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This contract with Metcut Research Aseociates Inc., Cincinnati, Chio,
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Par.meters on New and Sciective Aerospace Materials.” It wes sccomplisted
under the technical direction of Mr. Max A. Cuenther snd Lz. Ravmond Coe
of the Fadrication Branch (MATF), Manufacturing Tec:nclogy Division, Atr
Force Materials Laboratory, Wright-Patterson Alr Force Base, Ohlo.

Mr. Norman Zlatin, Director of Machingbility Researih at Metcut, was
the engineer in charge. Others vho coop-rated {n the preparation of this
teport were: Crs. Michael Field and F. ©. Westermann end Messtre. Jokn D.
Christopher. L.R. Gatto, and John B, Kohls., This project has been given
the Metcut Research Internal Number 96011400,

This project has been sccowplished as a part of the Air Force Manuface
turing Methods Prcgrams, the primary obiective of which {8 to develop on
a ti 'y basis, manutacturing processes, techn{ques, and equirment for uge
{n econmical productfon of USAF materisls snd components.

Your caments are polfcited on the potential utilizatton of the {rformg-
tion contatined herein as Applied to your present or future production proe
grasa. Suggestions concerning additional msnufscturing methods development
required on this or other sudjects will de appreciated,

This technical report s been revieved and {¢ spproved.
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Chief, Fadetication Branch
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ARSTOACT

Four groups of alloys »f intcrest to the aerospace industry were seiected
for the machinability studies from 2 survey of the industry and 3 review of
the literature. The four groups consisted of (1) high strength steels,

(2) tamium alloys, (3) nickel base alloys and (4) stainless steel alloys.
Both wrought and cast alloys were included in the first three groups.

Cunventional tools were penerally used 1n this program. However. during
the span of this program, multiple-tooth cartide milling cntters (whin
provided a greater variety of tool geometries) were made available
commerci:ally. This development permitted a wider range of investigations
with multi~le-tooth cutters i1n face mulling the variety of alloys includ.d

in this pr« -am. Also, ead milling cutters ut:lizing ''throwaway' inserts
were made available 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 thore permitted with high speed steel
end mills.

. In grneral, the cant nickel base allovs required even lower cutting speeds
than the wroaght alloys 1n this category. Rceccommendations are lis’ed in
tables 1n the report for machining all of the alloys included 1n this program
with commercially available teols. It should be noted. howevee, that in
sore instances small departures from the suggested cutting saeeds, feeds,
cutung fluids, tool geometries or tool materials could result in sagnificant
reductions in tool life.

The relationship between dimensional accuracy and length of snd mull
cutter was also determ:ned. This i1nvestigation also included the effect
of tool wear on cutter deflection.

A short study wase also made of the machined surfaces odtained by face
mulling and grinding of two titanium alloys. a high strength steel. and a
oickel hase alloy.

This document 18 sub;rct o special export controls and each transmattal to
forcign goveraments or [oreign nationals may be made only with prioe
approval of the Manutacturing Technology Division, MAT, Air Furce
Mater.aln Laboratory, Weight-Patterson Air Force Base, Ohio 4%4)33.

]

MW..-—».—~ 4 g g - o ‘. R I P

v VP e e - U R — e i e e

. o—

-,

v ) O ot . - e~ o a—

N —

oo -l Wnemme. o

L.



[
TABLE OF CON ’._'PT.\’TS \?)
Pa £*
[ ]
1. INTRODUCTION }
2. EQUIPMENT AND TESTING PROCEDURES USED 2
2.1 Turning 2
2 2 Face Milling 2
2 3 Peripheral End Miiling and Erd Mull Siotting 3 ’
< 4 Driling 3l
2.% Reamung 4
2.6 Tapoing 4
2.7 Grinding 4
¢ 8 Cutting Tool Nomencla ure 5 °
3. MACHINING ULTRA HIGH STRENGTH STEE!LS 1%
3.1 HP 9.4-45 Steel,/Normalized 15
32 HP 9-4-45 Steel.! Martempe ed 33
3.3 Cast 137 Nickel Marqaging $teel, Soluiion Treated 41
3.4 Cast 18% Nickel Maraging Steel, Aged 24 ® [ )
3.8 Cas 17-4 PH Stainless Steel, Solution Treated and Aged 83
3.6 Almar 3td. Anncaled 5
3.7 Almar do2, Ajped 81
4, MACHINING TITANUM ALLOYS 87
4.1 Titanium 6Al-4V, Beta Forged 87 ’
4.2 Cast Titanieni 6AL-4V, As Cast 12%
4.3 Titanium 6A1.2Sn-42r-2Mo, Solution Treated and Aged 135
4.4 Titanium 079, Solution Treated and Aged 140
5. MACHINING NICKEL BASE ALLOYS 186 »
5.1 1Inconel 718, Solution Treated and Aged 186
$.2 Inconel 625. Annealed 172
8.3 As Cast Udimet 700 178
S.4 Castinconel 718, As Cast 198
6. MACHINING STAINLESS STEEL 200 ’
6.1 Greek Ascoloy. Quenched and Tempered 2.0
!
.
- 49 o
a— — .
o 2 o . _—. ) s e s




Pag- Y
7. DISTORTIOMN AND RESIDVAL STRESS STUDIES OF MILLED
AND GROUND SURFACES 221
7.1 Ultra High S*rcugth Steel HP 9-4-45, Martempered,
5 R. 226
7.2 Titanium 6Al-4V, Beta Rolled. 322 BHN 240
7.3 Titanium 6A!-2Sn-42r-2Mo, Annealed 321 BHN 235
7 4 tnaconel 625, Annealed, 200 BHN 208
8. SURFACE FINISH 280
9. APPENDICES 288
Appendix ] Nomenclature for S:ngle Point Lathe Tools 269
Appendix 11 Nomenclature for Face Milling Cutters 290 '
Appendix 111 Nomenclature for End Milling Cutters 291
Appendix IV Nomenclature {or Drill Point Angles 292
Appendix V Nomenclatire for Reamers 273
Appendix V] Nomenilewure for Taps 294
Appendix V11 Identif.cation of High Speed Steel Catting
Tool Materials 2% ® )
Appendix VIIl ldentification of Carbide Cutting Tool Ma'erials 29
Appendix IX Hardness Conversion Chart 297
)
L}
]
[ ]
LI A
MJ\
] -
PR .,-‘o et < —— o e —— - C be - ——- .
L . I'
-~ & - —~ - - -
- a [ a8 - il o -

TARLE OF CONTENTS (cont ~ira)




L
IISTCF I1LIVSTRATIONS &
1 Phrotograph of LeBlond Heavy Duty Latke 6 ']
M Photogravh of Cinannaty Noo 3 Horizontal High Speed
D:al Tvpe Milling Machine b
3 Photograch of Cincinnati No. 2 Vertical Dial Ty»e
Miling Machine 8
4 Proragraoh of Cincinrati Cinova 80 Vertical Malling ¢
Machine 9
5 Face Milling Setups v
" End Milling Setups 11
7 Photograch of Bickfurd Heavy Duty Box Column Drill L [
Press and Cincinnat: Box Column Drilling Machine 12
8 Phalograph of Norton Hydraulic Surface Grinder 13
3 Crinding Ratic Test Setup 14
In Turming HP 3-4.49 Steel Notimalized 341 BHN 22 ® P
1 Turrang HY 9-4.45 Steel Normalized 341 BHN 22
2 Turmng HP 9.4.45 Steel Normalised 341 LHN '3
13 Face M-lling HP 2.4-45 Steel Normalized 300 THHN 23
14 Face Milling HE 9.4.45 Steel Normalised 302 BHN 24 ‘.
1% Face silliag HP 9-4-45% Steel Normaliged 302 BHN 24
s Face Milling HP 9-4.4% Steel Normalized 302 BHN 2%
17 Face Milling HP 9-4-4S5 Steel Normalized 302 BHN 1)
] ] Face Mulling HP 9.4-43 Steel Nnemalized 302 BHN 26 D)
19 Face Milling HP 9-4-43 Steel Normalised 302 BHN 26
20 Peripheral End Milling HP 9-4.43% Steel Normalised
302 BKN 4
H] ] Petipheral End Milling HP 9 .4-43 Steel Normalized
302 BHN 27 ¢
2 End Muli Slotting HP 9-4-4% Steel Normalised 302 BHN 28
2 End Mill Slotting HP 9-4-4% Steel Normalized 302 BHN 28 .
L)
.
- e e e ¢
o 2 . S 8 e . N




39

40

41

L1

4

4“

4

IISTOF 11 ILU'STRATIONS {continued)

Drilling HP 9-4-45 Steel Normalized 302 PHN
Drilling P 9.4.45 Stecl Normalized 302 BHN
Drilling HP 9-4-.45% Stee! Normalized 302 BHN
Drilling HP 9-4-45 Steel Normalized 302 BHN
Reaming HP 9.4.45 Steel Normalized 302 BHN
Tapping HP 2-4.45 Steel Normalized 302 BU™
Tapping HP 9-4-45 Steel Normalized 302 BHN
Turmung HP 9-4.45 Steel Martempered 51 R,

Turning HP 7-4-45 Steel Martempered 51 R

Turning HP 9-4.45 Steel Martempered $1 R,

Surface Grinding HP 9.4.45 Steel Martempered 51 R
Surface Grinding HP 9.4.45 Steel Martempered 51 R,
Surface Grinding HP 9.4-45 Steel Martempered 51 R
Surface G-inding HP 9-4-45 Sceel Martempered 51 R,

Turning Cast 18% Nickel Maraging Steel Solutior
Treated 331 BHN

Turning Cast 18% Nickel Marsging Steel Solution
Treated 331 BHN

Face Milling Cast 18% Nickel Maraging Steel Solution
Treated 311 BHN

Face Milling Cast 18% Nickel Maraging Steel Solution
Treated 311 BHN

Face Milling Cast 18% Nickel Maraging Steel Solution
Treated 311 BHN

Face Milling Cast 18% Nickel Maraging Steel Solution
Treated 311 BHN

Face Milling Cast 18% Nickel Maraging Steel Solution
Treated 311 BHN

Face Milling Cast 18% Nickel Maraging Steel Solution
Treated )11 BHN

« wi} o

¢
paxc‘
29 <
29
30
30
31 q
31
32
3?7
17 )
18
38
19
) P
40
46
46 e
47
7
‘ o
48
']
' e
49
49
' 4
-- — ' P




P ISTOF “,I.‘,'ST?(.‘\TK)‘_-:Z {« ntinge

Fijure Page
40 Face M:1Ming Taat 197 Nickel Maraging Stes] Solution
Treated 311 BHN 50
47 Face Muiling Cast 13% Nickel Maragirng Steel Shiution
Treated 311 BHN 50
43 Face M:ll.ng Cast i8% Nickel Maraging Steel Solution
Treated 311 BHN Sl
49 Fa \Mallimg Cast 18" Nickel Maraging Steel Solution
Treated 311 BHN 51
50 Peripheral End Milling Cast 18% Nickel Maraging Steel
Solution Treated 311 BHI 52
Sl Peripheral End Mulling Cast 18% Nickel Maraging Steel
Solution Treated 311 BHN 52
52 Drilling Cast 18% Nickel Marag.ng Steel Solution Treated
311 BHN 53
%3 Turming Casi %% Nickel Maraging Steel Ageg 43 Rc 57 *
sS4 Turmin Cast 18% N. kel Maraging Steel 57
t} Tus ning Cast 18% Nickel Marag:ng Steel 58
1} Face Milling Cast 17-4 PH Solution Treated and Aged
415 BHN (1}
57 Face Milling Cast 17-4 PH Solution Treated and Aged
41% BHN (1)
58 Face Milling Cast 17-4 PH Solution Treated and Aged
415 BHN 66
59 Face Mulling Cast 17-4 PH Solution Treated and Aged '
415 BHN éé
0 Face Mulling Cast 17 -4 PH Solutioa Treated and Aged
418 BHN 67
61 Face Milling Cast 17-4 PH Solution Treated and Aged
415 BHN 67
ol Face Milling Cast 17-4 PH Solution Treated and Aged ’
415 BH
ol Face Milling Cast 17-4 PH Solutica T . eated and Aged -t
415 BHN 68
- m. -




()

¢8R

+9

a2

8y
(1}

PISTOF 1 DVSTRATIONS o orvir ey

Prr. o eral End Mill.ne Cant 17-4 PH Solutiun Treated
and A,rd 415 BHN

Peripheral Fnd M.lling Cant 17-4 P} Solution Treated
and Aged 415 RUN

Per.oneral End Nilling Cast 174 ’H S ".sion Treated
and Aged 415 BH..

Perioreral Erd Milling Cast T 4 PH Solutiun Treated
and Aged 415 BHN

End M.l] Slottang Cast 17-.. PH Snlution Treated and Aged
415 BHN

End M.ll Slotting Cast 17-4 PH S:i.tion Treatsed and Aged
415 BKN

End Mil) Stottrng Caet 17-4 PH Sulution Treated and Aged
415 BHN

End Ml Slutrin: Caot 17-4 PH Salycion Trraced aned Ages
41 BUN

Drilling Cast 174 PH Sciution Treated and Aged 4148 BHN
Reaming Cast 17-4 PH Solution Treated and Aged 4135 AMN
Tapping Cast }7-4 PH Solution Treated and Aged 415 BHY
Peripheral End Milling Almar 362 Annealed 248 BHN
Per:pheral End Milling Almar 302 Annealed 248 BHIN
Peripheral End Mulling Almar Je2 Annesled 248 RN
Peripheral End Mulling Almar 362 Anncaled 248 BHN
Peripheral End Milling Alrnar 362 Annesled 248 BUN
Dnlling Almar 362 Annealed 25% BHN

Perioheral End Mulling Almar 362 Annealed and Temper
Aged 313 BHN

Peripheral End Mulling Almar 302 Anneeled and Temper
Aged 378 BKN

Peripheral End Milling Almar 3o
Drilling Almar 362 Aanealed and | . mper Aged 388 BHN

irge

[}

1)

[ } )
L))




et

- ——— A, -3 i, o AT

9@
»
1u0
101
102
10)

104

10%

106

1

108

PIST ORI STLHATIONS oo e

.

Drilling Almar '+ 2 Annealed ard Temoer Aged 'na BHN

Drilii~g Almar e

Tirreng Titan..'m *Al-4\V Rera Froogod 3310 BHN
Tirmerys Vicay oy * AL AV [eta Fovged 331 BE
T.rring Titani om QY 4V Bera Foorgeed 231 RN
Turning Titanium tAl-4\ HBeta Forged 33} BHN
Tirning Titanium *Al-4Vv Reta Forgea 33} BN
Tirning Titan.um tAl-4v Beta Forged 331 BUHN
Tarare Titanmiym nAL-AV Deta Furged 331 B
Fave Mulling Trtamizm vAl.QY Nord Furged 331 BHN
Fac Mulling Titani.m *Al-4V Beta Forged 130 BHN
Fare NMilhing Tita o m 2Al-4V Reta Forged v ] PEY
Face NUlling Titani i ¢AL-4V PBera Farged Y51 BHN
Face Mulling T.tanium cAl-4V Bera Forged )3l RHN
Face Milling Titeniam vAl-4V Beta Forged 331 BHN
Face Mulling Titan.um 3A1-4V Beta Forged }}) BHN
Face Mill.ng Titanium ~Al. 4V Beta Forged 331 BHN
Far- Milling Titamium ¢Al-4V Reta Forged 331 BHN

Per:pheral End Milling Titanium 9.\1-4V Deta Forged
351 BHN

Periphetsl Erd Milling Titanium 6Al-4V Beta Furged
331 BN

Peripneral End Milling Titamium 6AL-4V Beta Forged
231 BKN

Peripheral End Miiling Titaniam 6Al-4V Beta Forzged
331 BHN

Peripheral End Mill.ag Titanium 6Al-4V Bets Forged
331 BMN

Periphersl End Milling Titanium oAL-4V Bews Forged
331 AHN

108

109

109

110

110

L)

@




Figure

109

110

1i2

113

114

115

116
117
118
115

120
121

122

123

124

125

1¢6
127

LISTOF ILI.USTRATIONS (cont nued)

Peripheral “nd Mslling Titanium 6Al-4V Beta Fcorged
331 BHN

Peripheral End Miiling Titanium 6Al-4V Peta Forged
313! BUN

Peripheral End Milling Titanmium 6Al-4V Beta Forged
331 RHN

Cutter Deflection in Peripheral End Milling Titanium
tAl-4V Beta Forged 331 BHN

Cutter Defllection in Per:phcral End Milling Titanium
bAl-4V Beta Forged 331 BHN

Cutter Deflection in Peripheral End Milling Titanmium
6Al-4V Beta Fcrged 331 BHN

Cutter Deflection in Peripheral End Mulling Titamium
6Al-4V Beta Forged 331 BHN

End Mill Slotting Titanium 6Al-4V Beta Forged 331 BHN
End Mill Slotting Titanium 6Al-4V Beta Forged 331 BHN
End Mill Slotting Titanium 6Al-4V Beta Forged 331 BHN

Drilling Titanium 6Al1-4V Beta Forged Drill Blocks
331 BHN

Drilling Titanium 6Al-4V Beta Forged

Photomicrographs of Titanium 6Al-4V Beta Forged
Mill Blocks and Dri'! Blocks

Drilling Titanium 5Al1-4V Beta Forged Mill Biocks
331 BHN

Drilling Titanium 6Al-4V Beta Forgei Mill Block
331 RHN

Drilling Titanium 6Al-4V Beta Forged Mill Blocks
331 BHN

Reaming Titanium 6Al-4V Beta Forged Drill Blocks
331 BKN

Reaming Titanium 6Al-4V Beta Forged

Reamung Titanium 6Al-4V Beta Forged Mill Blocks
331 BHN

.‘l:

- e . ——— a—

19}

111

112

112

113

113

114
114
115
115

116
116

117

118

118

119

119
120

120

S ¢~ VNN |




T T ey
~ib

Fig:re

133

134

138

136
137
138
139
140
141
142

14)

144
148
146
147

s o Tkl S R S SR Y Pt i SRR TR R A AT e T i

TISTOF I UUSTPATIONS (L urtaued)

Reaming Titarmium 6Al-4Y Beea Forged Nl Rineay
331 BHN

Rramuing Titanium ¢A!-4V Reta Jorged W' Bloces
331 BMIN

Reanming Titanuum cAl-4V Bess Forged ML Bincus
331 RUN

Tapping Titanium 6Al-4V Beta Forged Ml Plocas
331 BHN

Tapoing Titanmium +Al-4V Beta Forged Miil Blociks
331 BHN

Tapping Titaninm bAl-4V Beta Forged Mill Blocas
331 BHN

Tapping Titanium 6Al-4V Beta Forged M:ll Blocks
331 BYN

Tapping Titanium 6Al-4V Beta Forged Mill Blocxs
33! BHN

Face Malling Cast Titanium 6A1-4V As Cast 341 BHN
Face Milling Cast Titanium 6ALl-4V As Cast 341 BHN
Face Milling Cast Titanium $Al-4V As Cast 341 BHN
Face Milling Cast Titaniun 6Al-4V As Cast 34]) BHN
Face Milling Cast Titanium 6Al-4V As Cast 34] BHN
Face Milling Cast Titanium oAi-4V Au Cast 341 BHN

Periphera! End Milling Cast Titanium 5Al1-4V As Cast
31) BHN

Peripheral End Millirg Cast Titanium 6Al-4V As Cast
311 BHN

End Mill Slotting Cast Titanium tAl-4V As Cast 31] BHN
End Mill Slatting Cast Titanium 6Al-4V As Cast 311 BHN
Drill:ng Cant Titanium 6AL-4V As Cast 31} BHN

End Mill Slotting Titanium 6A1-2Sn-4Zr-2Mo Solution
Treated and Aged 321 BHN

. t———

AV RIS TR O W RORL s R T Ty

132

132
133
133
i

140




e’

Fiire

148

142

10

185

156

187

158
159
160
161
162

163

1o4

165

“uad. AW e SO s ol D e -G SR s

IISTOF .1 STRATIONS (continjed)

End Mill Slotting Titarium 6Al-25n-4Zr-2Mo Solution
Treated and Aged 321 BHN

End Ml Slottirg Titanium 6Al-2Sn-422-2Mo0 Solution
Treated and Aged 321 BN

Drilling Titanium ¢Al-25n-42Zr-2Mo Solution Treated
and Aged 32i BHN

Drilling Titanium 6A1-2Sn-42r-2Mo Solution. Treated
and Aged 321 BHN

Drilling T:tanium 6Al-2Sn-42Zr-2Mo Solution Treated
and Aged 321 BHN

Drilling Titanium 6A1.25n-42r-2Mo Solution Treated
and Aged 321 BHN

Reaming Titamium 6Al-2Sn-42r-2Mo Solution Treated
and Aged 321 BHN

Tapping Titanium 6Al-25n-42Zr-2Mo Solution Treated
and Aged 321 BHN

Tapping Titamium 6A1-2Sn-42r-2Mo Solution Treated
and Aged 321 BHN

Tapping Titanium 6Al-2Sn-4Zr-2Mo Solution Treated
and Aged 321 BHN

Turning Titanium 679 Solution Treated and Aged 352 BHN
Turmng Titanium 679 Seolution Treated and Aged 352 BHN
Turning Titanium (79 Solution Treated and Aged 352 BHN
Turning Titanium 679 Solution Treated and Aged 352 BKN

Peripheral End M:lling Titanium 679 Solution Treated
and Aged 352 BHN

Peripheral End Milling Titanium 679 Solution Treated
and Aged 352 BHN

Peripheral End Milling Titanium 679 Solution Treated
and Aged 352 BHN

Peripheral End Milling Titanium 679 Solution Treated
and Aged 352 BHN

- xiil -

143

143

144

144

149

148
150
150
151
181

152

183

183

oD S X Py




175

176

177

178

179

180

182

PISTOF DI STR2ATIONS (o-t,n,ed

Feripheral End Milling Titanyurm 677 Soiution Treated
and Aped 352 HHN

Drilling Titanium 573 Solution Treated and Aged 341 RN
Drilling Titanium 77 Sclution Treated ard Aged 341 RHN

FPeripharal End Mill.nr Incone]l 713 Solut.on Treated and
Aged 45 R,

Peripheral End AMulling Inconel 718 Solution Treated and
Aged 45 R,

Peripheral End Milling Inconel 713 Solution Treated and
Aged 45 R,

Peripheral End Milliag Inconel Tis Solution Treated and
Axed 45 R,

Peripheral End Mulling Inconel 718 Solution Treated and
Aged 45 R

Peripheral End Milling Inconel 718 Solution Treated and
Aged 45 R

Peripheral End Milling Inconel 718 Solution Treated and
Aged 45 Rc

Peripheral End Milling Inconel 718 Solution Treated and
Aged 45 R

Peripheral End Milling Inconel 718 Solution Treated and
Aged 45 R,

Peripheral End Milling Inconel 718 Solution Treated and
Aged 45 R

Petipheral End Milling Inconel 718 Solution Tereated and
Aged 45 R

Peripheral End M:lling Inconel 718 Solution Treated and
Aged 45 R,

Periphetal End Milling Inconel 718 Solution Treated and
Aged 45 R,

Peripheral End Milling Inconel 718 Solution Treated and
Aged 45 R,

> Riv ~

- - - e————— —— -

W e el Be e e o R B o —

ARV
154

15%

142

1n2

it

led

1~4

104

16%

15

lob

leo

167

167

168

168

(

>



188
183
139
131
12
193
194
19%
k96
197
198
1¢9
206G
201
202
203
204
209
PN

ITISTOF T ILUSTRATIONS (continued)

Peripheral End Mulling Inconel 718 Solution Treated

and Aged 45 R,

Peripheral End Milling Inconel 718 Solution Treated

and Aged 45 R,

‘eripheral End AM:lling Inconel T18 Solution Treated

and Aged 45 Rc

Peripheral End Mulling Inconel 718 Solution Treated

and Aged 35 R,

Peripheral End Milling Inconel 718 Solution Treated

and Aged 45 R,
Face M:lling Inconel 6% Annealed 277 BHN
Face Milling Inconel 625 Annealed 277 BHN

Erd Mill Slotting Inconel 625 Annealed 277 BHN

End Mull Slotting Inconel 625 Annealed 277 BHN
End M.l Slotting Inconel 62% Annealed 277 BHN
End Mull Slotting Inconel 625 Annealed 277 BHN

Peripheral End Milling As Cast Udimet 700,
Peripheral End Milling As Cast Udiinet 700,
Peripheral ."nd Milling As Cast Udimet 700,
Peripheral End Milling As Cast Udimet 700,
Peripheral End Milling As Cast Udimet 700,
Peripheral End Milling Ae Cast Udimet 700,
Peripheral End Milling Ae Cast Udimet 700,
Peripheral End Milling As Cast Udimet 700,
Peripheral End Mulling As Cast Udimet 700,
Peripharal End Milling As Cast Udimet 700,
Peripheral End Mulling As Cast Udimet 700,

3{2 BHN
302 BHN
302 BHN
30 BHN
302 BHN
302 BHN
302 BHN
302 BHN
302 BHN
302 BHN
302 BHN

End Mull Slotting As Cast Udimet 700, 302 BHN
End Mill Slottang As Cast Udimet 700, 302 BHN

169

169

170

170

171
178
178
176
176
mn
n
184
184
185
183
186
186
187
187
188
188
189
189
190

o e WP e e =
. —

——— et i W

-—

i s e oot




Figire

22

223

224

223

2%

227

s

B L - —————

LISTOF 1 LUSTRATIONS (cuntinued}

End Ml Stotting As Cast Udimet 770, 302 BHN

Drilling As Cast Udimet 7097, 322 BHN

Drill.ng As Cast Udimet 700, 372 PHNX

Reaming As Cast Udimet 700, 302 BHN

Reamung As Cast Udimet 700, 302 PHN

Reaming As Cast Udimet 700, 302 BHN

Tapping As Cast Udimet 700, 302 BHN

Tapping As Cast Udirnet 700, 302 BHN

FPeripieral End Mulling Cae* Inconel 718 As Cast 269 BHN
End Mill Slottiug Cast Inconel 718 As Cast 269 BHN

End Miull Slotting Cast Inconel 718 As Cast 269 BHN
Turaing Greek Ascoloy Quenched and Tempered 352 BHN
Turming Greek Ascoloy Quenched and Tempered 352 BHN

Face Miliirg Greek Ascoloy Quenched and Tempered
352 BHN

Face Milling Greek Ascoloy Quenched and Tempered
352 BHN

Face Miiling Greek Ascoloy Quenched and Tempered
352 BHN

Face Milling Greek Ancoloy Quenched and Tempered
52 BHN

Face Milliag Greek Aacaloy Quenched and Tempered
352 BHN

Face Milling Greek Ascolay Quenched and Tempered
342 BHN

Face Milling Greek Ascouoy Quenched and Tempered
352 BHN

Face Milling Greek Ascoloy Quenched and Tempered
352 BHN .

Face Milling Greek Ascaloy Quenched and Tempered
352 BHN

289

209

2o

10

a

212

212

13

-t
— e —— A

-

|

*




;o " LISTOF ILLUSTRATIONS (v ontinued)
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Y Luce Fage

AR Face \hihng Greek Ascnloy Quenched and Tempered

352 BHM 21
2¥9 Face M.lling Greek Asculoy Quenched and Tempered

IS BN : 214
231 Face Miiling Greek Asccloy Quenched and Tempered

35 BN 214
232 Face Millinag Greek Ascoloy Quenched and Tempered

3s2 BHN 218
2N Face Milline Groeek Agrcnlay Queached eng [empered

182 BHN 215
234 Face Milling Greek Ascoloy Quenched and Tempered

352 BHN 216
2358 Face M:lling Greek Ascoloy Quenched and Tempered

3s2 BHN 216
i3y Perip'eral ¥nd Milling Greek Ascoloy Quenched and

Termpered 358 DM 17
237 Peripheral End Milling Greek Ascoloy Quenched and

Tempered 352 BHY a?
238 End M! Sloing Graek Ascoloy Queached and

Tempered 352 BHN : 210
239 End M,ll Slotting Cieek Ascoloy Quenched and

Tempered 3352 BHN 218
240 Drulling Creek Ascaloy Quenched and Tempered 321 BEN 219
241 Drilling Greek Ascaloy Quenched and Tempered 321 BHN 19
e Rearmung Greek Ascoloy (Nuenched and Terapered 321 BN 220
4} Tapping Greek Ancoloy Quenched and Tempered 321 BHN 20
244 Dustortion and Residuul Stress Test Specimen 123
243 Deflection Measuremant Fixture 224
246 Phatograph ol Electrolytic Apparatus Used for Dilferennial

Etrching of Reasdual Streas Specimens 223
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TISTOF DTSN TRATIONS {ont,ued)

D.ostcrrion ResLlt =g From Face M.iling HP ? 4.4%
Martervnered S R

Ree.d:al Sirens Alter Face Milling HP 3 4-45
Marceripered 51 R\

Ree d.a) Streae Atter Face Mallirg HE 0. 445
Marsesnnered 31 R

Distorrion Renuuting From Face Mulling HP 9-4-458
Martempered 51 R,

Residual oirves Alter Face Milling HP 3.4-.45%
Martempered 31 R,

Residual Strevs Atter Face Milling HP 9-4-4%
Martermpered 81 R,

D:stortion Reaulting From Surface Grinding HP 9-4-4%
Martempered 1 R,

Distortion Resuiting From Sarface Grinding HP 9-.4.4%
Martempered 51 P

Residual Stress After Surface Grinding HP 9-4- 18
Martempered 51 R¢

Residual Stress After Surface Grinding HP 9.4.48
Martempered 51 R,

Residual Stress Alter Surface Grinding HP 9.4-4%
Martempered S1 R

Reoidual Stresn After Surface Grinding HP 9.4-48
Martempered 51 R,

Residual Strees Alter Surface Grinding HP 7-4-4%
Martempered 51 R

Residual Strees Alter Surface Crinding HP 9-4-48
Martempered 51 R

Residual Stress After Surface Crinding KP 9-4-48
Marempered 51 R,

Distortiun Result'ng From Face illing Titanium
GAl-4V, Beta Rolled, Aged )22 BHN
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Figure Foace
23 Residusl Stress After Face Miliing Titanium ¢AI-4V,
Beta Rolled, Aged 322 BHN 247
2¢4 Renidual Stress After Face Miling Titaruum €Al-4V,
DBeta Rolled, Aged 322 BHN 248
203 Residual Stress After Face Milling Titamuum GAL-4V,
Reta Rolled, Aged 322 BHN 248
ke Distortion Resiulting From Face Milling Titamium €AL-4V,
Beta Kolled, Aged 322 DHN 249
2¢7 Residual Stiess After Face Milling Titamum EAL-4V,
Becta Rolled, Aged 322 BHN 249
2¢8 Distortion Resulting From Surface Gr.nding Titanium
tAl-4V, Beta Rolled, Aged 322 BHN 250
269 Distortion Resulting From Surface Grindirg Titanium
tAl-4V. Be'a Rolled, Aged 322 PHN 250
230 Distortion Resulting From Surface Grinding Titanium
tAl1-4V, Beta Rolled, Aged 322 DHN 2351
&7l Residual Stress After Surface Grinding Titamum ¢AL-4V,
Deta Rolled, Aged 322 BHN ‘ 251
272 Residual Strees After Surface Grinding Titanium 6AL-4YV,
Beta Rolled, Aged 322 BHN 252
4
2N Residual Stress After Surface Grinding Titaaium 6Al-4V,
Beta Rolled, Aged 322 BHN 252
274 Distortion Resulting From Face Milling Titanium
LAl-28Sn-4Z¢-2Mo, Annealed 321 BHN 261
218 Residual Stress After Face Milling Ti-6Al-2Sn-42Zr-2Mo, 0
Annealed 32] BHN 261
b 31 Reroidual Stress After Face Milling Ti-6A1-28n-42.¢-2Mo,
Aancaled 321 BHN 262
an Distortion Resulting From Face Milling Titanium
6A1-2Sn-4Zr-2M0, Anncaled 321 BHN 262 ‘
218 Residual Stress After Face Mulling Ti-6A)-25a-42¢-2Mo,
Annealed 321 BHN 263
2 Residual Strees After Face Milling Ti-6A1-282-42¢-2Mo,
Annealed 321 BHN {3 ]
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Fgire Page
2%) D.storsion Resiiting From Surface Gr =d g T tamium
cA - 2N 2N, Annealed 3121 REN 2+ 4 ¢
oot Distortina hesult.ng From Surlace Grinding Titanium
tAl-281.42r-2M0, Anmealed, 321 RUN 2+ 4
R\ D.s*orsion Resulting From Surface Greinding Titamarm,
tAL-287-471r-2M . Annecaied 121 RN AR
AME R Ree.d .al Stress Alter Suriave Grindimg Tta.m ¢
tAL 2804 - 20, Arrealed 301 BN 2r3
234 Res.dial Stress Altepr Surface Grindirng Titan.um
tAl-2Sa-42r-2Mo. Annealed 321 BHN 2re
233 Res.dual Stress After Surface Granding T.taniam ‘
tAl-251-42r-2Mo. Annealed 321 RN 2¢n
2% Res:idual Stress Aiter Surface Grinding Ti-¢Al-2Sn-42r-2Mo,
Annealed 321 BHN 27
o33 Distort.un Resulting From Face M.lling Inconel n28
Annea.ed 27 RUN 274 ‘
253 Res:d.al Stress Aler Face Milling (nconel ¢35
Annealed 200 BUN 274
289 Residial Stress Atter Face M 1ling Inconel 635
Anncaied 200 BHN 278
2990 Distortion Resulting From Face Miiling Inconel 625 ¢
Annealed 203 BHN 275
29 Residual Stress After Face Milling Inconel 623
Annealed 200 BHN 276
292 Residual Stress After Face Milling Inconel 623
Anncaled 200 BHN 276 ¢
293 D:stortion Resulting From Surface Grinding Inconel 623
Annealed 200 BHN an
294 Distortion Resulting From Surface Grinding Inconel 62%
Annealed 200 BMN 277
¢
29% Residual Stress After Surface Grirding Inconel 625
Annealed 200 BHN 218
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LISTOF ILUUSIHATIONS ( arn.esn)

F gure

ARTS Residual Strees After S.cfae Croowd ~g 1 mmel ¢ 2)
Annea.ed 229 BHN

247 Res:tual Stress After Sirface {r.ding Inconel 2%
Annealed 200 BHN

298 Residua!l Streas After S:rface (iriowd ng Incorel &%
Annealed 270 BHN

g K

-




|~
T
\

-—e

VIl

X

xXu

Xvi

Page
wecommended Congivons tor Machiming HP 9-4.45
Steel. Normalized 341 BHN 22
Retornimended Conditiors for Mathining HP 9-4-4>
Steel, Martempesed S1 R, in
Recommended Conditions for Mauvh.ning Cast 147,
Nickel Maray:ing Steell Solation Treated 331 PHN 47
Recommended Conditiors tor Machiung Cast |57
Nicke' Maraging Stesl, Aged 39 R_ se
Recommendrd Conditions for Mavrmumng 17-4 PH Case,
Solution Trecated and Aged 415 BHN ~)
Recomme.ded Conditrans (or Machimiag Almar 312,
Annealud 248 BHN b
Recommended Coaditions for Machining Almar 02,
Arnealed and Teraper Aged 378 RIUN a5
Recommerded Conditions tor Mactiang Titaneim Al 4V
Beta Forged 331 BHN 29
Recornmended Conditions tor Machining Cast Titanium
6Al-4V, As Cast 34i BHN 128
Recommended Conditions {or Machining Titani.m
6Al1-2Sn-42r-2Mo. Solution Treated and Aged 321 BHN 139
Recommended Cunditions for Machirming Titamuum 679,
Soiution Treated and Aged 352 BHN 149
Recu.imended Conditions fur Machining Inconel 718,
Solutiun Treated and Aged 4% R, 11}
Retommended Conditionsd tor Machirung Inconel 28,
Annealed 277 BHN 14
Recommmended Conditions for Machirung Udimet 700,
As Coat J02 BHN 183
Recommended Cond:tions for Macnrining Inconel 718,
As Caast 209 BHN 197
Recommended Conditions for Machiming Creek Ascoloy,
Quenche. and Temperad 352 BHN 206
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f
| Xvi Surface Roughness Frod:ced by Face Muilling HP 9-4-45%
; Martempered 51 R, 229
" Xvul Surface Roughness Produced bv Face Milling HP 9-4-45%
: Martempered 51 R, 230
i XIX Surface Roughness Produced by Surface Grinding
| HP 9-4-45 Martempered 47 R, 231
g XX Surface Roughness Produced by Face Milling Titanium
!, 6Al-4V Beta Rolled, 322 DHN 24
' XX1 Surface Roughness Produced by Face Malling Titanium
} 6Al-4V Beta Rolled. 322 PKN 244
!
b .91 Surface Roughness Produced by Surface Grinding
Titanium 6Al-4V Beta Rolled, 322 BHN 248
‘ XXu: Surtace Roughness Produced hy Face M:lling Titaruum
’ 6A1-2Sn-4Zr-2ZMo, Annealed, 121 DHN 287
i . XX\IV Surface Roughness Produced by Face Milling Titanium
' bAl-25n-4Zr-2Mo, Annealed, )21 BHN PLY
XXxXv Surface Roughness Produced y Surface Crinding
Titanium 6Al-2Sn-42¢-2Mo, 321 BHN 239
XXv1 Surface Roughness Prodused by Face Milling lnconel 628,
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xxvu Surface Roughness Produced by Face Milling Inconel 628,
Annealed, 200 BHN 272
XXVl  Surface Roughness Produced by Surface Grinding
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XXX Surface Finish Measurements in Peripheral Ead Milling 38
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1. INTROOUCTION

New commercial allove are cont ~a:ng t2 be developed in urder 0o rmeet the
des:g1 rrgiiremente of advanced arrusnace sencles., Coacurrentiy, it e
necessary to develop machining know-how for these new alloys 11 order to
meet the production requirements of the aerospace tndistry. [t s imoera-
tive that the data be developed with enough lead-time to avoid 4uplication of
etfort on the part of prime contractore and their many a.bcontractore who
are responmible for machining these new materiale. Many of the newer
allovs, 1ncluding cast titanium and nicael baoe sllove., are becomirg more
ard more difficult to mackine. Consesiently, every effort must be made to
develop cotimum conditions for commercizt production conditions.

Reduction 1n machinability has 4 direct impact on the number of machine
tovls and general plant fac.lities cequired ao well as labor requireraents
and costs, [n view of the long machine tool delivery schedules a0 well ae
the generul lack of machine tools, such ae profilers, concerted effort must
continually be made to ;eolate the best techniques for mater.a! -emoval.

The \ncreasing avplication of N/C machine tools, i1ncluding the poteatial of
direcy cumputer control of banks of N/C machines, dictates the need {rr
readilv available tool life data for the programmers [n add.tion, the
fime utihizgation of NSC machines which represents high capital .avestiment
could be increaned,

In keeping pace with the aforementioned requirements. the Air Force
Materiala Ladoratory at Wright-Datteroon Air Force Base has sponsored
this program. The MMP project covered by this report 18 concerned
primarily with the conventicnal machining of these materiale. Its purpose
and objective hao teoen to develop machitung data and rela‘ed 1nformation
for direct utilisation by the acrospace industry on selectud new materials
and machining processesd for which data had aot been availadle. Further,
the data so developed had to be of such quality that the various contractors
of the aerospace industry would not find it necessary to requalify noe
duplicate the data resl.ped from these machinabulity studies.
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Al ol the tirning tests deacribed 1n thie renvirt wers (naducted o0 a
LeNiond Heavy Duty I athe, loan. by %4 14, rqguipned with e 37 -3,
variablie apeed drsve, licetrated in F.gure |, nage »  The an -ile rom
couid be varied to maintain the reqaired cutting eveeq {or ary wore.
p.ece d.ameter. High speed stee]l and carh .de tocie were used (n the
turning tests. The turning (est bars were 5 :0. to 4 0. ndiamerer

Sy 12 ia to 18 0a. long. A smincut of 032 to 100 10 depth was

takea on ecach test bap orior to Mak:inz a turn.ng tewt to rem Ve gy
surface eifects. Tonie with throwaway inserts were used,

The nomenclature for the single-puint lathe tools 1s . icwnn
Append:x ], page 242,

Face Millin

The face milling tests were performed ona Cincinnati No, 3 Horizon-
tal D.al Tvpe Milling Machine, a Cincinnati No. 2 Vertical D.a!l Type
AMilling Machine, and a Cincinnati Cinova 80 Vertical Milling Mac e
These machines are shown in Figuree 2, J and 4, pages 7, R 2 d 3.
Single and multiple-tooth hich sneed steel and carbide cutters wepe
used in ftace milling. The tetups used are shown in Figure 5, page 17,

The milling test bars were clamped in position on the milling machine
.9ing & specially-designed fixture to insure maximum rigadity, ALl
test bars were 2 in, thick '« 4 in, wide by Il ;n, long. n most tests,
the 2 in. siue was milled; thus, the width of cut was 2 1n, A clean-up
machining cut of . 050 to . 100 in. depth was made on all sides to
remove any surface effects on the test bar,

Tool geometry, tool materiasr, cutting spred, and feed were eval.ated
using a 4 in. diameter single-tooth HSS or carbide cutter. The HSS
multiple-tooth cutter was also 4 in. diameter with 14 teeth, while the
carbide multiple-tooth cu’ter had six inserts.

The -..menclature for a typical face milling cutter is shown in
Appendix U, page 290,

Peript.eral End Milling and End M:ll S'otting

The end milling tests were made on the Cincinnati No. 2 Dial Type
Vertical Milling Machire and the Cincinnati Cinova 80 Vertical

[
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bergieral Fad AMilling and Fot M Si0tting {continued)

Mg Machire ahown in Figures Yand 4, pages Rand 3. Tho tegt
bar was ciamped 1n an 8 10, heavy-duty viee attached tno t.e miling
machice tahie. Straight shank end miile were used and he 4 in the

machine with an adaptor.

The test bars were 2 in. by 4in. by | in. long. All heat treated dare
were first face milled to a depth of .0%0 ¢t0 ., 109 in, to remove any
surface effects on the bars,

B-rh end millirg setups are shown in Figure 6, psge 11, Tool life iy
expressed 1n inches work travel to obtain the specified wearlignd on
the tool,

High speed steei ard carbide end milling cutters were used i1n periph-
eral end miiling. Only high speed steel cutters were used in slotting.

The cutters were | in, ‘or peripheral erd milling and 3/4 i1n. diameter
fo>r slottung.

The nomenclature for end mille is illustrated in Appendix 111, page 291.

Dr:lling

The drilling tests were pe2formed on a Bickiord 24 1n, Heavy-Duaty
Box Column Driil Press and a Cincianati 16 ir, Shiding Head Box
Column Drilling Machine. Both machines were equipped with con-
tinuously variaile speed drives to produce any desired spindle speed
in the speed range of 220 to 4500 rpm. An additional variable speed
unit wae used to drive the feed mechaniom, making available feeds
ranning from 0, 0001 in. /rev. to 0.018 in. /rev. This equipment i
ilustrated in Figure 7. page 12. The drilling test samplvs were 1/2
in, thick plates cut from the 2 in. by 4 in. milling bar stock. A lace
malling cut of 0,060 in, was rmade on both {aces of each plate to
remove any surface effects and provide & smooth surface for drilling.

Most of the drilling tests were performed using 1/4 in. diameter high
opeed steel drille. Some tests were perfvrmed with smaller sise
drille. Drilla made from several types of high epeed steels were noed.

Tha drill nomenclature for standard point and crankshaflt poin® grind
10 illustrated in Appendix IV, page 272,
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The C.oairraty 1R gn, Shiding Head Dox U 0umna D llong Machine 9~ 0w
it Fagire 7, page 12, wae aliss used {or the rea ~g tests, e
reaming test sarmpled were the 172 in. th. s ziares thar mad heen e

10 the dralling tests,

Moet of the reraming trete were conducted weerh letter 1 (272 00, 2 )
0:x-1lute high speed steel reamers. Frur-‘lute carh Ao reamers wers
used on severa] of the metals rearned. Keysrer g.gee were e 0
ehtan TS tercent threads,

Tre nomenciature {or the reamers 8 s hvirwn 1n Appendix V, pagr 2¢)

ADMIng

REIJ

The Bicaford 24 in, Drill } ress shown in Figure 7, page 1. was .sed
for the tavping tects, The tapping *est sarmples were 1:2 0, th e

plates with the previously reamed hules. The tapming teots were r.in w.*5
5/10-24 NF taps made from several high speed ateels,

Tap numenclature 19 indicated by Avpendin VI, page 234,

Cr g

A Norton 2an. by 24 i1n, Hydraulic Surface Grinder eqQuipped with a

2 hp. variable speed spindle drive was used for t.r grinding tests.

This grinder 13 shown in F.gure 8, page 11, and the teot setup 18 sncwn
in Figure 9, page 14, A hixture was used to hold the test apecimens
which were 1 in, by 2in. by 6 in. long. Thie fixture wae slotted st
both ends and 1a the center 60 that epecimen th.ckness measurements
could be made without removing the specimen or fixture {rom the
machine, The eflects of grinding conditions on grinding ratio (G rat:o)
were evaluated,

The grinding ratio (G ratio) is & measure of grinding wheel life,
analogous to tool lite in other machining operations, and 10 defired as’

G Volume Metal Removed
Volume Wheel Removed

A wheel siae of 10 in. by | 4a, by 3 in. was used for all teste,
The following procedure was used for grinding tests. Before e

grinding tests were started, a . 03D in, deep by 1/2 1n. wide step was
dressed in the grinding v.hnl. see Figure 9. page 14, Thie step wae
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Upimetimye (2t ayed)
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wted as A refrrence 1M Mmegnir:ng wheol wear, A 0,000 1n. 4.8l :nd)-
catar mounted oa a ixtire attached o the wheel nous.~g wae hroy ght
1rcontact with thie step and the 184, _ator was set to read g2°n. The
indicator wae then mnoved to the upner step orf grinding eurlace of the
wheel and the 1nitial reading wan taven, |Indicator read.nge were gken
atter 0. "2% i1n, or after , 039 1, depth metal removed, The d.flereace
between the injtial indicator reading and siuccess ve readinge wae o
measure of the radial wheel wear., The initial outeide d:ameter of the
whee!l wan accurately measared before each test with & veraer caliper,
The valume of wheel removed wae calculated from 1nitial and final
wheel diameters, Grinding rative were caiculated corresponding to

a 0.3 cabic inch stock removal,

Cvx'_hn‘ Tonl Nomenclatyre

High speed steel and carbide cutting tools were used for this program.
In general, the commercial designation for these materiale 18 usted
throughout this report, An identification of theese citting ‘ool materials
10 presented 1n Appendices VIl and VIIl, pages 295 and 295, A hard.
ness conversion chart 19 shown 1n Append .« IX, page 2147,
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See text, page 2
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