having the positive rake angles the tool liat was ZIS inches of
work travel.

* Another compirison of the cutters having negative and positive rake
angles is presented in Figure 99. page 106. at a cutting speed of
150 feet/minute. Except at a feed of . 007 in. Itooth, the difference
in the two cutter* is insignificant.

Cutter hie .' go increased appreciably by using a phosphated oil
inote.d of cutting dry; see Figure 100. page IO. For example. at
a tool life of 130 Inches of wo-k travel, the cutting speed w' th the oil

4 -91-
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The .,.4 ,rt P r n iI 9 .i . , -

havint; the S, Posot .e axial an4 •:+ rA-f a 0:' . F r rxii - d
shown in I~gurq. M .-Mze V)7. a • , • -I %-Wro %.t V - :* .. .. .

7nmhes of work tra%*.! as tuniparpti v., " - rs -A A, +r ... "-i
4 the n ,aatie role An e'',e .

It isl Interesting, to note in igire VZ. D),j, 1607. Oh.s. at 4• .-t,.- it),.
of a h ee Ain,te t ua.e pher t)ot , v*At h t,;r & ,€e % ,- . ...

wasnly tUe inhe ~oaa t axiard r~i.1%1 ties w,0, -- e % s~*'

c ater. |i we~er,e i 0 .1,1tqh Du l3le'v C,,t s i t 
lt '1 °, r-. 4. .x.

tooth cttler cut a total of T- O tn hes of M,)r, travel. W'rl. t!,r .i .
tooth cutter only cat 10 inches tot-al.

Prm,._ral F-0 trhnalg m V -% i l

A coiptrison t shownt ian Figire 12). Dade 1 if t ,. -

obtained with the o and a utte Aphr , t i: s, o s"-
ai t whih these curves w e ubta ne , t!, sI, c 1 ,4'r . -. ?:,Jr.-.lro t'0

phosphated nil.

As shown in Fag'-rw 14 ire 110C at a tool 10 P ," -1 Z. wrot

the cutting speed with an M42 HSS end mi.l was 10 t-r. emt ictra'er
than that with the MZ ISS cutter. Note that the denr of t at mas .*.0
in-he. At a deptih of cvJt of .115 in. . the c(attaal speeisd were 40
per%:ent higher than at a depth .%( cut of Z50 in. see Fri,,,e :1',. pete
101. It should be pointed nut. however, that at the depth oW 4 ut of
- ZSO in. (wluuh as twice as great only a 40 per% ent det reas, in
cutting speed was req4&red to obtain the equialant e ,n ! lut-e Hen.e
the metal removal rate was appreciably & :cater in %bh. ase oft t".e
higher depth of cut.

The curve shown in rigure t0. page 1090. represent, ", relhtinnsh.o
berwee tool life &no feed at a cutting speed of ISO ie, niite N lfe
that tne cutter hle actually increased from 2107. to 11S jnhes of wort
travel by increasing the feed from .O'41 to. 004 an. Itouth. I

* I
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A o i~r.r t tcoul life r 4j .es uhtazr-ed with two qifferent grades
(i 1153 endl mill* hing 4 in. f1l.te longthe is mhonrn F,.rp 107.
! f 1I).- The N142 ll"S tAswere far a nerior ft.) 1-e M.Z fSS
IU~ o' 91,r examiple. at a c-ittirg ie'd of 1',' feet/min ate and a
for'd uf . 002Z inl. /tf)oth. the tr~ol life with the X14Z IISS tools was 304

* athes of wurk travel as compared to 12 inches of vuurot travel with
the' NZ IISS tols.

Note in Fi&'iAre 1I-. page I[I, the effe t of depth o~f cut on tool life
with the 4 in. fl-itr Iemrth end mills. At a c'ittina speed of ISO
feet/minuite. the tool l decreased from 304 to 112 inches of work

*trael whrm the r.epth of (:,t w*a, -itreased from . 0t,') to . uS in.

Using longer end mills. 6 in. flute length. c .tter life decreased even
more rapidtly with ther increased depth of c it. As a matter of fact.
as shown in Fii~urr 101. page I111. the cutter life with the 6 in. fl,4te
length cutter was only 15 inches of work travel. even at speed* as
low as 100 feet/minlite. tiuwever, decre-asingt the depth of cut to

030 in. resulted in a toot life of 128 Inches at a cutting speed of
IMd) feet/inute.

In order to increase the toril life even more with the 4 in. flujte length *
4"Attr. it %as necessary to also decrease the width of cut to ISO0 in.

' 4 Note In Fi44re 110. page 111. that at a cutting speed of 100 feet/minute
the tool life increased from 127 inches of work travel at a width of
cut of . $00 ona. to 240 inches of work travel at a width of cut of .5 aS n.

A very interesting comparison to made -a rigqre 111. page 112. of
the te-ol life curves for end mills with three different flite length*.
At a cutting opeed of Z00 feet/minute the cutter with the I in. flute
length produced a tool life of 310 inches af work travel. while the tool
Wie with the cutter having a flute length of 4 in. was only I IS inches
of work travel. In order to produce a tool life of even S0 inch*@ of
work travel with t" 6 an. flute length cutter, the depth of cut ha to
be reduced from . US5 in. to . 030 in.

As shown an the previo-we paragraphs tool life decreases appreciably
as the length of the flute of the *ad mall s. increased. Also* cutter
deflection is a more ser-oqs problem with the longer end mills As9
& result. dimensional accuracy suffers. Nrite in Folture Ill. pole Ill.
huw the dfeevion of the catter having a 4 &n. fluto length incrteased a

* .
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tolwear develope-i. The too! drfr tion w,. tv tordf to a o~n

the tool wear was . nr n

* The c .it-es shown in Fir-ire I 13. pa~r Il Ii. rf-1!ae 0.o%' i,r r '4:

t.on for tool wear at a winith of r ut of .2'O in. fur a t orr a
flute length of b in. N ite in this (ate that at a t,.)l wrair it t! e
deflection was . 030 in. for bulh depths of % .t. . 0 V andi . r, in It
shuld be noted1 that with vhivt cutter the width ot it -as onlv Z ) in

*The results shown in F1iz-4rr 114. page I Ii. sin-ik ate tnat tr ei:Irk. tj4n

of the t) in. flute length ci.tler wa4 aporci.4JAv less at A 'Ai1h 4)ft
of . 500 in. as currpared to a wi~dth of tut of 250 in. Note inat as a
tool wear of . 020 in. . the deflection was . 059 in. . wti.le at a w.1~it
cut of .500 in. the deflection was only .014 in. It apwa red tl.at At ti~-
lighter width of tut the cutter tended to bend more than w.th t'e hIea .r

* width of cut.

The relationships between cutter deflection and tool wear at.,' slizjwn
in Figture 115s. page 114. for three different cutt~nit spoes. Nopte tat
the deflection was least for the higthest speed. 1owever, the itoil lite
was also less and the cutter wear pattern was different ine eat h tit

* * I the three different cutting speeds. *
jnd Mtill Slolting (031 RIIN)

As shown in Figure 116. page 114. the M42 HSS end mill performed
appteiiably better than the MI HSS end mill in slotting the titarn 6m

* alloy. The cutting speeds were about 18 percent greater with the
M41 l4h utlor. Also, decreasing the depth of cait to . US itt.
permitted an tacre&se in cutting speed of olightly less than IS pe'tent
sees Figure 117. pate 115. Thee results indicate. however. that a
higher rate of metal removal is obtained by usint a deth of cut -%I
-ISO an. at the lower c-Atting speed instead of usina the lighter depel'.

* of cut at the higher cutting speed.

!was fOWWn am the Case Of end mull slotting that the lighte- teedo
provide appreciably longer took lite than the heavier feods rot
enamnpl*. as shown in riguare Ill. page 115. the cstue ,@ *&a 15

atafo6f.01 n toha cutting speed of 11IS toetimanueti

* .94. S
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At ofiparo t i- wn i-% F.jire a!3. pate 110). of three d~ffervnt
jradeq of 1HSS toole in dril.-. T.tani'am AI-4V. beta ftrrgod. at
331 DtUN. N')t that for a t life of Z51 holes the ru.tlinng speeds for
the various USS tools were as flos

Nt4 2: 40 feet/minute
T 15: 46 feet/minute

Thus, the Tl'S IISS tool perrritterd a SO percent higher %.utting speed
* over that used with the Nil HSS tool and a 1S percent higher Cutting

sreed than that with the M4.1 HSS tool.

The beta forged block* used for the initial Orilling tests were 4 in.
bv b in. by I1/Z in. thic i. It has been the custom in !hoe* drLlling
tests to also use the l/Z in. thi-: plate$ remaining from #he milling

*tests for drill block$. (The milling block@. as bet& forged. were 2 in.
by 4 an. bv 12 in. long.)I When this is done.* sevoral tests art reru~n
on the mill blocks to make sure, that they have the same machirung
characteristics as the drill blocks. As shown in Figire 120. page I It.
the drill l~f- on, the mill blocks was much greaiter than on the %Iill
bli.. ks At a tool life of 250 holes. the cutting speed on the drilling

6 al61% ks was -10 feet/minute as compared to 4b feet.minate ark the m~
block. The difference is even more pronounced when a comparison
to made on the tool life values obtained as a give,% cutting speed. For
eamnple. at a cutting speed of 45 feet/minute. the tool lift on the
drill blocks was I5 W~ieb as compared to more than ZS0 holes on the
mill blocks.

An tamination of the photomicrograph$ of the drill and mill blocks
shown in rigure It 1. page IIM reveals % considerable difference to
their macrootractarve. Hence, the machining characteristics oft he
two sets of blocks were diferent. The drill blocks. hana been beta
forged to a I1/I in. thck section. had a much finer acactalar structure,

4 than the mill blocks, which woe*e machined. from a 2 is, thick siectiom.

Further tests on the mill blocks revealed that a phosphated oil was
appreciably more effectiveo in increasing tool life than it chemical
emulsion. Notw in Frigure 122. page, 110. that for a tool life of I50
holes the cutting speed with the chemi~cal emulsion was 41. 112 feet

0 per minute as compared to 40 feet/minute with the phosphated oil.
These resalts were obtaind at a feed of CO 0 i n, /rev.

.95-



A' a e feed of ."',) n. rev:. zre g *', ., were t

-tie ,antler to,4 * ;!:e. For citar'.r. as %"-,,,.vn .n '.,;r. i. t;- .

at a !Ool. life of 20 1 hles the C,., '. 9 -'" . . "",.'n.,4 ": .*d 9

. 2 fr e t/ m i n u te a n d t 3 fr e t 'r - . te w ith 0 . r , .",C 0. ,

ft. z~atv in rnak hintri of anv to~a-,.-m a4 .o a., q r~)*

Th'.s was a&;Ain shown in dril',..: tho 5e !4 ! rzr-i To n; in, , A: -4.' -te

I'.e.h and screw machine len, h dr" .s. N -te .hat -, a dr " .:ao:

1. hls the cuttiri ineed w '% *he : ;bers Cen-. h &i Wa !ev,

per minute as corrnarrd to #, tfe mar .4- (Z I 'rrnt tttstrr w.!.,% !-r'
9,.rew machine lert,-h. The feed was , r n. rov. If tie !-,.- ' .%,

been h;Qher. i' .,i quIte V ossble that t1.e difterenke woa'1d 'A 0. en

even greater. 'te lenth of the drill 4s of varticlar im.yiuran, e in
dri','ng titanium since the .hisel ed4e tends to wear rapidlv and At
a result, the thrust force increases considerablv Tue lur-e• t'e
dri:l. the greater the defletion if th., r.rdi. When the drill detl-s .i,
the titanium tends to or-ear over the riarg.n of the drill res .lt.7 .n
nvere-me holes, poor fa-ush and a.,.elerated tool faii-re.

* Rearil-1 (331 pi't".) S0

Results shown in Figure 12.. e V. .,re obtained with two
different cutting l1ids on the blocks 't had been foruled to a it in
thickness (rill blocks). Note that the phosphated oil pr'qv;ded cton-
siderably longer reamer life than the chemical emAlsion. The lood
was . 00 r. Irev.

Note in Tilure IO. page 129. that in the reaming operation te blo as
forged to a thin section (1IZ in. thick) provided Ion.,er reamer life
than the 1I/ it. thick sections machined from bloJts toried to a I o..
thickness. At a . earamr late of ZS(1 holet the cuttinj speed %)n tbe
blocks forged to a I in. thickness was % ;oetlminute as cumpared to S
77 feet/mnuott on the blocks forged to a ItI in. thickness. Th.s wIs
the reverse of that obtained in the drilling tests

Thq feed is very critical when reamint the bets forged Titanium %Al-4V
Note is Figure 127. page 110. that at a feed of . 009 in. /rev, the
reamer life was 110 holes and that when the feed was ,creased to
01 iS. Irev. , the reamer life decreased to five holes. Also on the

mill blocks, by using a cutting oil containeg: s ,ur instead of a

9
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I)

Vho7i7td Q.. -h- rVpAMOr 1, e IMC rP&Sed frOM 1 10 holfs to 2 3 holes
at a Cuttig spoed of 70 fretim.rte. see Fig,ure IZA. page 121.

As shown an Fi,-are 121. pagr 121. the cutter life with t.! • fo~r-fl.at#,,
, s~arbadez.taerd reamer was nt .atsfactoay. The M33 uiSS reamer
p-rfortned nvrwch better than the carbide.t.p .d reamer. Chipp g.
ouurred on the car , de reamers eve-l though the feel was red,eced to
. 005 in. irev.

An MZ HS, reamer rrovided tunier tool 1;fi than the NM HSS reamer.
For example. in Fa,.ire 131. pae 1Z2. at a c'.tting speevi of 4') feet
per minute. the reamer hie was JV holes wit, the NQ V1S reamer as
tompr rd to 60 holes with the M33 KSS reamer.

Tapl|' c 03 IHT.

4 A comparison with several types of cutting fliads to prese:ted in
Figure 131. pace 1ZZ. ussrC a two-flte spiral point tap. The
chlorinated oil was used for comparison purposes only since it is not
permtted to be used in machining titaium all ;s. T"e oal containing

a phosph~Ate and the one containatnr sulfur perf!,rmed soniiariv. hut
appreciably poorer than the chloranatd oil. t.sing three-:l ;te tap. * *

4 the oil containing sulfr was far more effective. see F.ire 132.
pace 33

A comparison o( various types of tape is presented &n riures Iis.
I3 and 13S. paes 12) and 124. The three-flute taps were always
the best of the group. Also chrome-ladding the three-fluts tape

* resulted in nicreasing tap ife from $8 to 2SO holes at a cuttgng speed
of IS feet/minute. see Frigure 135. pagse 14.
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4 4, C~s. e IA!-4V. As (-&at

T,!&%Wni tAl.4V is a Smith.alpha. Ivan- bees 0t6&orm aU v wch
exhiis excel:ent ceratod temperature 9?roeag'ti arol stabilsty.

4
Th3s alloy in the rast form has shovwn or,'ji.-en~t c "roosioo resistane
&Ar mohawucal pf)r~e ive as comparv't 60 Its Wro3,,18t cou'J Mt.
Casai -we have been uoe4 0% airframei otrvic jval arpl'- iao whet*
comrplex dopign-ohaped hardware was 71%oe1 ~*nmainal cnw$
tion of this Cloy to as follows.

The material for the mailhn# tests was pwour*4 as 0" n in m. coot
bars The material for the drillin~g tests vat cv%*azrwl by eoclionan4

116' in. tht plates from these bars . roots we re irfv,rr%& ed this
material in the as cast condition. The hardnwe oft tis materWa was I

* 341 JOIIN.

The microstpietre. iMustrate.4 Wow. conuasts of W,4rnanoettee

0,

TItamum 6A1.4V, As Ceow

EftrM NMI 420. Hg4SO

usS
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4 2 C.%at Titan;ii tA]-4%'. A% Cast it ct fnt. ri*jr

f'aqe Milh ( 41 BuN)

Tool Lfe c urves sith two different grades of IISS toots are shown in
Figure 136. page 129. Note that at a cutting *;wed of 90 footiminute

.iid a feed of .005 n. /taoth, the tool life with the M42 FSS single-
to .th ,.tter was 124 inches of work travel and 5 inches of work
travel with t.'e MZ l4ss kutter.

As has been f,),'nd in previfris tests, the cutter life .,r tooth as
usually less with the multiple-tooth c'Jtter as comiared to a single.
tooth cutter. The cut,-r life, as shown in Figure 137. page 121. *as
1Z4 bnches with the sinitle-tooth cutter as .ompared to 37 inches of
work travel per tooth with the 14-tooth cutter at a cutting speed of

80 cet/minitr. However. it shoniad be pointed out that the 14-tooth
cutter actually milled a total of 518 ianches of work travel and that
the rate of metal removal was 14 times faster with the multiple-tooth
cutter than with the single-tooth cutter.

The M4Z HSS multiple-tooth rutter was only slightly better than the
MZ THSS multiple-tooth cutter see Figure !34. palte l!0.

A comparison of various cutting lnuids with cuttia-., dry in face
milling with a single-tooth carbide cutter is shown in Figure 131.
page 130. Note that face milling dry provided apprteciably longer tool
life than when using the cutting fuids shown in the chart.

It has been found in the past that tool life in machining titarnum alloys
isually decreases with increased feed The results shown in Figure

140. page 131. confirm these fandngsi. At a cutting speed of 240
feet/minute. the cutter life decreased aboAt .10 percent when the feed
rate was increased from . 003 to . 00S an. /tooth. However, this
higher fed rate provide. approximately the same tool life as the

lower feed rate when the cutting speed was decreased from 240 to
197 'eet/minute.

As shown in Frigure 141. pale 131. the cutter life in terms of inches
of work travel per tooth was also considerably less with the caTbide
multiple-tooth cutter. However, by decreasing the cutting speed. it
was possible to increase the tool life appreciably. For example. at
a cttting speed of 150 feet/minute. the tool life with the sea.tooth
cutter was the same as that wh the single-toith cutter. cutting at a
speed of 275 feet/mitut. Hence with the multiple-tooth cutter, the
rate of metal removal was still three tmes faster than with the
single-tooth cutter. een thoulgh the ctting speed was reduced.

- 1Z&-

m m M • ip mm i m i m i i • m • I
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4. .CA~t Tita" :mi fA!-4%'. As Calt (-oftinued)

Pr: p .. ral T.',! Millniz (11l I 'N)

The M42 11S end n,;lis permitted a 16 percent increase in cngtt.
speed over the MZ leSS cutters. see Figure 142. page 132. The
relationsip between to3l life ant feed rate with the M4Z HSS c,'ttor
as shown in Figure 143. page 13Z. Note again how critical the feed
rate As in end milling titanium alloys. In this case. the cutter life at
a feed rate of . 002 in. /tooth was 185 inches of work t..vel. Increasing

',he feed rate to . OOZ5 resultec in decreasing the tool lif, to 50 inches
of work travel.

End Mill Slotting (311 ItAN)

The M41 HSS cutters also provided an increase in cutting speed over
that with the M2 HSS cutters in slotting. As shown in Figure 144.
page 133. the increase in cutting speed was 10 percent. •

The results shown in Figure 145. page 133. clearly indicate the need
for using a lighter feed in end mill slotting the titanium alloTr.
L.', reasang the feed from . 002 in. /tooth tn . 003 in. /tooth resulted
in a considerable decrease in tool life.

*) 4

0 Drilling (311 SHN)

A comparison of M4Z MW drills with Ml MSS drills is shown in
Figure 146. pace 134. The cutting speed with the M41 HS* -fills was
20 percent higher for a given tool life than with the M IESS drills.

1

-S/

;S

|S

J • I i ]l J i tl 1 I • i I l S • i m i m • i m



.9 r

- WA.

* 00

03-

a u u 4- -



i

U -". S L - -I

:2, t' w i . i q ::

s I ' I
:, q I . : \ - . --- . -- I - -I
".i - . i i _ i I

-- , .
2

Zh I - A..:I • l
"-: . : .. ia

bU i .* ' i I I )

-I I II I -

I I

III I I l II[

: :- t- l- ii I I-- I I -,

E .--i-  I, /___ _ /_

i/ II

____ "4---4 - i z

-t- Jo ait •



ItD

"i: ] "t- ,'I /

WAi14 I

b 
---

-q ' r .. II a

" I!

4 1 3 0 I

IUAYlI.l Wla A)1111 • elrl 3 OO

,. Sll

r U

m s



z 2

meft

*wv Ao, vamsnw



4 I

I I I ,
am

I I I

,. g go" so 6 1 s

k I 0

L ' ,;Poo

-M 
I

1 I s-
I 1nAVW , Umo* Jo lm a •3~ 2JV bOA

Siul

I *,~.I



4W

'00P

'ISAVU~~ 344 OMVg& 0

jil

ObOb

* 1 
. -



1;~ 57 T17A',*7' .f ,A 4. , A r 1 A - 'II T'

4 rFFF-T OFp C?*TT1Nr, -ZPYF-r A'.r 77" f 'A TYR!A!,

DRILL: 1!4" DIA. MSS SCREW MACflI'N LENiGTI
POINT ANGI.E. 118* CLFARA!.Cr 70
tiFLIX ANGLE- Zi)' POINT TYPE: CRANKSHIAFT

qFTED: .005 IN. /REV.
DEPTH OF' CUT: 1 /2" THROUCIH

-C TTING FL-ID: CHEWVCAL EMUL.SON (I:2O1
TOOL LIFE END POINT: OIS5" WEARLAND

3004

0O12' we& Hand OlZ" wearland
zSOZS pm Q 30fpm~

I M42 IISS0
K

ISO

50- - -

loo

20 as 30 3s 40 4S

* CUITlYC SPED - rETIMMNTE

So tet aS2 is 4
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4 4. 3 T:"-. i:m Sol-ui.o47r-nMo, Soluon Troate-i and AILOPg

A!!'Yv ldentifitaion

Ti-,Al-ZSn-4Zr-2%fo is a super-alpha titanium alloy which combines
low density. high strength, plus excelent creep resistance and
stability at elevated temperature. The nominal composition of this
alloy is as follows:

Ti-6. 0AI-2.03n-4. OZr-Z. OMo-. 03C

The material for the milling tests was procurad as 2 in. by 4 in.
rectangular bars in the as-forged condition. The material for the
drilliag, reaming, and tapping tests was -rocured as 1/2 in. by 4 in.

p'ates. also in the as-forged condition.

The m'achining tests were performed on this material in the solution
treated and aged condition. The heat treatment to which the material
was subjected was as follows:

Ts*rt/l hour/air cool
1100*F/8 hours/air cool

lResultini hardness of all the material was 321 B(N. The micro-
structure of the 2 in. by 4 in. bars (shown below) consists of alpha

S 4 platelets, beta. and small quantities of alpha prime.

lb
r op. .. #L f-.I" .ag,* -44 FJ :'

I T1-4Al4ni- -4Zr-Mo. Solution Tr*eted ad Aed

Etchant: HIP. W 3O|. Glyteral Mal . : 50(M

- 135.

I6 I I I I l + m f m 1 • d d M d M l nlr l+I



I

4.3 Titaniti a EA|-ZSn-4Zr-ZMo, Solution Treated and Ageld (contined)

Alloy Identification (continued)

The microetructure of the I/2 in. by 4 in. material is illustrated S
below. It consiste of a slightly elongation alpha-beta structure.

;lo 4

zv dd*)h v,--

TI- -Sn-4Zr-Mo., Solution Trefted and Aged

ttcant: HF. 1Q0 3. Glycrol Mal.: St OX

e i)

61i

1 i)
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4. T !a..r t Al -25" -47 r.~ c: n 7 ~ree. 4 -v* ~Ont~nka-

F>-d 16:1 sIott.- (.I, I PTI

Of the cuttirvl flaids used. *ee Vicure 147. pace 140J. the water-base
fluids performed mru, h betler thar the hosv1.Atpd o-.1. There was
very little differcnce in the perfirvnancts of the thirer water-baso
flo.ds however, the soluble oil appeared to be sl.zghtl* bswttep than

tithe.- the chemical emulsion or the phuii;?atrd soluble oil.

As shown .n Figure 14' . page 140. the P442 HSS cu-ter perforwwd
Ap'preciably better than the St' .1155 cutter. For example. at a tool

* life of ISO inches cf work travel. the cutting speed writh the U42
liSS cuitter was slightly more than 10 percent higher than that witi~
the P42 HSS cutter.

From the results shown in Fizure 149, page 141. it wr4ld appear
that a feed of . 001 IS n. /tooth to the beat feed to us-o in end mall
slotting this titanium alloy. The cutting speed at t? it feed for a
tool life of ISO inches of work travel was almost 20 percent lighet
than that with a feed of . 002 in. '!ooth. In addition. the PosiAte
were more consistent with the Ilichter feed.

S I Drllins 321 a"N

It to very interesting to examine Figures ISO and 151. page 142.
Note that in Irigare ISO tasing a phosphated oil the M I HSS drill
provided arprociably longer tool life than the M42. However. as
shown in Friguret 151 using a Ahrmlcal emulsion the M42 lHS drill
wait considerably better than the MI H355 drill. As a matter of fact.
as ang the chemical emulsion and the M42 1155 dril, r. cutting speed of
40 £etl/minnjt was used to obtain more than ISO holes. Under any
of the other conditions cited, the cutting speed was IS feet/minie
or less for "h satin numnber of boles.

Ttlther comnpauisom. of tie two cutting fluids for vioch of the we
NO drills are presented in Figures 1SI and 153. page 14). Notes
that with the MI IS drill the phosshated oil and the chemical enalosie
performed similarly at a cutting speed of 25 fet/miuts. The drill )34
was slightly more than ISO holes. However, as shovm is Figure 153.
the chemical emulsion perfiorme appreciably better tham Owe pbos.

4phated oilwhen us tg n M41 HSdrUi. Note thatat a cutting speed
of 40 feet/misate with the pitoaphated oil the drill life was IS heles,
while with the chemical emulsion a drill life of over ISO bave was
Obtained.

-13?.-
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4. 3 Ta ,i-an %sit A I-.S 2n -4 Zr - Z%1,. Si)I 1t n T rca.. faA A .i r k on t.r n t

Riaminlm (32, r11N)

The relationship betw tn tooil life and ctttinR spee,! in reaming t~e
titanuum alloy is shown in Figure 154. page 144. N )to that w.th an
MZ rSS six-flute reamer more than 250 holes were reamed a! a
cutting speed of 105 feet/minute. The feed was 001 an. irev

Tar 'ti (21 BHN)

As shown in Figure 1SS. oage 144. both the chernical emulsion and
phosphated oil provided about the sam~ie tool life in tapping. A t4o
life of slightly over 50 holes was obtained witn both c ittiig tlk|ait

at a cutting speed of 20 feet/minute.

The tool life carves ir Figure 15b. pace 14S. indicate the ad,.antaiz
uf chrome plating a tap. Both of the taes sged in thrse tests were
three-flutted. spiral-pointed tape. However. with the plain tap the
maximum tap lafe was 30 holes at a cutting speed of Z0 feet/minte
as compared to 250 plus holes with the chrome-plated tap at the *am*
cutting speed.

A crmparison of a two-fluted and a three-fluted tap. bath chrnnt -
plated. is shown in Figure 157. page 145. Note the great difference
in the performances of these two tyxes cf tape. The tap life with the
two-fluted tap was very poor corpared to that with the three-fluted
tap.

I

I
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4.4 rt~i ra*i -IAv

Titarnkm 671 is a con-plex a]pha-beta titanium alloy designed for
*les.a.tte:nperat'vre appaication up to 900*F. The nominal cornpo-a-

tion of this allay is as follows:

Ti-li. OSn-5.OZr- 1.0Mo-2. 3AI-. ZSi-. OZC

The material for turning tests was procured as 3 in. diameter brs
in the so.aoton treated and &ged condition. Rectingutlar ber stock
Z in. by 4 in. for the milling tests was also procured in the solution
treated and aged conditlon.

The heat treatment performed on t is mraterial at the mi!A was as
foUows:

Solution Treatment: 1650"F/I hour/air cool

Age: 930*F/Z4 hours/air cool

The resulting hardness was 3S2 BHN. The microstructure. illustmted
below, cotists of equiiazd alpha plus grain boundary beta and
compound phases.

!A e V

* *.

xi)

i'Mot

401.. '#:?

o Tlwgdm 479* Slliae Treed ad Aged

ZekbM Mr7. HMVj t~ Mag.: SOOX

* * 144-
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S _ .,., 7 -, It , ,-n Tr 't-1 And Aioj (, ,nt.-1 4e

F itre i-S. page 15. presn's the tool life iurvo. fir t, MZ ard
M IL|SS t )ool . FP a given tjtter It!e. the M4Z ILSS tool pormitpd
a 16 persrit hl-l~er c1.tting speed than the MZ liSS tool. S

Is %I own in Fig ire IS). page 150. the C-Z trade of carbide again
oroed to be siperior to the C-6 .:rade in turning a titanium allov.

,r examole. at a c tting speed of 1.', feet/minute. the citter life
w:tl, the C-2 grade was .0 rnin.Ates as compared to 9 minutes with
1." C-t, grade,4

The use of a soluble oil permsted an increase in cutting speed of
abo .t 10 perccnt over cutting dry w'tn using farbtd. tot 's in turning
Tit.n, irm t)?') see Figure '60. page ISI. At a cutting seciet of 150
tert minute. the tool life cutting dry was 24 minutes as compared
to 41 minutes when using a soluble oil.

The results shcown in Figure 1l. sage IS1. indicate that ther, is a
sltgt advantage in tool life in using tools having negative ralie angles
,)%or the posit-v rake angle tools. For example, the turning tool
w.o' the S* negative back rake and side rai anglets provied a a

%!,.;-1tlv longer tool life than the cutter having a 0" back rame and a ' .
' 4S positive side rake angle. In addition. th- negative raio anlie

tool geometrv pravidea more cutting edge* per insert and hence is
more economical.

Peripheral End Mlllint (3S SH4)

The tool life curves in Figure 161. page IS. show the effect of
vario-*s types of cutting fluids on tool lie. Note that the chemical
enision (1:10) was considerably more effective thain either the
sillkliaed oil or the phosphated soluble oil. Tor example. at a cutting
speed of 17S feet/minulo. the tool lite values were 1 inches of wik
travel for the phosphated solube oil. 60 inches for the sulfurised oil.

4 and I inches for the chemical emulsios.

As has been found in the past, Ue slection of the feed rate i
pes iperal end milling titanium alloys Is somewhat critical. Note
that in rigure lb). page S2. at a cutting speed of lbS feet/minute
the #.tter lit* dropped from 200 to 110 inches of work travel whe the
fied was IlC resed from . 002 to . O0S in. /tooth.

.1?
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t4.4 T n T 3.-1A Z'( int n P,! I

PvritA F-'dW P 'y-(11,.cd
As att~rnin iji garv leA4. psi#- 1; ). tl-e X142 WSS end mil'ls o,.v~ded
ap-re. &blv Ion rer tooil Idfe thark the. Mft IISS t -oters At a Uqtt?'
s'eed of 2.;3 feet/minu.te. the (jtTrr life inreasefl 'rorn 4' to )IS

,int. hes f. worq travel whn an M42 ICSS to-ol was 0.huttted for the 5
M14 |ISS tool. From a prndiwation standpoint. at a tool life tf ZT)
inches of work travel. the M4Z MSS tool permitted a (iftting s wed of
21% feet 'minute as compared to 178 f'etmirn.te for the M11 ICSS tool.
an Increase of ZO perc nt

Very uften. ir order to increase the tool life wien niaOcin.njg a more

difficult al:oy, there ie a tevrdencv lo incr-ase the rihness of the
water solble fluid. As shown in tic- e It,, pace 1M. this is not
always advantageos. For eample. the chemical emulsion that was
used perfcrms slightly better when diluted I 20 as compared to a 1-13 %

dilution.

It is particularly important when machining titanium alloys to us* a
rigid setup. This fact to again demonstrated in Fligre Iob. page l%4
Note that when the depth of cut was doubled, that is inc rease,| from

. IIS to .ZSO an. . an appreciable decrease in cutter 'kte occfred.

T-e f(-ed was .002 an. Itooth. At a tool lIfe of lO anties of wnrm
tra'el. the cutting speed at a death of cut of 125 in. was Z2 teet
per minute. while at a depth of Iut of . ZS0 in. the cutting speed %as
to be reduced to 160 feetlImaMe.

Re"ll,-115 RUM

The drilling speed& with the M41 HSS tools were ever 100 percent
faster than the speeds with the MI 165 tools: see rigure It?. page
IS4. At & tool life of er ISO h*les, the drilling speed with the
MI H3 drills was IS leetmmite as compared to 40 feetlminute
with the M42 1U drill.

A compsrison o tw. cutting Auide ta drtilla4 is presented in iFigure
1tS. page I$. The drilling speds with the . lencal, smalsis were
fo l times faster with the phosphated ed.

* 1
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F;V CF'(T OF (?TIr PF)A";) CT'TT'l~r:fi,

DR~ILLI: I/4" DIA. 16f42 FiSS.SCREW MACJUNE L. NG

PINT ANGL.E: 114 CLEAPA!CE: 7*
HIAX ANGLE: Z; PINT TYPE: C .A.KSHAFT

FEED: .00%S IN. /REV
DEPTH OF HOLE: 12' THROUGH-
CUTING FLUID: SEE BEL.OW
TOOl. LIFE END POINT: .015" WEARLNO

.DIZ: w.aIland
0 40 fpm_ _ _ _

z+ o __ __ _ - i, ,,... .

.1.

c CHENCAL

EMULSION (I:Z0)

/.PHOSPHA TED OIL: -o--- .

z ,

I 4

100 - 0-
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00

0 10 ZO 30 40 so

CUTTING SPEED - FEETMINUTE
S I4

See text. pile 346 - I. FIgere 1W8
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5. MAC~.MN, NICKrL P A.1E ALLOTS

5 I n(--.,___el 71I 15-,l ... Trvtvie ari AjLed

Allav tdrnltification

Inco-ml 718 is a high temptraturt alloy useful in the intermediate
temperature range up to about 4oOF. The materal has the
following nominal corposition:

Nt-I9Cr-3Mo-5. ZCb.Ta-u. 8Tt-..6A-1ISF.-. : C

Bare 4 in. square by 12 in. long were procured in the forged. elution
treated and aged condition, for the machining tests. The material was

Sgiven the following heat treatment-

Solution: 17S0OF/I hour/air cool
Age" 1325*F/s hours/furnace cool to 11S0*F

Hold at IIS0"F for 8 hours/air cool

*J The hardness as the result of the above treatment was determined P
as 41 R

c

The atcrostructure of the alloy shown consists of large. equiaed
grains wtth complex carbide@ precipitated along the grain boundaries.
Some twinning characti!7%etics are evidenced in the austenitic matrix.

n ce71, SoaisTetdwdAe

a&

/

/

(S

' A

Ms~ael 718. Sobattoa Treated and Aged

Etchant: Kallingl's Mdq.: SOOX
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A t ryi )arison of( (i!1, cutIimi w-th t 1nvvnti< : *%', (kt tin itw",ft

o,*r ,il, eraj P-%fa rn.j: jrka Inc. ne ', 14 is wn in Y girV I t . ;>ago l6Z.
Ni..t that tl,# I in. d,arneter c.r '-ald a flate lonith of I in. and
11-at. fur 11'e mIat ht~ cond,tif'.,$ 4sed. mogwas far
0 .?)p 1 ur to) ( rt*, orit 'Al mill knig As a Ma~ttr Of fAf t. for & tt4101 $7fi

,., #0 r hes of w 4 'ri- fravol. tie. c .!Ping scivod w~lth. 11mb mai.,'rkg was
Iwo and oe-half urn... that -With convofluO~. nk i Hepoviir, as

owin VI>CarP l7i2, e ls when tho flute longth was Z in..I
( oentioAl rnillini woo slig'-ly better than climb m.1ing. Avp'ar.
rntlv. %he impac t of c limb ctting wale too sovere for tho longer

c-.1ter. and hence tl,- --- I life was less.

The eif ,t of flute length when climb cuttind to shewn in Figure 171,
pace It,). The importance of a rigid set ap is immei~dately evident
from this comrparisont. For the siame, feed. detith of cut and width of
cut, the shorter end mill provicled diou.ble the tool life at & cutting
speed of 10 Ieet/min-ute. Fror a given tool life, the cutting speed with
the I in. flute length end nill was more than two and one-half times
faster than when makiining with the Z in. flute length end mill. It
should be pointed out that this comparison was made using climb
m.1line. Note in Figure 172. page 16). that when conventional milling
was used. the effect of (lute length in this range was not very

S signifikant.

As has been pointed out many times in the post, when machining a
difficult-to. machine alloy such as Inconel 718, the setup must be
rigid before it is possible to obtain a reasonable tool life. Figurt
173, page I t4. shows the tool l ifet curves obtak ted at two different
depthsi of cut. At the liqhter depth of cut. thi. 'wol lifke was more than
two and one-half times longer than that obtained at the I UZS in. depth
of cut. Also, it should be pointed out that while the depth of cut was
only half as great with fte . 062 in. depth. the cutting speed for a
S0-in, tool lire was more than two and one-half times faster aod
hence the metal resmovak. rate was greater under Whee conditios thani
with the gresteor depth of cut.

From the two tool life curves shown in Figure 174. page 164, It is
apparent that th-i width of cut in the r&4g* of . )?S to 1 750 in. was
not too critical with respect to tool life. For at a cvtting speed of
10 feet/minute, the tool lifie fnr those two widths of cut was the same.
Only at the higher cuttin; speeds was there a difference. Note that
those results were obtained with a cutter having anfuts length of I on.

IS? S
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Per:rieral Frid M lline (W R.) (ont,%.-edI

Tool life curves for three different grades of sigh stwed steel I tIa
shown in Fagure 175. pace lb0. The tvt'e M4. ILSS was far better t-.an
either the M.Z or the TIS. Tb,, TIS }ISS was the poorest of the tree.

principally btcause it tended to chip more readily Not- that at a
cutting speed of ZO feet/minute. the tool ies tor !he M4Z. tOe MZ

and the TI. |ISS were resvopectavely 144. ? and it inkhoo of wt, k
4 travel. The depth of cut in all the tes'r .mown in this figlre was •

. ObZ in. Increasing the depth of cuit to S in. re lte-i in an er
treater difference in the perforr'ances of the M42 ar.d the 11Z touls
For as shown in Fig.ire l7ot. pai,. It, tlhe ..Atter le waP. t~e M44
tool was more than three tames that obta.ned with tae MZ 115

The effect of feed on tool life as shown in Fi 5.:e 17' page lo6. for
both the M4 and the MZ HSS tools. The lighter feed of . 00Z5 an. itoot'.
was the best for both tonls at the speeds shown. Not only was the twcl
life less at the higher feeds, but there was more terdency for the
cutting edge to chip as the feed was increased.

* A comparison of climb cutting with conventional cutting with type
M42 HSS tools is presented in Figure 178, page lab. In this case.
the climb cutting was far superior to conventional cutting even when
the flute length was I in.

Also as shown in Figure 179. page 167. increasing the depth of cut

reduces the tool life appreciably. For example. at a cutting speed
of 15 feet/minute. the tool lafe decreased 50 percent when t e depth
of cut was increased f-m .062 to . 125 in.

In an attempt to increase the production rate in peripheral mlling
Iconal 718 in the solution treated and &led condit.on, carbide end

4 mills were used. It should be first pointed oat that, in order to Qse
carbides in machining an alloy such as Inconel 718 (which work
herdens readily). positive rake angles must be used on the c tter.
This requltement immediately eliminates most of the commercially
available cutters since they generally utalse negative rake angles.
The cutter that was used in these tests had a helix angle of 0" and a

4 radial rake of 0".

Figure 10. page 167. shows a comparison for a large number of
different grades of carbides that were used to attempt to find the best
carbide for the conditions employed. At the feed of . 002 in. /tooth

I

I
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IN I !.n ormeI 7 111 . til! " rraf-atr 4- AC'1 (continued)

Peripheral Enid Nt& 'ini' (4, P.) (continued)

and the cutting a wed of ZOO feet/minute. the K6 (C-Z) grade proved
to be best of the large number tested. A comparison of two C-2
grades is presented in Figure 18 . page 168. at a feed of 002
ia. /tooth and over a range of cutting speeds. Note that the K6 grade
provided a tool life uf 275 inches of work travel at a cutting speed oi
150 feet/minute. while the tool life with the 883 grade was ISS
inch.a of work travel. It should be pointed out that tool failure resulted
p rimarly from chipping and not tool wear. This is usually the coni-
tion when attempts are made to mill these highly work hardenable
alloy's.

As one might expect. the .!,'th of cut has even a greater influence on
the tool life when using carbide than when using high speed steel. the

reason being that increasing the depth of cut tends to increase the
rate of chippi:g of the cutting edge. Note in Figure 142. page 168. that
the cutter life decreased from 275 inches to ,0 inches of work travel
when the depth of cut was i-creased from . OtZ to . US in. at a cutting
speed of 150 feet/minute.

* However. at the heavier depth of cut of. 12S an. . the 883 grade proved
to be less prone to chipping than the Kb. Hence. as shown in .igure
183. page 169. the cutter life at a cutting speed of 150 feetminute
increased from 120 inches with the K6 tool to 14S inches of wsrk
travel with the 883 tool.

The effect of depth of cut on tool life is presented In Figure 184.
page 169. using an 883 grade of carbide. The cutter life decreased
from 27S to 145 inches of work travel when the depth of cut was
increased from . 062 to . 125 in.

The two tool life curves shown in Figure 185, page 170. demonstrate
how critical the selection of macantng conditions in when machining
the high nickel base alloys. For example. at a cutting speed of 100
feet/muite. the tool life dropped from 275 to 105 inches of work
travel when the feed was increaseJ from . 002 to . 003 in. Itooth. At
the same cutting speed. itf the feed was decreased to . 001 in. /tooth.
the tool life was 202 Inches of work travel. At a higher cutting speed
of 200 feet/minute. the beat tool life was reached at . 001 in. Itooth.

A compar! ion of a K6 and an 883 grade of carbide over a range of
feeds t the cutting speed of 200 feet/minute indicates that the feed

I
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Z'f n. 't'),th w-,.1f h t "4 bo at w i'h Ol~e Kf gradeo ot ard

see Fiiiurr l-it. pace 171

T'he ad~antaijes of carbitle tools over high stw.d *trot tq';lg are
Clearly in,!;cajted in T.RiArei I'47. pAilp 1'.1. Nt tat tl-# eYl c ti l#

with the 161% high speed steel t()OI at A kl.tttirg *,ed Of if) fOet. m~rtAfw

was only to0 inthes nf work travel. while with t ,v C4 ga" of ~
IKO) a tvnI life of ."05 Intses was obtainfed at a Or" t ~e fit~

at a tuttmgi gpeed of IS feet rriinoie, The d&teromt e1intOv widithft ofi~t h veM~IISto 'o~dato ieo ' nc

cut with the IISS and %arbide c'.tters warn not bolieviii-d to be a li&kIitA-

cant factor affecting tool life It also shaild b. notoi tl-at tle hij1i

speed steel tool had four teetm, while the carbivie c 't ni'adtl'-evtvvtI,
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PE 'PH FR 0% :V, CF

So,.UT:oN T :A ,':" AND AGrY:) 4 R,

4 FXTTOr McTrT:lc SPFF' k*') -00'L

CUTTERS. I" DIA. 4-FLUT E VSS END MLL

I. 17 DA. 3 TCOY} p7.) M1.I. "1

FEED- .C SN 1%JTH CAPN",)E :%'IFP S
DEPTH OF C'T: . Z IN I

4 . WID1 H Or CUT: SEE BELCW
SETUP: CLIMB MILUING
CUTTING FLUID: CHLORLNATED CIL
TOOL LIF E END POINT: o 1 + U 'N'OIR. WEAR

SI . C~r" LOCALIZED WEAR

WIDTH or CU,*T: 375"

a c. o .,

ISO
I ~WDT OFT CUT .7W.'7 '

50

o o

WITH OF CUT. ,jjjjj

0 so O- MZ Hto i. .TH OF CUT? , 7? "

CUTTING SPEE D - FELVTIAINUTE

See text. poe 160 - i71 - Figuts 157
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Inconel t25 is a nickel base. high tern .rat-zre alloy which is highly
resistant to e'xidation and corrsion. Tt exhibits excllont rupture
and toughness characteristics up to 1700"F. Adlitions of molybd,-r-am

* ~and columbium are utilized to solution ,renIthen the nickel-rich I
matrix. IThe a)loy has been taed in aerospace and marine applications
as well as chemical nrocessing equ:pment.

The no- inal cor-position of the alloy is as follows:

* Ni-.ZCr-QMo-). 5Cb*Ta-Z. SFe-. -5AI-. ;STi-. 05C I

The material for the millins tests was procured as I in. hy 4 Io
plate an the mill annealed condition. The annealing treatm.nt performed
at the mill was as follows:

_-- 1650"F/I hour/air cool

T"he as-received hardness of the material wav 277 BMN. As ehcww
below, the material e~hibas a duplex a•sterisic grain structure.

Is.,

_ Incontel 62S. Annealed

Etchahi: Kalling's M ag, 9 0X

-172
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F~gurt IAA,. page I", S showt a ..rr-ar9-" u tl'e t
fl.r both a sangle-tooth and a fuig-.L'. i !Ter ver a ra -* .o

tuiting sneeds. At a c-tting spwe-i -A 35 fret rnrir.;te. the ,-', ,e

4 w,th the singie-t')osh icutter was 1 44 ,,% he of w-.rw tra~e. ***

whi'o with the 14-tuoth cutter under the sanei roVit.'"11 t!. *

viao 75 inches uf work travel -T'e'r'h. H we ver. thP !4 !.-,. : ',vr

at this cutting .i"-eed cit a total of 1. Q.1 *n, hes of work trayo.

NLiltiple-tooth catters with two difdercnt grades of V5S are < .are1

4 in Fiwurr IS--. VAjre 179, The NM42 H5S5 c-attor -ormite4 ct*
steeds 12 percent higher than those with the M.2 {iSS cut.er.

£."i M ,1 5 F " 20" PN)

As shown in Figure 140. page 17b. the M42 HSS utter provMevI a S
tool life that was double the tool life obtained wth the M. ISS tt,

at a cutting speed of 40 feet/mn',-te. For a given tool lide. the ,
s tied with the N42 1SS cutter was IS percent faster than wit- the
M2 HSS cutter.

W,thin a range of feel rates of , 001 to )',2 ,n. /t.)oth. the n a., e p *
of the feed rat- is not critical in en,l n..l slot,'l.g Nte Ir F I Are
11. page 17b, that in this range the tool life did nut 'rop . oorectablv
when the feed rate was increased. However. increasing the feed rate

to . 30) result,'d in decreasing the tool life Irrm BS inches of work

travel to It%% Jhan IS inches o! work travel.

I Doubling the depth of cut from . US5 to .250 in. required a 13 erce~t
decrease in cutting speed in order to maintain the same tool Ide.
see Figure 19;?. page 17'. The relatoo-ihip between depth of cjt
and tool life in end mill slotting it further demonstrated in Figure
1a). page I?. The cutter life did not change appreciably when the
deptho of cut was increased from . 0t2 to. 125 in. However. it dad p
decrease drastically when the depth of c:t was further nrreaae4
from . 1S to 2S0 in.
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Alloy Identification

Udirnet 700i is a vacuum induction rrdc ted. highly alloyed nickel base
alloy exhibitinR excellent mechanical properties at elevated
temperature. In the cast form. the alloy has been used for
industrial gas turbine buckets and in some jet engine applications.
The nominal composition of this alloy is as follows:

Ni- lSCr- lSCo-4Mo-3. 5Tx-4A1-. OSC

The material for the machining tests was procured as 2 in. by 4 in.
cast bar*. No heat treatment was performed on this material prior
to use.

The hardness cuf the. alloy as received was 30Z BHN.

Thes microstrizc'ure of the alloy is illustrated below. It ronaista
of a gamma matrix containing gamma prime precipitate and complex
carbides. The unevenly shaded areas of gamew rMjime are indicative
of the original dernlritic pattern of the allov.

4--, ' - km

~ ~41
.*,m~.,

4'4

Mdmet 703, As Cast
tebaat Kalls Is Meg.: "ex

Its



* 4

4O

* ~. t Asi ('.a.t V'Irvw! 701) (. ''ntinke.d)

Vi-r~pt-iEd %filiang t 02 B1PN

Tool life ( ..yes with three different grades of HSS end mills having

2 on flute leticths are shown in Figure 194. paije 144. The tal life
with the TIS {SS citters war abnormallir low because the cutters
chipped badly. T M,, MZ HSS caitters provided a tool life of 84 inches
of work travel at a cutting speed of II feet/minute. while the M42
HSS cutters provided a tool life of 96 inches of work travel at a cuttinS
sp'ed of 1 feet/minute. The relationships between cutting speed and
tool life at two dtiterent feeds are shown in Faigtre 199. page 184. for •
an N,4Z HSS :utter. At a cutting speed of IS feetlmnute. the t;.ol life
at a feed of .(004 in. /tooth was over twice that obtained at a feed of
. 002 an. /tooth.

It is interesting to note in Figure :96. page 3PS. how riopdly the
too: life increased as the feed was increased w 'th the M42 HSS cutters. *
while with the M2 HSS cutters the cutter lif decreased as the feed
was increased from . 002 to . 004 in. /tooth. The data shown were
obtained at a constant cutting speed of 15 leet/minute.

As shown in Figure 197. page 185. even at a teed of . 00 an, /tooth.
the cutter life decreased drastically when the deoth of -'t was -4

ac,,asJ ,, Oo to . US In. For example. at a cutting speed of
IS feet/mnute. the cutter life at a depth of cut of . 060 im. was 96
inches of work travel as compared to *2 inches of work travel at a
depth of cut of. 1US in.

Tool life curves with stub-length (l on. flute length) cutters are shown 4
in Figure 19S. page 166. for two diaflrent grades of H3. Note that at
a cutting speed of IS teer/minute. the tool life with the M42 HS cutter
was 0S inches of work travel, while with the Ma 153 cutter the tool
lfe was IS inches of work travel. The feed was . @00 in. /tooth. This
feed rate was used soce the dept. of cut was . Its is.

A comparison is made in Figure 191, page 16. of the tool life curves
obtained with I in. hte length cutters and cuttero having a flute
length of A in. Note that the feed was . 00* in. tooth and the depth
of cut was . U5 in. At the heavier depth of cut. the cutter having
the I an. flute length provided a tool life of *0S &aches at a cutting
speed of IS feet/minute. whle the ionger cutter provided a tool lite p
of less thai 5s inche of work travel.

The s ub length cutter s compared with a cutter with the 2 in, flute
length for A feed of . 04 in./tooth and a depth of cut of. 060 is. an

17
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Pr r.heral En'i ,. ii :1n ( 5,9)2 B1N) ( ontin-,rd)

F.gure 200, pajze i17. Note tha t at a utittniz seed of 10 leet/ininwo,

the tool hie., with t!'e cutter i;aving a I in. ilk.te lrngh was 132 inc hes
as compared tG a tool life of 72 int het for the cutt-r having a 2 in

flute lkngth.

Several new tyoes of carbides have been made a~ailable to the ind..itrv.

In general. these new types of carbides contain submicron grain&.

Two groups of inserts made from these materials are the Baxtron-DBW
and Ramet 1. A comparison is shown in Figure 201. page 197, uf the

two groups with a C-Z grade of cgrbide. Note that thefre was improve-

ment in tool life For example. at a c.,tt:ng speed ot 200 feet/minute.

the tool life with the C-Z grade of carbide was 150 inches of work

travel as compared to 160 for the Ramet I tool and 192 inches for the

Baxtroi-DBW tool. A' tually, these two revw tool materials have their
best application in those operations where impact on the tool us,.all.
results in chipping of the carbide. In the instance shown in Figure 201.

the feed and depth of cut were quite small, hence chipping was not a
serious problem. Also the cl. ping of the insert in the tool holder
was not satisfactory for feeds ai..Vt about . 002 -1. -. th. H',,cr. Thele

nev tvot carbidir -- ,. . bc Qscd "o thc , .1 ,Icat Lv -.

From the results shown in Figure 202, page IR8. the chlorinated oil
proved to be far superior to the soluble oil in peripheral end milling
with the Daxtrun-DBW inserts. For a tool life of 100 inches, the

cutting speed was two and one-half times greater with the chlor-sated

oil than with the soluble oil.

The effect of depth of cut on tool life when using the submicron carbides
is shown in Figure 203, page 188. It ts quite possible that the large
decrease in tool life with an increase in depth of cut was partially dae
to the fact that the tool holders available for this operation were not
satisfactory for the higher depths of cut. Nevertheless. the results
show that a decrease of more than 50 perzvnt ,,sulted when the depth

of cut was increased from . 030 to . 060 inches.

An interesting comparison is made in Figure 204. page 189, showing
the tool life results with the submicron carbide cutters at a feed of
.002 in. /tooth and the results obtained with an M42 HSS cuoter at a
ft d of . 004 in. /tooth. Note that for a tool life of approximately 100
inches of work travel, the cutting speeds with the carbide too! were
two to three tim s faster than that with the M4Z HSS tool. However.

it should be pointed -jut that the feed with the carbide tool was only
hall of that with the HSS tool.

ISO -
- 180-
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As s9!,own in Figure 20S, page 11, the M42 IISS cutter providt'd
considerably longer tool life than the NQ ItSS cutter. At a cutting
,kpeed of 15 fet/minu e'. the tn)l life wih the M42 IISS cutter was
84 inches of wurk travel as compared to, I2 inches of work travel
with the MZ lISS ctitter.

The results presented in Figure 20b. page 110. indicate how critical
the feed rate is when er.1 mill Plottin this alloy. For example, at a S

feed of . 002 in. /tooth. the tnol iife was 84 inches of work travel.
Approximately a 40 percent decrease in tool life resulted when the
feed rate was increased to . 003 in. /tooth and also when the feed rate
was ,'creased to . 00l% in. /tooth. Several interesting comparisons
are shown in Figure Z07. page 190. regarding the effect of flute
length and depth of cuit on tool life. Note for example that when the S

depth of cut was increased from. . 06G to . 125 in. , the tool life with
the cutter having the I in. flute iength decreased from 145 inches of
work travel to 107 inches of work travel. In the case of the cutters
with the 2 in. flute length, the tool life decreased from 120 incht..
wo" !o 43,; ,.,.,a ot *or. travel. Also at at depri of Ut of

SObu in. . the I in. flute lenpti, cutter provided a cutter life of 14
nches of work travel as zompared to IO inches of work travel with

the z in. flute l.e-nrt)' -'tter. At the higher depth of cut, the cutter
life with the I in. flute length was 107 inches as compared to 8S inches
with the cutter having the Z in. flute lenitth.

Drilling (302 BHN)

A comparison of the tool life results obtained with two different grades
of 033 drills is sh-wa in igure 208. page 191. At a cutting speed of
15 feet/minute and a feed of . 003 in. /rev., the tool lift with the I442
HS drills was 83 holes as compared to 50 holes with the TIS 145 drill.

S

The relationshin between drill life and cutting speed for two different
feeds are shown in Figure 209. page 191. The results indicate that
a feed of . OC3 an. /rev. is more desirable than a teed of . 005 in. /rev.
For eample. at a cutting speed of 10 feetlminute. the drill life with
the feed of . 003 in, /rev. was 182 holes, while at the same cuttiq
speed but at a feed of . OOS an. /rev. the tool I-fe was S4 holes.

2
- 181 -
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Re-,i-:nK (W€2 1111N)

As shiown in Figure 210. pag,'" 192, trne HSS reamer Ilite o,.er d rani:
of cutting speeds and feeds was not verv loniz The best reamer lite
was 25 holes, obtaIn 1 at a citting ipeed ut 20 teet/min,te and a iced
of .009 in. !rev.

A more reasonable reamer life was obtained wit'i a carb;de-tipped
fo.i-flute reamer se Fiizure ll. page 112 Wit" this to.. met -t a
cutting speed of 10 iest/minute and a feed rate ot 015 in /re, . the
reamer life was 60 holes This feed was bettuer than the feeds of
. 005 and . 00Q in /rev.

An nteresting comparison of the c .tter lite ohtained with the
carbkde-tipped and tne M33 HSS reamer is presented ,n Fkg'ue 2 12.
page 193. Note that at a cutting speed of 10 feet/minute. the reamer
;fe with the carbide-tipped four-flute reamer was more than do.ble

that obtained with the M33 HSS six-flute reamer.

Tapping (302 DHN)

The importance of selecting the proper machining'conditions for
tapping as cast Vdimet 700 is clearly demonstrated in Figures 213
and 214, page 194. Note in Figure 213 how the tap life ircreased
from b holes at a cutting speed of IS feet/minute to 47 holes at S
feetlminute and then decreased rapidly as the cutting speed was
redaceed below S feet/minte.

Also note the wide range of tap life values obtained for the various
tap* tested. At the cutting speed of 5 feetminte. the two-fh te
sta nard tap provided a tap ide of 47 holes. while the maximum tap
Ife for any one of the other taps involved was 2 holes.

0
I
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,,



4 r-

< Z

IdI

00 m I
-c As--- r z

0 U"

CN *~ Iu.I ~ S

-
a

- - *1- - - ' - -- .

40 E0 - - I 4Ib

. .u zI- a. tr
U. UP CcUZ 0 t

* o.,~ V
ids S~c i

~r- ~ a ~ .~ ~ IL
- E9

LW ~



4 S

I -a - - - a -

I -

I I S
at S4 I * S- - - -.- ~------: -

54
hi . I ____

-. S.
~ u~-.I E ____

ii-; I - -0 e
.14: b.! ~'* S

I.. !~2.....i -_____ S
.** C
5-- ~ I~

T>~I:h:~ I a.
I U

-I £-~ z I I
4 i I _______ 0

Ii' 2 ~
Urn :rn~

0 0

-S - - -
S

13AVU.L ~WOa JO 3)OM? Ufl 1~ZL 5

A

S *
.0

s a a a -

U.. SFW I
3 :3--i------

9 f4 a -I ~ I I .5

~ If S.

b 5. I

61 - - - h12! ~ 'S.." YAP 0
1~ Ij a!

4* j bk~.4
~ ~E *.0@~r t

I e* ~ I SJ' a * a a a . S

m.i mminmmmm. mam..mm.. mm.uu....1.m....mn. ininmminmminmin '

a * a 5
tSAW~L U~ dO

.I~.

* ------



I

- . - C -

It I I 4

I 7
- - K I V

-, 4 I I
:1 - - g - -~ ----- &..--..-4------...~.--..4.- I

4 - .4

* -4 -~ I
~:~' 2:'~ O t ~  0
* .. ~ ~ -I-

-, - --

4.- -- * -4---- --. 0
a -~ K I I

V.14 ~ XE -
91 xi

;l~ig z
V.

4  
-~ I C

2 I w

-.

-, 4, ~ 7Ii -

-, '.9 I -
~ -~ I4 9-

~ _______

-I b.~ v~ -

-~ i -

a a a - -

.4 4 w
* a 9

~1 ~WU 'EUO~ 1031)0*41 I.~II 1~

* .
_____________________ ' P ~ u r u -

V

V

a -

- t
4 V~4 I

- .4

I ~
I z I

4 ~ ~

4 j2b ~ 11 .

U I 1 4

!iiEI~J!i - a

~ ~ - - i
I *1~ I 1

I I I I C
4-

........L...m ~ J..m ... I....iwim ~ .mvauwimI .m.miusuuI - a
£ 3 S

IIAVI UWOS 4833006 * WI O@A

I

*001.

-----V - - - -. - - - .-- ,-.--

II - .11



Jet
41 :-

',S. , . 0

a liis

'1 I 1 ,0 In 5 10"
, ~ 

I 
. ¥t . .

- + - + .
-

-I. ;'av~ . 1 l +-; N -I + + - w i•I
1 I ' li + 1 t' J' rIIl

.4, --t +_,b: I+t! - -
* +. a3f" .+

.. ..+ , ,,t i.,

I - m I m , a

lisAVw. iwol.l jo ~i,.' • inP io&

.... iiii I -ti i i-

I 9iIII =I"

em

~ Ii I

ir rl ii l i i I biii i i i
d



' I

.

bb r.

I'a

Ib U IsI
01

Ail1

I F .- II
goal 9

wiwu vim "mm m

4 !b~h.UP



I

'I -1 - .~

-- A 0
bbb

.U •

*0 0.

i~ ~Oll l ' il

'till

1N - m ! ! w•

xi l ig,.

iS.
£ -I



bi IN 
2

Z-s a P

313

4-9 i-

A_ _ I 4% 231 Sl10

1£ "M A* "a



I
* - - a

I~. I - - 0
U I Iii... I I

~ w~I* '-1 ~ ~ 'III 0 0 -

2.4 I I
4 4, I w
4 - I ii I 4~ih

~K~I
~1iI - IJ I I

I I 6A i..
~ I 5 / WI- .1~ ~ 0 0a -'

~1.h £

:~5@O o~j~ I I~ U

I E I
* ' - -

.~ a b..- -~ -
0~ j

-i
6

__-

6 - - lUAWU Nba JO ShUNt Slit 100&

* 3O

- - --- - -

- - -- - - - 6

0 I --

o ~ ~

* ~i~! - - .- - -
4 ~ IhW~~ I~i'!ii~d - - ,- - - - - I

IIdIjII S
I

* mLL rnirn~rn
i

1aau

.6W.I __ . I.



FTE
Iu uI0

i- CHOI

'lo so =m n im
L



I - - - p - ~ - -

I Sa _____ __
- ~ -t ______________________ _________ a

£ -

a' ~ t
1%.., *

* U I * -SI-S
-~ a

- ~ ~Ia~ -
-~ .~ -S t4 L~ -Si \4)

-Sb =
£ - 4j.I I

z 0 I -

-- t -t - UaI I
j I p
- I I
2 --- 4--. ~- -~ -2
.4 0 I

-~ -

* I I

ffimLL~JmUi *
I

wriae so au~m un i~

- '.0 4
*

I I 45
2

I-
S 4

- I~ ~1~ ~ -~- :
~SS~ ~

~ ~ iI~ -i -S S
- .4

0 I S 4*

I '1~IIIiL -' I

*5 4

-S - e
2 2 3 1 * 1 *

I
wmao uswjw Un ~ £

4
6

~su.

I



FFFFCT OF rt*TTr.sr SPEED A!.D VI D PATE

* 4

IREAMER: AETTER DI(.27Z1* DIA. M33 HSS 6-FLtTE

STRAIGHT F.LUTE
CHAMFER ANGLE: 45"

CHAMFER RELIEF: 7
FEED: SEE BELOW * 4
CUTTING F LUID: CHLORINATED OTL -

DEPTH OF HOLE: i/2" THROUGH

PILOT HOLE DIAMETER: . ZS0"
TOOL LIFE END POINT: . 006" WEAR

50*

40

0..,009 IN. /REV.

e 30

' 30

005 o$N. IpC'.

6I...InmmIOin l$ - -0

CUTW4 SPZKD -IICTIMTt

Soe s. pml . g. lrs*t I a

- - - - - -- ~ -
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5.4 C~iut Inconel IS'. An (ast

Aloyntiiation

Inconel 718 is a precipitation hardening nicel base alloy which exhibit@
high strength at elevated tem~peratures as well as excellent cryogenic
characteristics. The alloy is strengthen I prtmarilv by the
precipitation of columbium intermetaic.

The material has the following norrnizal composition:

Ni- 19Cr- lSFe-5. ZCb~tTa-3Mo-O. STi-O. &A1-.06C

The material for the milling tests was procured as Z in. by 4 in.
caist bars. No heat treatment was performed on this material prior
to u'e. The hardness of the material was 269 BHN.

The microstructure of the alloy is evidenced below. The nickel-rich
matrix contains irregpalarly- shaped Lave* phases and blocky-shaped
carbides and nitrides. The dark acicular phase is probably Ni 3Cb.

C4*S

Kasmi 7 10. As Cast

Etchaut: Kalling's Mag.: 5001
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Tw-, li t .re.! w,m ti.u.e d,'ferent grades of ,arbvies are shown
or. Fir .rt- Zoo %. Pa , 114. Ncte tiat at a cittil spceri of IS3
a.-.tt/minite A.d a ted ,,t 002 an Itqotn tne two new "e;ws of

idibidet - Ptintr,)n-DBW and Ramet I - pro, ,d te longest tool

li'e. Tie "u'l ilde valk,0.0 toe t$t e Batvr ,-DBW. Ramet I a-w3 t.
C-Z rdes oft at bde were 00. Z and ZI Inche% of wore travel.

rr~pe t-re at to v.tjrc -rpeed rat M0 (rotlmin~te, At a h~z-rr
f ,ttnR ,.Pedl to' -*10 Mret/n .?V.t, rw tooul life fe ll 5 fnr the

C-Z $1:ade o- (4-hide. Ramet I 4.d Ba.ztron-DSW were 170. I',S
aid ?d .nc Pea ot wutk ta el

End M.1 Slott:raz (ZhI BHfNi

A 20 pe.cer.t ncrease in -,mttn speed was owttakned by using tse
M4Z HSS L tter an place of the MZ HSS cutter. see Fifure Z16.

page i8. A cmparisun oo the twi tool life curves shows that a'
a cutting speed of &,0 eetm.nute, the tool lite with the M4Z HSS
%4tter was 110 as compared tu 4 ,nctes of work travel with the

MZ HSS tter. The feed emed in erd mill slotting is ,omewhat

tratcal. Nute an F.-ire 217 pace 0V9 that while a tool itfe of
77 inches of woik travel was obtained at a feed of . 01Z an. 'tooth.

th twul lite dropped to 25 arches at a feed of .0)) and O inches

at a feed of .001 in. /tooth. The ca.tting speed was ZS feet/minute.
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END MILL SLOTTING CAST INCONEL 71J. AS CAS7 Zt' BlIN

EFFECT OF FEMD RATE

-- CUTTER: 3/4" DIA. M4Z HSS4-FLUTE END MILL
HELIX ANGLE: 30* FLUTE LENGT K Z"
RADIAL RAKE_ 10" PER. CLEARANCE: 7
CA: 45" x. Ob0" E'D CLEARANCE. J*

CUTTING SPEED: Z5 FT/MIM
II __ DEPT i OF C"UT:. ZSO" __ ,

WIDTH OF cUr:. 750"
CUTTING FLUID: CHLORINATED OIL

TOOL LIFE END POINT: .01V UNIFORM WEAR
.0Z0" LOCALIZED WEAR

II S

100 __ _ _ _- _ _ _

, S
loo
cr,

0

.001 .ol .ooi

FKID RATE , ICHIW/TOOYTH

* p

t i I I -- I



* 6. MACINING STAIN(LESS STEEL

.1 Greek Ascoloy. Quenched and Ternr.,ered

Alloy Identification

* Greek Ascoloy is a chromiumn-nickel -tungsten alloy steel used In
medium high temperature applications. The nominal composition of

this alloy is as follows:

Fe- 13Cr-3. OW-Z. ONi.. 3Mn-. ZSi-. 18C

* The material for the machining tests was procured as 2 in. by 4 in.
rectangular bars in the quenched and tempered condition. The heat
treatmort to which the material had been subjected was as follows:

Austenitize: iss0F/Z hours/oil quench
* Temper: 1100r/4 hours/air coal

The resulting hardnsess was 35Z SHN. As evidenced below, the
microtuctuare consist* of roughly equlazed tempered martenaite.

00 oil

Greek ~ ~ ~ ~ 6 f4W mmbd ~Tmee
Zaeha Kallag'. ag. 5i 0
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. I Gre'k A,, olov. Qi r-nrhed and Tempered (cnttnuedl
4

Turning (35Z SHN

Note in Faure 218. page 20. that a tool life of more than 60
minutes was obtained at a cutting speed of 70 feet/minute using
an MZ HSS tool at a feed of .010 in. /rev. Using a C-6 grade of
carbide, the tool life was 22 minutes at a cutting speed of 400
feet/m nute. see Figure 219. page Z08. A feed of .010 in. /rev. was
also used with the carbide tool.

Face Millr.g (35Z BHN)

A comparison of two HSS tools is shown in Figure Z2 ,. page Z09, for
face milling Greek Ascoloy. quenched and tempersa to 33Z BHN.
Note that. for a given tool life, the cuttirg speeds with the M42 tools
were about 25 percent higher than with the Mi2 HSS tools. For
example, at a tool life of 200 inches of work travel. the cutting speed
with the MZ tool was 80 feet/mi-ute• as .ompared to 100 feet/minute
for the M4Z tool. It should be pointed out, however, that a single-
tooth face mill was used at a feed of . 010 in. /tooth.

Figure 221. page 209. shows the relatvonship between feed rate and
tool life at a cutting speed of 120 feet/minute for a single-tooth
cutter. At this cutting speed. with the single-tooth face mill, a feed 0

* rate of . 008 in. /tooth was the best of the three feeds used. The
tool life dropped very rapidly when the feed was increased to . 010
in. /tooth and decreased about 30 percent when the feed was
decreased to . 006 an. /tooth.

A highly chlorinated oil provided a longer tool life than the soluble P
* oil at a cutting speed of 100 etet/minute, as h -.wn in Figure 2zz.

page 210. Under these conditions, the tool lifo was 16S inches of
work travel with the soluble oil and 24S inches of work travel with
the highly chlorinated oil. However. it should be pointed out that,
when milling at,% cutting speed of 100 feet/minute or more. problems
could arise as a result of the smoke generated by the oil, especially

* with multiple-tooth cutters.

A comparison of the tool life curves obtaimed with a single-tooth and
a 14-tooth cutter is shown in Figure 223. page 210. The cutter life
per tooth was 72 inches of work travel with the s o.-tooth cutter
and 46 inches of work travel per tOth for the 14-tooth cutter. It 6

41 should be noted, however, that the 14-tooth cutter cut a total of
72 iaches of work travel. Note In spite of the fact that the feed with

the single-tooth cutter was . 010 in. /tooth and .006 in. tooth with

2
* -201.



6. 1 Greek As,oloy Qencled anti Tempered 'consin -,d

Face Mlng (352 BH,) (continued)

the multiple-tooth cutter, the metal removal rate was eleven times
faster with the multiple-tooth cutter.

The M4Z HSS multiple-tooth cutter provided a slightly higher tool
life than the MZ HSS cutter. For example. at a tool l'fe of J6
inches of work travel per tooth. the M4Z HSS cutter permitted a
5 percent higher cutting speed than the MZ HSS ctter see Figure
224 page 211.

I)
An shown in Figure 2Z5. page 211, the magnitude ot the feed rate
was not critical over the range shown. Note at the cutting speeds
shown in the chart. namely .110 and 1US feet/minute. the decrease in
tool life with the multiple-tooth cutter was less than 10 perr n w%&.-
the feed rate was increased from . 005 to . 008 in. /tooth.

Face milling Greek Ascoloy in the quenched and tempered condition
(352 BHN) was particularly poor with carbide tools because nf the
tendency of the carbide to chap. As a result of the chipping, tool life
was low and somewhat erratic. Also, as shown ,n Figuare ZZ6.
page 212. the selection of cutting speed was critical. For example.
at a cutting speed of IS0 feet/minute. the life of the single-tooth S)
cutter was Z1S inches )f work travel. Increasing or decreasing the
cutting speed resulted in a marked drop in tool life. While this may
be espected when increasing the cutting speed to 450 feet/minute. it
is unusual when decreasing the cutting speed. Also the tool Ide
was eoven more erratic and much lower when a soluble oil was used.

The C-6 grade of carbide provided appreciably longer tool life than
the C-a grade. see Figure z2?. page 212. As a matter of fact, icr
a given tool life. the cu.ting speeds with the C-b grade were about
30 percent taster than with the C-2 grade. Note in riure 226.
page Z13. that at the cutting speed of 2S0 feet/minute for the conda-

nlis shown, the tool life dropped rapidly when the feed was increased S
from. 00S to . 008 in. /tooth.

The effect of tool geometry on tool life is indicated in Figures 229
and 230. pates 213 and 214. Note in Figre 229 that at a feed of
. 008 is. /tooth the single-tooth cutter having the SO posit&ve axial
rake and S negative radial rake angles provided the longest tool ife I
a* compared to a double negative or a double positive tool geomet.y.
whle at a feed of . 00s in. Itooth (Figure 1301. the tool life with the
cutter having the S" double positive rake angles was slightly greater

1102 -

6 I)

- - - . . *. -- .. . e . - * .



~I Greek AAUitoVo. Quenclbed and Ternnerrl (continued)

Face M.1in& (352 BHN) (coai~tnued)

than the one with the 5* positive axial rake and 5* negative radial
rake angles at a feed of .005 in. /tooth.

The problem of chipping of the carbide tool increased when the
multiple-tooth cutter was used. Hence. the feed had to be reduced
to . 005 in. /tooth. A tool life curve was obtained as shown in Figure
231, page Z14, for a six-tooth cutter with double negative and double
positive rake angles. The cutter with the S5 negative axial and radial
rake angles was superior to the one having the positive rake angles.
This superiority existed over a range of feeds as shown in Figure
23Z, page 215. Note also that the tool life did not chanlie avarocinly
as the feed rate increas.'-4 fre'ra . DC3 to . (,tsS in. /tooth.

The chipping of the carbide tool was primarily the result of the
chips welding to the cutting edge of the to~ol. Henice. an investigation
was made regarding the use of various types of cutting fluids to
alleviate this situation. As shown in Figure 3133. page ZI5. the tool
life with the soluble oil was even less than that cutting dry.. However,
the chlorinated oil did provide a tool life that was dotable that
obtained while cutting dry. Nevertheless, it mnay not be practical
to use this cutting oil since smoke is generated and an exhaust system 0
would havri to be used to make the operation practical.

To'ol life curves showing the relationship between cutter )ife and
cutting speed for two different feeds while cutting dry are shown
in Frigure 234. page 216. Note that as the cutting speed was
Increased, the tool life per tooth increased to about 70 inches of
work travel per tooth at a speed of 350 feet/minute and a feed of
. 005 In. /tooth. Increasing the speed beyond this point resulted in
a decrease in tool life. '

An interesting comparison is made in Figur 235. pale 216. between
a singles-tooth carbide cutter and a slm-tooth carbide cutter. Note
that with the multiple-tooth cutter the mtaximum tool life was ISO
inches of work travel per tooth at a cutting speed of 350 feet/Inalute.
This anwmotd to 900 inches of work trawl in total for the mltiple-
tooth cutter. The single-togth cutter provited a tool life of 1SO
inches of wor', travel at.a cutting speed of about S40 feetlmnUate.

.101.
6~- ~.....-...
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6. 1 Creek Ascoloy. Quenched and Tvi,,l!!reti (continued)

Peripheral End Milling (352 BHN)
A curve showing the relationship between tool life, in term(, cf inches

of work travel, versus cuttirg speed ts shown in Figure 236. page 217.
for a I in. diameter M42 HSS end mill. Note that at a cutting speed
of 150 feet/minute and a feed of .003 in. /tooth. 500 inches of work
was machined before the cutter required regrinding.

A comparison of an M42 and an M2 HSS end mill is shown in Figure
237. page 217. The cutting speed was 200 feet/minute over the range

of feeds used. At s, given feed rate, the M42 HSS cutter produced
*e, u 20 .orcent longer tool life than the MZ ISS end mill.

End Mill Slotting (352 BHN)

Tool life curves for both the M2 -SS and M4Z HSS end mills are
presented in Figure 238, page 218. Note that for a given tool life
the cutting speeds with the M42 HS5 end mall were 10 percent higher
than the M2 HSS end mll.

As shown in Figure 239. page 218. as the feed was increased from * *
.001 to . 002 in. /tooth. the tool life dropped from 190 inches of work
travel to 130 inches of work travel. Increasing the feed still further
to . 004 in. /tooth resulted in decreasing tool life to 85 inches of work
travel.

Drilling (321 BI1

Good tool life was obtained with both the MI and M42 H13 drills at
reasonably high cutting speed. For exmple. as shown in Figure 240.
Mge 219. at a cutting speed of 70 feet/minute the ,ol life with the

Ml 114 driU was 21S holes. With the M42 14S drill. the tool life was
ever IS0 holes at a cutting speed of ?S feet/minute.

A chlorimated oil pro.-ided about a 7 percent increase in cutting speed
ever a chemical emulsion in drilling; see Figure 241. page 219.

ReamImt (321 0 6 1

* Tool life curves are presented in Figure 242. page 220. for both M2
and M33 USS reamers. Note that dte tool life was almost the same
for both grades of 14.

|*

* 204-
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6. 1 Greek Ascoloy. Ouenched and Tempered- (continued)

Tap(inh (321 BHN)

As shown in Figure 243. page 22. unless an active chlorinated oil
was used, both the cutting speed and tap life was very low. For
example, at a cutting speed of 10 feet/minute. the tap life with a
soluble oil was 24 holes. With the sulfurised oU at a cutting speed
of 40 feet/minute. the tap life was 37 holes, while with a chlorinated
oil 250 holes were tapped at a cutting speed of 70 feet/minute.

I

6

6 I

mm4

6 ,

*i'
Q* I

* ." pIt

*

*I'

Si I



'... 1-a

- -l

Z 0 0 000

w a

-c - - --
0. -

0F 0 ;; 000

m. u U 0c 09 f tG

0 IIL



01 4 a 4 4 I(

-" : p.

It,

Sa - o- ,

- -

lb ...

U-DD

o wo U

-. -A- 1 .

i - i i - i 11 ll J -- p g f . . . . . - --*



WOW

- .- 
- -

I t

Ii J

" ". ' I 
I

-- I * -

-a*. 
.

/*

iI,

i
e l-U3 U U-!

.- 
- -- .-

•- ;



I

I
~s * U

~I:~-~ ~ I
-: .t

.~ ~

t~a,~Xb

~ S.
~'-t . S 

-4 ~ 4 5~'.'.'.~. -~

~:I I~ '.Cb~4U'I 
h

ii 
-F' 0

- 1IAWW& WWO JO giuia - WI 100L

___________________________________________________________________ II

__ __ __ I.
~ 1 p p I £

I I~1 I - - -us -*y*-- ~. -- 3
a 4  b - 4b 1

U~: S~ d!~ j~

- ~ ~uI~J 
-2

~ ~f! ~
- S

b ______

* m 1Jin~q 2

~ * W~ £

2'



___ -

-

-i

- I.
IE -

~ 21

2s U
U

*" b

U.
9... U bU

U

U.. ~ ,
* ~e

I

S

S~vU u~a Jo m~ mart i~&

I - - * *
I -II I

S

i
ji~Ii1~;jj

"' -I lidilifli

iT'll' ~~mmj3

. SW.

- - -

S



I I

'. ! I.I.,

.,.u ,. i3LAV 1MO to a 0 0 UT la, m 2

* 4

'' I al

:m am -m - I m "- -!

"' ~ a * a

I __ __ .. m......
I I I t od

I I U:l Il 1

* II i

*i m Il i m i i i f f1 1 i i i -i i / i • :il •:I i



,., i - I Ia i - / p

" 419 3% - 0

IA IS I"
_b b

off•

lidl

"I Am O

_ I !! ... ..

m"t 3!I s . l/ ,I ,' I ! +

I ! t I

I II



1 1 3.
;00

I'*

uav so *a:msnw



0I1. 
1 .

0:is " v

alml

I 

" '

-I 
b * 

I 
,1 % U I• 0

! 
! ::i

II
II 

0

wIv 

Uou 

m



b, g

fl *j E

Kil ld 0. l

0

6 I 
*& WI- MOM O IOM'Sn w



I 1~I-I S - - I

S.~ 0~

ha 4)
I.

S.~ U

~ ~ S
* 9h~hW

bi~I -- -g ~
5-

UUI~QS~ 0 3
U

-1
0

- -

- - - I
IIL~.L Ud 1IAVU& U~A JO ~3ONI San 100L

I

* - - - * *
I q

I I II
---- 3 mlr II~ -

I U- iii---.-- Ii

- - - - I 3
* -~IsiiI S

'U. ~* - - - - -~ 3

j * j S

I
I 2 * 1

inLin.L i UA YEA urn dO in@u * uui 1EA

S

= - -

I j - ------ ~-~-~----- - -~ - -. -- S



f 41

-F TI. -

til d.

.40 t. .-zP
3

404

iav m Aa sii



- 4

*Zdj~ 0..

ball

I * -- !:~~- - 00 - -

u~vusem o sA~w n w

Vo4



S 4

:4 S.

7 - -*----------S - S

d* z ____________ 7
4 4-.---.-.----.--4--------. -

* - 24. a
* - z - -

~ 4 - -

- - t*~ - -. -
v~ 4 4. ~S I-- S6 £ 4

* * ~4* ~-2'

2- a - _____________----~ .. ~ -________________ -
C.. S -

7 , -

0
bx -

- ~h-4
* 7~ 7 4-

_____________ 0 I- V. - *. *-.----- --a6 3 0 4.4
-- 4

2 .5
d

U 0
4 0 0
44 *4 - - S

iio..jo&uiw', ij;i-oo& S
S

______________________________________________ - S S
* S

* .5

-; i
- U~ -a -~ i -

4 b

12 p.o g44 I
-~ I 4 -
- I I S U~ 14'

.
5

b. 3 I
-- ii, 4.

- I 4.

'
£

R~ 2. ii*1 I' i
* ~EI~

'- I S

I '

ISa I
I -' * S

airt to~

~S
III'

4.~ ~.

5 6
S .4



ILI

0 -0

It 1318 
!

wU mo - unUa

; u ..f .-3 -
-

S- ) i -

. , i bao:2 -- -

I I ! tz

!! liI

g i !_ Ir

I I I "

m i m lI io ' i- - "I

-i

I



OF MII FO AN.D GHO?*!,D 51*P FACES

The result$ of various frilling anid surface grinding Ltorloi. n producing
distortion and residual stresses were determined using four alloys- ultra
high strength steel HP 4-- ('Sl Rc). Ti-6AI-4V beta rolled (3ZZ 3Ff?. S

I Ti-6Al.ZSn-4Zr-ZMo (321 OHN). and Incos.) 6ZS (ZOO SHNi).

le'.' Treatment and Test Specirmen Proes'on

The HP 9-4-4S alla) was received from the mill An the norj'valiaud condition.
A martempered state was prodced by hosting specimen blanks to 147SOF. S4

g holding for &/4 hour. transfering to a furnace at 47%7,. hclding for 7 hours.
fullowed by air cooling to room temperature The resulting liardrse was
51 Rc.

Both of the titanium alloys vvere receivedJ in the heat treated conditiont. The
Ti. A)- 4V beta roiled was sited two hours at 11007 followed by an airS

* cool. and the Ti-bAl-ZSn-4Zr-ZMW was given a standard duplex anneal of
IbSor for oe-half of an hour. air cool. then one-quarter of an hoe at
14S5or with an air cool. The resulting hardness was 322 SH? and U11 84
riespectively.

The lnvonol 62S was ansealetd by heating to liOTe. holding for 114 houra. 0
* then air cooling. A hardnes of 100 IBM4 was obtained.

Ilk the prep. ration of the test speca"Wes car* was emercase 4. assere
vaiform qiaa1Ity sail corposition. A Ntow stress" grinding tocinaqs was
ased fer fmobs grinding. The, specimnsit were 3/4 an. wide. 4. 1/4 is. long.
with to thickness of . 070 an. (fo- pinding and . 100 mn for miling t~sts. A
sketch,; the specimnen gometry to showne is igure, 244. page, 3). The
samnple 'lcknsa after test maclusiog, wes* .04 sa. for all osetmnwes

zVunk~ fftesdr, R6al Stress Anirsip Puocedtir
The cunmu"r of eath specimes ever a 3.5 le, gage, length woe msaesed

* beloe and afteir test machining. A sketch. rigire 94S. pope 34. ohmsa
bewv the deflection measreete were ebaliwd *a duo fiatu. Thusgb
t"us pecedure the Clase is cervatre or the dietdn, "felting (ree the
ma6cining operatuon, was *WtINe*&

3tessaltal ares a&MITses were Ma"e si seleewd Nost opuetmaes freom the*
* ~distortion stwies* to detemRineth tpe "and magnitude of the etreses

inced by milling of graftmng.



Dim? tW101 And Res~d1l ';trres Anal .ms Pr-"r, ire (r, c win.vd~)

The procedure used in the tre.s analvoi, was one of progrrev e- ing

off the test surface in uniform small inc rements and n.ting te c"g.anje ,n
delettion of the apecin'en. For the lIP 4-4-4r and t.!anium alloys. etclning
wos accomph.ihekO by immersing the specimens in acid solutinn after coating
the batI of eaih specimen with lacquer. A solution of 2071 H{N0 3 wa- '.#ied fo
the HP 9-4-45 and one of 10S HF for the titanium alloys.

It was necessary to use an electrolytic technique for the removal of layers
from the Inconel 6Z5 specimens. The electrolyte was a ZSf, |{CI sol.tiun
Figure Z46. pave 225. shows !he settp used for the electrolytic ctch~ng

I
Derlection measurements after each etching step were made .AGIng the same
fixture as in the distortion studies. Tho thickness of the sample was
measured to the nearest .0001 in. with an indiating micrometer. T he depth
of stock removed versus change in deflection data were then used to calcu.late
the residual stresses at any aepth below the surface of the specimen The
uniaxial stress in the long.tudinal direction of the test specimen was cal-
culated using an equation developed by F, Stablein. *

Sn E (H-ha) 2  d' - 4 (H-hn) N) - (hnf o ) - fdhJ

where: Sn 3 Residual stress, pounds/square inch
H a Initial thickness of the test specimen. inches
h a Stock removed to any depth. ;nches
f a Deflection of specimen at any depth. inches
fo a Initial deflection of the t it bar. inhes
L a One-half gage length. inches P
E a Modulus of elasticity. pounds/square inch

df Slope at any point on delfection versus stock
Uh removed curve.

sub-n • Readings after subsequent etchings
I

* Stablein, F. - 'Spennungsmesungen an eansortig abgeloschten Kmjppeln" -
Kruppe.he Monatehefte, Vol. 12 (1931) pp. 93-9$.

I- 22*2 -
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4 .. ~ r. 111gI Strength Steecl HP 9-4-45. Martempcv'o. 'ii PC

Face MillinIL - Carbiris. Cutter

The distortion produced by using a C-6 (370) carbide cutter with
various dellreers of tool %earland io shown ini Figure 247. page 232.
F~or a 0. 040 in. depth of cut. increasing tool wear produced mrsre

* d~storttol -with both dry c~ittung and soluble oil &a the cutting flaids.
Howev~er. khe 0. 010 in depth of cut when cutting dry showed maximum
distortion at the intermediate wearland of 0. 016 in. andl the same
distortior. with a sharp cutter as with one having 0 032 in. wearland.
the residual stress curves obtained with diffe rent degreet of tool
wear can t'e found in Fig~are 248. page M3. Cutting was done dry
with a 0. 0,10 in. depth of cut. For all three wearland conditions,
somet tensile str.sses were found at t?%e surface, decreasing rapidly
to maximum compressive stresses at 001-. 002 in. below the surface.
A& will be noted. the main portion of the stressed laver is compressive
in nature. The largest tool wearland. 0. 03Z in. . produced the highest
tensile stress at the surface. 60. 000 pat. the largest compressive
stress beluw the surface. over 70. 000 psi. and the greatest depth of
peonetratio'it of the compriesive stressed layer. 0. 011 in.

The effect of cuitting 11aid and depth of cut may be seen in Figure 249.
Page 23). A highr maximum compressive stressed condition resulted .

wihsoluble oil as the cutting fluid than cutting dry, but the depth oI
penetration was about the same tA both cases. Increasing the depth of
cut from .010 in. to .040 an. had relatively little effect on the
characters&tics of the residual stress curves.

Surface finish, in term* of microinchee AA, fot the various cutting
conditionui. to given in Table XVII.

Eace Millina - M1 Cutter

Distortionu and residual street C',irveit for face milling HIP 9.4.4S
witj' an '45S cutter are shown is Figurer 250. 351 and Z52. pages 33
and A4. Disatortions at various wearland values were obtainakile only

when milling ir. Abo..t the sann degree of(distortion was produced
at the -0 16&I anad .0 &a. weaclaods. A sharp c-uuasg tonol gave the
le"st distortion. so* Figure IS0. page 33. With a sharp cutter.
0141ling with a greater depth of cut or with a highly chlorinated .11 yielded
about the samei distortion.

The residual stress c-4 'es wath various tool wearlands are so go
4 rT~ir. 351. page 3M4. As WiU be soed, dhe resid~aal stresses art



7. 1 Ulitra Ifih Strength Steel 11P 4.45. Martormpeted. SI Rr- (continued)

4 Face MdilinjE - HSS Ctitter (continued)

predominantly compressive with about the same stress psztern at
0. Olb in. tool wesriand as wit% 0. 032 in. wearland. The sharp caitting
t'.o1 produced only a shallow strebsed layer.

4Figure Z5Z. page Z34. shown three residual stress curves- two for
milling dry with different depths of cut and one for milling when using
highly chlorinated oil as the cutting fluid. In all three cases, a sharp
cutter was used.

A summary of surface roughness values obtained when milling with
TIS high speed steel is given in Table XVIII

SorfacerindiU

The primary purpose of the grinding studies was to show the effect of
wheel grade. wheel speed. down feed and grinding fluid on the resultingt

4 distortion And residual stresses produced, Graphs covering this phase
of the worli may be fu.4nd in Figures 2S3 through 261. pages Z35
t)krough 239.

As will be noted in Figures 253 and 254. page 23S. increasinC the wheel
speed increases the distortion, with the greatest distortion being

* associated wit~At large down feads. As the wheel hardness is increased
from the Hi to the K grad*, the distortion is increased: see Frigure 253.
page 235. With reference to Figure i54, page 23S. it will be observed
that at a down !eed of . 002 in. /pass and a wheel speed of 6000 feet per
minute, the use of highly chlorinated oil gave more distortion than did
ooluble oil or highly sialfurised oil.

Resaidual stress curves associated with a number of these grinding
conditions sue shown in Igures 255 thmoug 1161. pages Z36 throagh
239. With the soft 3ZA46MOVSZ wheet. increasing the wheel speed
fromn 4000 hee/minate to 6000 feet/mimate increased the magnitude of
the tensile residual stresses. s* Figure 255. page 236.

Figures 256 and IS?. pages 214 and 237. Olstraei the effect of the
harder wheel grade. 3ZA441C6VBI. in set only the magnitude of the
tensile stresses but also the depth to which tessile stresses were
found for two different down feed conditios. Mazimwoa tensile
stresses of over 00. 0u0 psi and depths of penetration In excess of

* 0. 004 in. were obtaane4. It will be weed that when the wheel speed

.221



7. 1 Ultra lizh Streni'h Steel HP Q-4-45. Martemered. 51 R,. (contin,.Pd)

Surface Grinding (continued)

was increased from 4000 feet/minute to 6000 feet/minute there was no
significant increase in the residual stresses. The "low stress" down
feed involves the removal of the . 010 in. of material at . 0005 in /pass
for the first . 008 in. and for the last . 00a in. two passes at 0004
an. /pass. with the final six passes of . 0002 in. /pass.

The use of a "low stress" down feed condition markedly reduced the
residual stress condition at wheel speeds of 4000 feetiminute and
6000 feet/minute. In fact. the residual stresses in the sample ground
at bOO0 feet/minute were less than those found in the one ground at
4000 feet/minute; see Figure 258. page 237.

When a comparison is made of the residual stress patterns produced by
using wheels of three different hardness levels. Figure 259. page 238.
the pronounced tendency to produce higher tensile stresses and a
greater depth of penetrstion of such stresses is readily evident A
"low stress' down feed produces low residual stresses. As may be
seen in Figure 260. page 238, increasing the down feed gives rise to
higher tensile residual stresses. In Figure 261. page 239. the residual
stress pattern produced by using a soft wheel, low-wheel speed. highly

* sulturised oil and a "low st'ess" down feed may be observed. Here a
predominantly compressive stress was obtained.

The surface finish in surface grinding the HP 9-4-45 steel averaged
about 10 microinches AA in the direction parallel to the grind and 15
to IS maicroinches AA perpendicular to the grinding direction.

A summary of the surface finishes produced ts given in Table XIX.

-e--.-- -
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TABLE XVU

SURFACE R0O.G1E Eq1 pRODUCED BY FACE MILLING
HP 9.4.45 MARTEMPERED SIR

Cutter: 4" Dia. Single-Tooth Face MillWith C-6 (370) Carbide

AR: -7' Incl.: 0'
RR: -7" ECEA: 0O
CA: 450 Clearance: 8o
TR: -10'4 

Cutting Speed: ISO feet/minmte
Feed: . 008 in. /tooth

Surface Finish .
Microinches AA

Depth of 
PerpevwicularCut Wearland Parallel to to CuttingCuttifIluid inches) (inches) Cutting Direction Direction

0 Dry .010 0 12-14 30-3S

0.016 6-7 WS-.

0.033 S-8 20-5

I
Dry .040 0 6-1 25-30

0.016 10-18 35.30
0.033 S-la 3-38"

S ble0)Oil .040 0 6-14 82-25
0.016 

1-11 70-?8

0.032 -12 38-44

• S

U -

M1



TABLE XVM

SURFACE ROUGHNESS PRODUCED BY FAC'. MILLING
HP 9-4-45 MARTEMPERED 51 Rr

Cutter: 4" Dia. Single-Tooth Face Mill
With TI5 HSS

AR: 5O Incl.: 0
RR: 5* ECEA: 0 °

CA: 45" Clearance: 8"
TR: 7"

Cutting Speed: 70 feet/minute
Feed: . 005 in. /tooth

Surface Finish .
, Microinche. AA

Depth of Perpendicular
Cut Wearland Parallel to to Cutting

Cutting Fluid (iLhes) (inches) Cuttint Direction Direction

Dry .010 0 &1-5 4S-S0

0.016 18-0 28-32

0.032 10-13 50-60

Dry .040 05-30 SS- 0

Highly
Chlorimawd .040 0 20-1S 37-42

oil

41

II
r e • • m u i 5
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TABLE XIX

SURFACE ROUGHNESS PRODUCE.) BY URFACE GRINDING
HP 9.4.45 MART.MPF , ',-!)9 R.

Cross Speed: .050 inches/pass
Table Speed: 40 feet/minute
Depth of Grind: .010 in.

Surface Finish-
Microinc he* AA

Down Parallel to Perpendicular
Feed Cutting Wheel Grinding to Grinding

Wheel (Inches) Fluid Speed Direction Drection

3ZA46HSVBE .00Z Soluble Z000 9-1Z 30-34
Oil (1:Z0) 4000 10-13 22-27

6000 14-19 33-37

3ZA46KSVIIE .002 Soluble Z000 6- 15-18 . 5
OU (1:20) 4000 8-13 28-34

6000 10-14 23.48

.001 Soluble Z000 7-10 2347
Oil(l:2O) 4000 7.11 21-39 •

6000 6-9 10-14

LS Soluble 2000 5-6 13-17
O 1(1:10) 4000 6-9 16-19

,f 6000 5.7 13-16

.001 witbly 6000 10-16 30-36
Chlorinated
Oil

*
el.00)1 Hi~ldy 600G 7.3 1 20-33

3,A461VBE Los ighly 1000 S-6 13-30
"G ioed 4000 S.? 15-19

6000 S-6 15-19

I&A44NVY .002 Soluble 6000 7-0 0-12
011 (1:20)

SI- ) -

* 1
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TIPAt 1.TPF4r_____________ .€;r, ' ACr R":. ; .44
MAP F, ,. P D ,1 P -

IOW STRESS GRNNC t51%; ifl'DXT? T'LF,.I:7 '!.

WHEEL CRADE: 32A4f~8V8E
WHEEl SPEED: Z000 FEET/M1NtTE
DOWN FEED- LOW STIESS
GRINDINO FLUID: HIGH1I.Y STLFURIZED OIL

- SPECIMEN SIZE: .060" x 3/4" x 4- /4"
CROSS FEED: . 050 INCHES/PASS
DEPTH OF GRIND: .010"
TABLE SPEED: 40 FEE iNUTE

440

4 0
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7.2, T-tAl-4'. Pe'ra RAle. I IaZ r.IN (.g)

Fae Nt1111inj (arhide C'utter

The effect of tool aearland and type of cutting fluid on the distortion
when using type C-2 .arbide cutter to shown in Figure 2(2. pago Z47.
In all cases, the greatest distortion occurred at the intermediate
degree of tool wear (.016 in. tool wearland). The heavy-duty chemiral
emulsion cutting fluid gave less distortion than the bArium compounded
oil or the dry cutting conditions. The negative sign of the deflection
readings indcates the introduction of compressive stresses by the
machining operation. The depth of cut appears to have only a minor
effect on the distortion produced. At .Ol in. wearland. the distortion
is e3 4ensive. .O70 to 100 in. in a 3. 5 )n. span. while a tool with twice
the wearland gave distortions of the same order of magnitude as that
found when using a sharp tool.

Residual stress determinations. Figures 263 and 264, pages Z47 and
Z48. show the order of magnitude and depth of the more highly stressed
layer. With a sharp cutter, a maximum of 50. 000 psi compressive
stress -, s found at. 001 in. depth. and the compressive layer only
extended to a depth of . 00Z in. ; see Figure Z63. page 247. The inter-
mediate wearland condition (. 016 in. ) did not yield as high a stress
level. b-it did result in the stress layer extending to a much greater
depth. .010 in. The . 032 in. wearland had a stress depth of . 004 in..
which was less than that for the .016 in. wearland; see Figure 263.

The effect of changing cutting fluid conditions may be observed in
Figure 264. Dry. heavy-duty chemical emulsion. and barium
compounded oil are compared. In ill these cases, a more highly
stressed compressive layer exists to a depth of about . 010 in. . with
a maximum stress of 36. 000 to 38. 000 psi occurring . 003 to .004 an.
below the surface. All three curves are similar in characteristics.
At the surface. no streve was found when using either dry cutting or
a barium compounded oil, while 0, 000 psi compression was )bserved
when mlling with the heavy-duty chemical emulsion.

Surface roughness readings are listed in Table XX for carbide cutters.
I

Face Milling - to5 Cutter

Distortion and residual stress results obtaimed with a TIS 14U cutter
under various tool wear and cutting fluid conditiom are preoeneed
graphically in Figures 23S and 366. pages 248 and 249. As the t3.l
wear increased, the distortion increased in the compressive direction;
see Figure 265. The residual stress curves obtained for various

* 1 40-
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7. Z T;-f,Al-4% . fl'ta Rollqed. %ZZ !1N (,ontiured) 0

Face Milling_- I{SS Cutter (-ontinied)

degrees of tool we .r when asing a heavy-duty 'hemcal e,.Json
cutting fluid are shown in Figure Zt). A sharp cutting tool limited the
compressive stressed layer to within .003 in. of the surface. while
wear on the tool (. 016 and . 03Z in. wear.ands) yielded compressive
stresses to a depth of . 010 in.

It " ill be noted that the residual stress curves for the . 016 and . 032 in.
wearland conditions exhibit only minor differences, results which are
consistent with the disto;tion va|,;es. Maximum compressive stresses
produced ranged from 36.000 to 46. 400 psa.

At .016 in. wearland and .040 in. depth of cut. a comparison of
cutting fluids. Figure Z67. paige Z49. showed the heavy-duty chemical
emulsion producing more distortion than either the barium compounded
or the highly chlorinated oils. Even though the resitual stress curves
aSvciated with these conditi,no do not differ greatly (Figure 267).
the area under the stress curve for the heavy-duty chemical emulsion
is somewhat greater than that found when using the ott-er two fluids.

Surface roughness readings are listed in Table XXI for HISS cutters.

Surface Grinding

The effects of wheel grade. down feed. wheel speed, aeid grinding
fluid on the distortion and residual stress patterns were iiv:stillated.
see Table XXU. It will be noted in Figure 268. page ZS0. that
increasing the wheel speed increases the distortion itn the direction
associated with tensile stresse. In general. a softer I'. grade wheel
gives tes distortion that the harder J or K grades in bo-h th. silicon
carbide (39C60) and aluminum oxide (3ZA461 types. All of these tests
were run with KNOZ f1:20) as the grinding fluid. Greater distortion.
indicating a greater stressed condition. occurs when using an
aluminum oxide wheel in place of a silicon carbide wheel of the same
hardness.

It Figure 269. page ZS0. the effect of the three Orindariu fluids -.

highly chlorinated oil. hughly sullurised no. and KNOZ (120) -- on
the resulting distortion is showt. Only at high wheel speeds, 6000
feet/minute. was a noticeable difference obtined. At th.0 speed.

* highly chlorinated oil gave the 8reateet distortion.

0 - 241 -

0 p



* ~®
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A bar graph in Figre 270. page ZS. s~ammarizes the distort-on
results at 2000 and 4000 feet/minute w.eel speeds tor vario s down
feeds ard grinding fluids when using the 31COHIVK silicon carbide

*wheel. The greater down feeds usually gave some increase in
deflection in the direction which would indicate compressive stresses
in ihe surface layer.

The residual stress profiles for a number of grindini conditions tre
shown nF 4aures 271. ZZ and 273. pa -a 251 and 2;2 The effect

* of wheel speed iq noted in Figure 27 wh r .sing K.NO Z and a silicon

carbide wheel. As the wheel speed increaseq, there ends to be s9me
increase in the tensile stressed layer. At 00N feet/minute. tensile
stresses were found to a depth of . 002 in. below the surf.a. , while
at Z000 feet/minute. they were consined to less than . 00G4 in. below
the surface.

The ' low str -as" down feed resulted in a shallow tensile stressed
layer as noted in Figire 27Z.

When an aluminum oxide wheel was used at a h.ir. wheel speed of
b0OO feet/minute. an extensive tensile stressed condition resdlct . •

as may be seen in Figure Z72. The tensile stressed state existed to
a depth of . 006 in. . with a maximum value of 70. 000 psi . 001 in.

below the surface

The effect of using a grinding fluid other thawt KNOZ solution on the
residual stress patterns may be observed by comparing the c€.rvoo p
in Figure Z?7. Even though the surface stress was a high tensile
value when a highly chlorinated oil was u sed. the distortion and

general characteristics are similar to those obtatmd when using
KNOZ solution.

Table XXU lits surface roughness readings for various grindi ing
conditions.

* -242.-
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TAI.F XX

SURFACE ROLGU'FSS PRODUCED BY VA'- F: LLN'
"I :rANIW't oAl.4V BETA ROLLA.. 'iiN

Cutter: 4" Dia. Single Tooth tace Mill Aith
C.Z (883) Carbde

AR: 0 IncL: 00
RR: -10" ECEA. 0"
CA: 45' Clearance: 10.
T R : ? "

Cutting Speed: 150 feet/minute
Feed: .005 inches/tooth

,urface Finish -

Mic.oinches AA

Depth of Parallel to Perpendicular to
cutting Cut Wearland Cutt ing Cuttng
Fluid (Inchea) (Inches) Direction Direction

Chemical .010 0 10-12 1-30
Emulsion .016 5d-10 30-34

.03 15.I8 ZO.-Z I

.040 0 10-15 18-60

.016 Z0-.5 50-60

.039 1-16 30-11
I

* Dry .040 0 10-1 16-40

.016 10-44 IS-28

.O I$.51 30.31

Barium .040 0 10-12 I-0

Compoudd .016 14-16 ,4.SOd

.033 5516 is.ze

" -

6 - 343.-,

* \

4.1



TABILE XX!

4 SURFACE ROUGHNESS PRO:t'CE BY FA"E MILLING
TI.ANIU oAl-4V BETA jLLE).. [sN

Cutter: 4" Dia. Single Tooth Face %fill with
TIS HSS

AR: 0' MCI.: 0*

o RR: 0" ECFA: 0.

CA: 45•  Clearince: 3'
TR: 0*

Cutting Spe'ed: 75 fe- ,"'ninute

Feed: .005 inches/to. 0%

Surface Finish-
Microinches AA

Depth of ParaUel to Perpendicular ,o
Cuttang Cut Wearland Cutting Cutting

Fluid (Inches) (Incheg) Direction Dtrection

Chemical .010 0 8.10 9.10
Emulsion .016 15-1? 23-a5

.032 14-16 17-.0

,040 0 10-12 iC 22

.016 11-14 10-13

.034 14-16 28-30

igbly .040 0 -10 8.?
Mo11nat2115 1-30

.02 1 01 20-12

Baium .040 0 30.12 12-14
Componded .016 IS.1? 8-30

.03 13-15 14-IS

.44.

I



TABLEF XX!I

StURPACE ROTN7.!fNESS T'O-1Vf.:r,7 SlY SPFAC*E !;
TITANIUMN bAI.4V BE:TA ROLLED, IZZ BIhN

Cross Speed- .050 irches/pass
Table Speed: 40 fewt/minute
Depth of Grind: .010 in.

Surface Finish
%ficromnche, AA

Down Parallel to Perpendicular
Feed Cutting Wheel Grinding to Grinding

whCel (Iches Fluid atped Direction~ Direction

3ZA461[8VBE .00.1 KNO 2(l:Z0) Z000 45-50 13S-140

4(00 2045s 48-5Z

6000 28-31 75.82

3ZA46K8VBE O00Z KNO (1:20) 1000 20.26 50-S4

4000 ZS-30 46-50

6000 Z3-24 48.50SO

39C6OJSVK .002 KNO(1:20) 2000 35-45 95.100

4000 1Z.46 115.125

6000 14446 55.60

39C6OHSV .002 KNOZ(1:20) 2f440 55.5? 152.15?

4000 30.3 U35.90

60o0 &S.17 SS-36

LI KNO(1:101 3000 19-6? 26-44

34-I

.01 KNO(1:10) 2000 U33 60.35

4000 31-40 ?5.60

L3 wIbgly 4000 14.18196

.01 bly 4000 30413 40-61

.245.
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TA~t.': XXI

S": FAL . % ''" '")T''C ED B Y STFA(E GRIND"
A.4, .... ',AI-4V HErA R'LLf.D, 3. iOiN icontin"aed)

I

Surface Finish-
Microirches AA

Do .Parallel to Perpendicular

Feed Cutting Wheel Grinding to GrinrinR

Whrel fInche luid 3peed Directiomn Direction I

SCb0H8VK .091 Highly .000 52-57 145.;53
Sulfurized 4000 45-49 83.85
°ill

6000 40-45 15-13S
I

.002 Highly 2000 28.36 138o142

Chlorinatd 4000 52-55 IS0.I5s

Oil
6000 20-2Z 4q.O

I I l

4
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D~bt:-ia~ ~ ial strrjx r4~ 1;,- .- :a. m'lling with a ri.''
t o tr w: ul ar .)iptn.4 ii k )!ib; t ;) r .re i %? tJ- P ,) ea 4. 2.*

a .iid 2 *- I .i .rH 4% no -V t' Ta )l' XNIII

ur . 3 i. wvarI.in(;x~ girat.r !I im ! a fuinr1 with a sharpi

Sutte'r. %-v Fiire 14. ;mce IP I T'~cre was sortiennv for less
d-tur~-i -t re 3. in. w. -iand thani at , 01# in. ',earland. All
diglort ton .al.rs inia'tc tornnress~:e residll4.al stresses in the layers.
The r7-.c1ua! stresis palternP r;.lated to the results are Itiven in
Fil~urri% Z-,' ard Z714, pa,trs 2CI and ZtZ.

A sO.arp tool gav- a eimpressive streasd layea- of a greatcr
mainitude to a grc~ster depth than eati.er of the other two woar coridi-
tiDns, isee Fillirr .275. page Ztl. The greatest wear. .032 in. wear-
land. showed -.0 meaSurable resitiual stress within the first .001 an.
belo% the iturfa%;e, with. (,ni stnall stress values below that point.
The intermediate weArlenid prn$tiicei a 0~l~(!ess thaii . 13 1In.)
compresIsive stressed liwr,. wit'. a -naimumn value of 90. 000Q psi at the *

* surface. A heavy-dut" chemicjl ermision wpe usei as the cutting fluid
in all tiese tests.

The effect of cutting Ifluids rn res 4duai stress patterns is shown *n

Figure 276. page ZbZ. The hemvy-dut) chemical emulsion, the ba:rivam
compoundvd oil. and mialling dry produced similar results. The
compressive surface stress values ranged from 50. 000 to 9C. 000 pit,
decreasing rapidly within the first .001 in. below the a-A-face. Thtse
results are in agreement with the di3tortions; see Figure 274.

For the same cutting flt.'d (heavy-duty chemical emulsion), less
distortion was found when using a light cut (. 010 in. ) than when using

* the deeper cut of . 040 in. , see Firure 274.

The surface roughnc-b readings obtained wnen face milling with the
C-2 carbide cutter are iumnvarixed in Table XX1U.

* Face Milling - HS, Cutter

A TIS HSS cutter was used under various c'itting fluid, wearland,
and clepth of cit conditions. The distortion :oduced under %heae
various milling conidains and the rvsulting residual stress patterns

2 53*
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7.. ~ T,' i 'Sn-4,*r -2, ,. A ,,! 1ti' , ~ , ,d ,

Fak r M .: -n ,g C, Olcr (i.on/t ni,.'!)

asoc. iaed w th so e of these %un,|.t:ons are found in F !;.

Z7$ and 27,4. pales .t,, and Z,,3.

A T15 I{SS cutter gave Rrrater dintortinns for greater too' wo.ar.

Figure Z 17. page Zt2. over the range 0.00 in. (snarp tool) to .02 in
•ool wearland. In .he same fti.ro. the effeO of depth of r ! and
cutt~ng flid ma be sern TVere were three different %r"ant 1-dn
used -- a heavy duty c'h,,maal emulsion. a barv.m compounded I
and a hig.dy thlorinated oil. Even though some greater distortc,.,i
resulted with the highlv cilorinated oil at . Olb n. tool wearland. in
general. the differences between the curves are small.

The two curves reported for the hea.y-duty chemi ,al eari.Aaaon as

the cuttinR fluid show the effect ut two different depths of ct (. 010
and . 040 an.). 1t will be noted that slightl%- less distortion occirred
with the greater depth of cut.

The residual stress profiles with different detrees of tool wearland
are presented in Figure 27R. page Z6J. The compressive-stressed *
area under the curve for . 032 in. wearland is the greatest. while thiat
under the . 000 in. wearland is least. Such results are in agreeaant
with the distortion values in Figure Z77. With both the . Olb and . OJZ
in. wearland conditions, the compressive stressed layer extended to
a depth of greater than .010 in.

When the residual stress curves produceel by three different L.utting
fluids are compared. Figure 279. page 263. the difference is not
considered significant. Shapes are similar, and the compressive
stressed layer extends to at least . 010 in. in all cases. The three
fluids compared are heavy-duty chemical emulsion, highly chlorinated
oil, and barium compounded oil.

In Table XXIV. the surface roughness values of surfaces machined
with the TIS cutter are listed.

Surface CrindinA

The surface grinding parameters investigated when grinding the
TI-6AM- Sn-4Zr-2Mo alloy were wheel speed. wheel grade. and
grinding fluid. Graphical results on distortion and residual stress
chazacteristics are shown izr Figures 280 through 286, pages 264
through 267.

*

- 254 -
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1ncream'ing wheel -.eed and inreasiit wheel hardnoss increased the
distortiun see F,.re 2,0 pa'ie Zt4. With the silicon carb.-le wheel
at 4000 feet, m~ndte whet 1 speed. pracucally no distortion was found.

.However ini reasing the wheel speed to bOOO feet/minute resuilted in
&." 1 rtion of 020 in in 3 S in. Al%.m~num oxi4e wheels produce a
greater degree of distortion than silicon carbide wheels. At 4000
fert.m'inute wheel speed t e distortion increased from zero with a
3'CtW0S3'K (silicon carbide. H hardness) wheel to .023 in. with the
harder 3.9Ct O3!VK wheel. With al..minim oxide (32A46) wheels at
4000 feet/n-in,4te increasing the wheel hardness from H to K increased
the distortt-,n only a small dmoant. from Oil to .03S in in 3. 5 in.

The effect of uitnit hi hlv c.lorianated oil, highly sulfurised oil. and I
KNOZ (I Z0) solitann showed only a minor difference between the
distortion values when using the two oils and a somewhat-reduced
distorton when using KNO Z sc.lut:on, see FagtAre 231. page 264.

'he bar graph in Fig~re 282. page ZW, sir nariaes the effect of
wheel speed, grinding fluid. and down feed on distortion With a
"low stress" down feed, only a small degree of distortion resilted.
At 002 in. /pass down feed, the degree of distortion increased with

$the direction of the distortion. giv.ng an indication of compressive
stresses at a wheel sped of 2000 leet/minute and tension stresses at
a wheel speed of 4000 feet/minute

Figure 281. 'page 265, sh",ws the residual stress patterns obtained
when varying the wheel speed for KNO.) as the grinding fluid. Wheel
speeds of 2000 feet/minute and 4000 feet/minute gave similar
patterns. At 6000 feettminute, tensile stresses existed to a depth
of . 003 an.

At a wheel &aeed of 4000 feet/minute. more distortion was obtained
with highly chlorinltted oil as th- grinding fluid than with KNO3
solution. The residual stress curves for these two conditions are
shown in Figure 284. page 26. where the greater quantity of tensile
stressed layer in the sample groand using htghly chlormrAsted oil as
the fluid is observed.

At a high wheel speed (6000 feet/minute) And using an aluminum
,oxide wheel (3ZA46K8VBE). tensile stresses extended to . 005 in.
below the surface. as way be obser-ed in Figure 28s. page 266.

*ass *
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The safne hre1 ored -' ' in c-7~', -. r -. ahf,.
1 alo p rod, ed a tens~ie stresseed laver. b-it bo~th tl~ magnitAd' arm.,

depth we e less

In Flglu~ 29b. page 207. the residual stress c-.rv~s for a 'low sorros
grindiyk condition (silicon carbide wheel low wheel speed. an,4 1-ow

gtreso,' down feed) and fur a more abusive gRm n-ing cnMitmcn (al-izm .m
* oxide wheel. hich wheel speed,. and heavy dt rn !Ped) are shown. 'S

rgreat-r tenaile stressed layer of the t )n9.ition is readly
evtident. T!,e "low stress" down feed conditton involves the re-noval
of .CIO in. of material at . 000$, in. /1pass for the first .004 in. .a.nd
for tbe last .00' t two passes at .0004 in /pass. with the final six
posses of . 0002 in. /pass.

The surfAce finish produced by these grinding studies ire recorded
in Table XXV.
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TABLF XXIII

SURFACE ROUGHNESS PRODUCED BY FACE MILLING
1i a A 'itM A1 -ZSn-4tr.%-fo. ANNEALLD, 3ZI BHun

Cutter: 4" Dia. Single Tooth Face Mill with

C-2 (883) Carbide

AR: 0" IncL: -t
RR: .10" ECEA 0"

CA. 45" Clearance: 10"
TR: -70

Cutting Speed: 150 feet/minute
Feed: .005 inches/tooth

Surface Finish -

Microinches AA

Depth of Pargliel to Perpendicularto

Cutting Cut Wearland Cutting Cutting

Fluid (Inches) (Inches) Direction Direction

Heavy-duty .010 0 18-Z0 45-47
Chernca| 06I-I S3

Emulsion .016 15.13

.032 14-16 34-36

.040 a IS-17 3J-36

.016 15-1 3-43

SDry! .040 0 20-22 29 -31

S.016 11-19 421.44

.032 17-19 1-1
34246 1,l 040 0 18,40 20.34
Compowuded .016 IS.17 35-34

0 13-15 &A.30

-S?.

6
e6

6 II I i
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TABLE XXIV

S"RFACI' RO.GHNFSS PRODUCED BY FACE MILLING
TITANIUM'I A..5n.47r-2M. ANNEALED, 321 BHN

Cutter: 4" Dia. Single Tooth Face Mill with •
TIS HSS

AR: 0q Incl.: 0

RR: 06 ECEA: 0"

CA: 450 Clearance: 8"
TR: 0* p

Cutting Speed: 73 feet/minute
Feed: . 005 inhes/tooth

Surface Finish -

Microinches AA

Depth of Parallel to Perpendicular toCuttng Cut Wearlan d Cutting Cutting
Fluid (Inches) (Inches) Direction Direction • *

Heavy-duty .010 0 13.15 15-1?
Chemical
Emul.01 14 33.3

.032 88-30 50.5S

.040 0 14-IS as-20 P

.016 18-80 40-42

.032 83-7 7G?

Highly .040 0 13-I5 z0.2 p
Choratd 016 14-15 28-30

.038 I-17 30.38

Barium .040 0 15-17 IS-11
Compounded .
Oil016 14-15 30-3•

61 ----

|l . .. . I~l



rAT :.: XXV

SURFACE ROUGINESS PRO ,JCE - BY StYRFACE GRNONG
TITANIUM tAI-4s.-4Zr-- .o. 321 WHN

Cross Speed: .050 inches/pass
Table Speed: 40 feet/minute
Depth of Grind: .010 in.

Surface Finish -

Microiriches AA

Down ParaUel to Perpendicular
Feed Cutting Wheel Grinding to Grinding

Wheel (Inches) Fluid Speed Direction Direction

3ZA46HSVBE .00a KNOZ(I:'0) Z000 Z4-25 35-37

4000 19-20 48-50

6000 05.17 5-60

3ZA46K8VBE .002 KNOz(I:ZO) Z000 33-24 36.3s

4000 U344 45-4?

6000 33.Z4 48-50
0

3ZA46JOVK .00Z KNO3(I:Z0) Z000 23-4 16-38

4000 35-3 ?4-70

6000 28-31 ".0

39C60HVK 1 00& KNO3(& 10) 3000 45.48 91-100
4000 45.46 80.64

L KNO(I:20) 000 11? £0.11

4000 140 $|-35

.001 1U4O1(1:Z0O) loo 1860 MI330l KqZ(:0 000 16.40 33.))

4000 94.41 39.31

LI oly 400 14.16 2,.30 i
.001 16gbly 4000 I?.19 40-42

Oil00

- - -- - 119 -



T AP . XX V

SUP:-'.A(F R 'GFNF '; P':RM-C w'VY ~ - t~
T - A N~.'4 M l- . ~r-I~(~nl

Surface Finish -
Xfic V~nc bev AA

Do \,n ParAllel tO PerpentdiCUlar
Feed Cutting Rhoel Grinding to Grinding

Wheel j~ce) Fluid Speed Directios. LDarvcton

3QC6OH3SVK .00z Ri.ghly 2000 45-47 9S-100
* Silfurized 4-0 0-65 60.65

6000 20-21 43.45

.001 HMghly 2000 38.4Z 190-Z00
Chlorinated 4000 15-I? 40-41

o og
6000 30.3a 4Z-45

3ZA4U'HRVBE .002 KNO.I(I:&0) 2000 33-3s 60.71
4000 24416 334"

3qC60JSVB 1001 KNOZ(1:ZCI 1000 36.40 63436S

4000 43-4S 6S-68

WOO 3.3648-S&
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P FSID'AL !TPEPS AFTER T'PFACE (P-;V

Ta- Ai-2S -4Z r-.,Vr. A FAF.D, 3N1 ,T3V
:,If~~x'j EIFFECT -, CONM7" ... .... ";

CROSS FEFD: . O O IN. /PASS
TABLE SPEED: 40 FEET/MIN TE

DEPT OF GRIND.. 0 10 IN.
GRINDING FLUID: KNO Z (1:Z1)

SPECIMEN SIZE: 060" , 3/4"- 4.1/4'

480 _

0I

z
I..

*0 - -

WHEEL GRADE: 3ZA44K8VrE
,-WHEEL SPEED: 6C00 FT. IMI?;.

DI)WN FEED: 002 IN. /PASS
420 "m.

~ *zc WHIEEL GRADE: 39C6OHSVK
WHEEL SPEED: 2000 FT. IMIN.
DOWN FEED: LOW STRESS

-40 , -

0 .002 .004 .006 .008 .010

DEPTH BELOW SURFACE - lC~HES

Sea text. pet p 6 26? - Figure 286
._ __ ____ ___ ____ __.. ........... __ ____ _ -_

a - 'a - .-



Anniealed ic're 2.of Z 33 BFIN was fatr mArzW .' C- 01(~43)

carbide at tw!) dti.errit deeths of' cut &Md iOrep weariardl cune.!:ons.
Highly chiorinatrA oil was used as the cuttig Cl 4 for all tests.
T'he distortion and resud ;al stress results are found in Fiars 287.
28J8 and Z2s l. pagvrs 274 andI 475.

With a0. 010. deth of cut. as 1 'arn tcnl iave t".r leA t &9!ort~nn.

distortion at 0- O in. wearland. see Figirv 247. page 274. 'ALhe.
Vie depth of cut was nicreased to 0. 040 in. . the distortion wasabt
the same for all wearland conditions.

Residual stress curves for the three wearland levels and a 0. 010 in.
depth of cut are shown its Figure 288. page 274. The deflection values
indicated the maicir portion of stress in the outer layers as comrpressve.
however. it will be noted that all three curves sho-wed a tensile stress
at the surface. Only at depth@ greater than .001-. 002 in. below the
surface did compressive stresses prevail. A sharp cutter f. 000 in.
wearlancl) restricted the major stress to within 0. 010 in. of the

0 4 surface, while the greater wearla-ids exhibited compressivo stresses
at depths greater than this.

Two residual stress curves for a 0. 040 in. depth of cut are shown in
Figure 249. page 275. the one for a sharp cutter and the other with a
0. 016 in. wearland. The curves are quite similar, except for the
portion near the surface (less than 0. 001 in. below the surface) where
some tensile stresses were found in the 0. 016 in. wearland specim1en.

The surface roughness values of the car' .e milled surfaces are
listed in Table XXV1.

Face Millint -1155 Cutter

Face milling with a TIS 1153 cutter involved usinig two different depths
of cut mind three different wearland conditions. The resulting clistor.
tions are shown in Figure Z90. page 275. At 0. 016 in. and 0. 032 in.
wearlands. the distortions produced were about the same. A sharp

4 ~Cuttin tool with a shalow cut (. 010 in. ) gave loe distortion than did
the deeper cut (. 040 an..

Residual stress patterns did not differ greatly as may be seemo in

Figures 291 and Z92. page 276. A sharp cutti,'g tool with both a

4



0
eS

~4 A nief Z )TiI (cotn.d

. 010 in. and a . 040 in. depth of cut rod .iceef sore tensile Stresses
on t.he ajrfa%.e and a maximurn compressive stres of apprxarriately
18. 000 psi at 0. 001 an. below the suriace. In general. the maximum
stresses were not very larqe, but d.A extend to about .010 in. below
the s.rface.

Table XXVII indicates the surface roulihness of the specimens used.

The effect of grinding Inconel 625 with aluminum oxide grinding
wheels of various hardneso values anr. at varios wheel speds was
investiGated. Most of the work was done with haichly sulfurized oil
as the grindint fluid, however, a few tests were run using no fluid.
a KNO Z solution. and a higly chlorinated o.l. The distortion results
are pr-sented in Figures Z33 and 294. page 277. and the residual
stresses in FiguKres! ZI) and Z16. page Z.78.

The softer -1i" wheel Rave the least distortion at all wheel speeds;
see Figlire 2). page 277. The "J" a-d "" trades produced bo&ut •

*the same degree of distortion. As the wheel speed incre4ses. the
distortions tend to increase, with the increase being less for the
wheel speed interval 4000 to 6000 feet/mmute than the lne.Vl
2000 to 4000 feet/minute when the H and I. wheel* were used.

The residual stress curves in rigure vs. pace z76. are in general
agreement with the distortion results for the case of a 3ZA46JSVSE
wh~eel st speeds of Z000. 4000. and 6000 feet/minute.

When the wheel hardness was increased frona the H grade to the J
grade. the major effect on the residual strees cirve was one of
extending the tensile stressed layer deeper witlu the sample: see 5
rigure z96. pose 276.

In rigure 297. page 279. the changes to reeidual stres curves with

changing down feed conditions may be observed. Whes a "low stress"

down feed was used. the stress values were lowest and the depth of
penetraition was les.

A summary of the distortions produced when ourface grinding with
a )UZA4JVBIE wheel under various conditions of dows feeds, wheel I
speeds. and rtnding fluids may he fosgad in rigure 294. page 27.

2.9 .-

.Io + . . . lllm



74 Int ;rnT*2l . Ar."Parjh' 200 PNfot~.

At a wheel oneed of 401TJ ieetim.nate a,.t a d-mn fre, of .001 in, ,~..
highly chlcr;'ated ol gave the greatest disfr!.on with KNO Z Gol-4t.)n
the least. The highlv s dfuizaed od pioduced intermediate dir~ort;o-.
Mirmum distortion was prod-.ced usanig the low stress downi feed.

In Figure Z18. page 079. the rersd,aal stress cjrves are given for
the two extreme grindm.g conditiorls. T1 ,,e more ab.stve- c n• d *

of a harder wheel (L grade). greater dow" !red f. 7, in. 'pass), hi .

wheel speed (t,000 feetimanute) and c'tting dry can b6 com'pared t' t"4.
results when a softer wheel 11 grade). low stress down feed a huwer

wheel speed of 4030 feetiminute, and a lranding fluad were used.

Surface roughness readings were made on ah& the test gro nd *,irfaceto.

These results are tabulated in Table XXV:II

The surface finish obtained in irining the Inconel bZ5 alloy
av~eaged about 8 micror.rhes AA an a direction paralilo to the grind
and IS to ZS microinches AA perpendiclar to the grind direction

@4-

*

*

0

0

* 270.-

0



* TABLE XXVI

SURFACE ROUJGHNSS PRODUCED BY FACE MILLN.G
INC ONLL bZ5, ANNEALED. ZOO BRN

Cutter: 4" Dia. Single Tooth Face Mill with
* CoZ (883) Carbide

AR: V IncL: of

RR: 5 ECEA: 0, land
CA: 45' Clearance: 5
TR: 70

Q Cutting Speed: 73 foctlminute o

Feed: .010 inchee/tooth

Surface Finish -

* 4 _.._Microinchee AA ,

Depth of Parallel to Perpendicular kw
Cutting Cut Wearland Cutting Cutting
Fluid (Inches) (Inches) Direction Direction

Highly .010 0 13.16 17.33
StChlorinated .01 3.- 3$-40

Oil
.033 3-? 70.83

.040 0 3-8 153-
*Or6 6..13 a7-33 '

•.0)3 5.7 30.35

03

0 171.i

I - 4------- . --
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TABLE XXVUI

SURFACE ROUGI-NESS PRODUCED BY FACE MILLING
ING..NEL 64., ANNALD, ZOO 11W4

* Cutter: 4" Dia. Single Tooth Face Mill with
TIS HSS

AR: 5 IncL: -70
RR. 1" ECEA. 0* land
CA. 45" Clearance: 10"
TR: 14*0

Cutting Speed: 36 feet/minute
Feed: .010 inches/tooth

* * Surface I inish -
?.!icroinchee AA

Depth of Parallel to Perpendacular to
Cutting Cut Wearland Cutting Cut"hn
nud f . (Inches) Direction Direction

Ilshly .010 0 IS-1Z 60-40
Chloinaed .01 3-8 13-1
Oil

.0 So7 11-14

.040 0 9-1Z 70-85

• .010 l-ll 18U

.0- 11-14

0

*

-.373.
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TABLE XXV!N!

\I SURF.\CE ROUGFESs PRODW'CF) BY ST RFACE GPIND:';G
IN(.ONEL b.5, /.NN .ALL.). Z3 !3 1 t.N

Crose Speed: .050 inchee/pase
Table Speed: 40 feet/minute
Depth of Grind: . 010 in.

Surface Finish -

.. icroinhes AA

Down Parallel to Perpendicular
Feed Curtir Wheel Grinding to Grinding

Wheel (Inches) l luid S Direction Dir ectio

3ZA46HSVBE .001 Highly 2000 6-9 13-1?
Sufurited 4000 6-? 17-2'aOil

6000 6-8 24-27

3ZA4638VBE .00 HigLhly ZOOO 5-7 Z0-24
Sulfuried 4000 -7 17.2Z
O il 6 0 0 0 - 0 2 - 18

3ZA46LVBV .001 ifghly 2000 4-4 0-14
4000 4.7 IS-I6

ou
6000 5-4 13-1?

3ZA46IVBE LS ighly 4000 4-? 10-I
Su~fautued
OU

.003 IMgh1y 400 4.4 s1-0

.001 Highly 4000 546 3-1
CUhleaed
0S1

.001 K1 ( I.:Zo) 4000 7-9 15-17

)UA46LAVOE .001 Dry 6000 9-3 U-2?

- 5 -

-- - -- II -. I- - - llmell b - -7:LI I -lIl -I ... . II I- l



rS

-~ 2 -----------

%44
31S

) £0
d- 400

.6-0 9-

alu a

o-mi u* s .u O~js s OVU1 "um



4

*
2 -4--.- - .-- 4- C- -. ----- *----~----4-__________I, 0'

4 4'
.1 U L I
- -. S. U

) :. - I

.0 4- 4

a--- I
0. - * w

0 4*-2-4- 1 4

-4.....'. 2 1 4
0' 0 ~

~~4) ~ - - 4-..... 4

b..

9 D* ~ '1-~~
.~ '4-- -2-"- g

I U

* £
3

I I

V. a I a
U

- u a
- 0 Ut U - 4

4- ~ '-~.~--.--.-- 0 _____ 4 -~- 9
0
d S.~*I I

- I 0. 1
* b 4 i F

L *~ * ** ~ a: I
0. - - I ~

-' -. ~ .4 - 1~-
~;*d * U -

-~ 4
w4~~'A ,p~a. I

'a -~ I
~ I! ;491 I IjI U
*k _____ -~ 3 2
4-~ *I U

~ I a I
I I I

4 3
I, hi I 2
- ~ 9 - ~ U 4

* II I __ Im~.um.m. Ii
* S I £

~td2
mu maui *~jgg 3

.1's.

*~ -.1 - - -. -- - -



itt

-. 
ItS

Do 6

IA-

u,~ ~ 4 .6.*t. -6



bd[ t

It

"*~, [T .113r *4** 4 V1 ki NrlV~ sil -jv

S II

.tn



U

* Ii*1*

-
U

* b * I t -

- 4 I 4 -

-

--..-- 
- ---- 

--.-.-----.

-- I.

I 4

4 -~ -7-- a U
-o I ____ I

d

- - * a

-1 -- ~ I -

i -

______ 
- U

U f - -..--.-. ----.- -- -.-...-- ------... - - - -.--...---. - -

I
- -, S

'4 .4 4 S

?V4 ~4i4.~ ~

* * !
I II I

I I

1~ I ______ 

_____

!.4 L_________ S

igj
b~ I I a

6 5 I ' * S S
w ~ a. ~ I **~ P I £

~j; *I~;j ;S~ ~ I
p'-' I w I

~ 51. ~
-S--a I 4

ma ~w-~ -3~t I

S ~kI ~4 ~. O~ ~h 3 S

-i

I I
I I
I I -

3
wa3.4~3 k

Ia iain~g i~eaa

.8?.

- -. S

S



I

I I
a -6. - U

(~) R- * ~a .-- ~-~------ i - -

-' 4.. -~ a

.~t * .

a7'~I W12 ~.. I -

- - -
U

Z6....E 

*~
- ~ 2

~. -t £ -

.1 £, ..

~ ~ 4
4-....., U - -.- U £

* 4~ ~, ~,.W 
I

a-
I * .

v: I :-~ -

X3~/ 

-;

'I .. ?; I

*

- I
* --.------------ 4-------- . -

IN' C4K
1

0 U 0 2 0 0

U U U U 0 0

~O~Sh1~ V~IuW3ddIqO3 I
w I j 114 1I~1t..11V~G?'1~ S

_____________ ____________________
* p -- ~

* S
I &

a I I a

S liii IIII.il! inm~_ _ L. 4 L.i-i
S St

I

I

6

I
I

en ussas w~wuI~

S
.1~9.

* a



S®

"The surface finishes obtained in face milling. peripheral end milling.
and end mill slotting on most of the metals tested in this program
are listed in Tales XXIX through XX:I. pates 28I through Z87.
The@* measurements were made with a Surfindicator instrument

both at the start and end of the tool life tests in whicn ressonable tol

life values were obtained. In Xeneral. the hih sed steel tools had
a wer land of . 060 in. ard the carbide . 0IS in. at the end of the tests.
It should be noted that the qualities of the surface finishes at the ond
of the tests with ) vorn tools were often better than with a sharp
tool. Whether the q%.Alit- of the s-zta,e G&sah imivr*-es or
deterior-tes a th. *oq,' -'ula depends oA the workpiece material
and the type cf wear that devlope on the tool.
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APPF';2P:( v"

Thickness .g- Helix Angle

Standard Twist Drill -Zq Ifebx. Sph, l'nt

p - -3

0 Sh

D • Thickness.
.Heavy" Web D rill - 24'" Plc. spl it P-lint

WWb

Thickne s

t Heavy Web Drill 1Z1a Low Helix. Notched Point

Ca rbide

Tip

e 0 li
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APPENDrX IX

HARDNESS CONYERSION CHART

Brinell Hardness Rc Haraase RS HardmeseNwumbe r Number Nwaber

37Z 40
363 3935 34
332 36 .313 34
29? 31 .
Z83 30 .
170 as250 Z4 .

*240 z2 100130 20 90
213 .. 97all "" 96
go so 95
197 "- 93
1" -- 9 1
170 50 ?
143 Ow a
IS4 a 83149 "*1l

Ii
I

I 
'm

0 
4=
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a 1 MATFR LIS

Tpcl-ncal Fi'al Perw)rt. I Dec( t-r 1 47 tr I Mlay I "

ZIatin. %,r-isn. Ft. ! i'chavl. Christopher. nonn 0. l<.hlo. J'~hn T%.

Maw w="deea e

gavrnmntsor oregn atinal ma 4vmade only with orior approv-al o
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* ( Ntanu4acturinc Technology Divigicn
A ar Force Niaterials LaNlrnrrv

* *****~ IWrigtt.P~tt.o.ion Air Vnrrv ta*@. Chios

Four groups of alloys of interest to the aerospace invustry were solected for the
machinability studtios from a survey of the inniistry and a review of the literature.
The four groups consistedi of (1) high strenlith steels. (2) tt'.nium allovs. (1) nickel

* base alloys and (4) stainless steel alloys. Poth wrought and cast allays wert
!icliadtd In t, t first three groups.

In general. the cast nickel buse alloysi required even lower cutting speeds than the
wrought alloys in this category. Recommendations are livted in tables in the report
for machining all of the alloys included in this program with commercially aivailahle

* tools. It should be noted. however, that in some instance* small Aepartures froin
the suggested cutting speed** feeds. cutting fluids. tool geemetrie or tool materials
could res is significant reductions in tool life.

A short study was also made of the mnachined surfaces obtained by fNce milling and
grinding of two titanium alloys. a high strength steel, and a nickel base alloy.,

This document in subject to special eaport controls and seck transmittal to forten
governiments or foreign nationals may be made tall with prior approval of the Menu.
facturing Technology Division. MAT. Air Force materials Laboratory. Wright-
Patterson Air Force Base. Ohio 45433.
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