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D-d 85—
JIRIANKEL: [ = Octgk,+(1~2):1182—110tg120°+2=2.25mm

JIHBI KL : 1, =0
ETIRER 1

LI+l +L, 204225
fn 0.6x500

BLE T e ), ~0.08 min



HAL T (30

B AL
VIR a,: a, =0.075mm

g £ AR WO T L ZFM) % 24-58, f=1.5~3.0mm/r i

f=1.5mm/r

PIHRE YV . 28 (IO L L ZEFM) £ 2.4-60, BV =0.17m/s

10007 _ 1000 %0.17 x 60
7, 3.14x12

WK E3HEEn: n = 271r/min , B n =3007r/min

_Tdyn _3.14x12%300

SR UIHIEHFE V" Vﬂ_lom)_ 000X 60 =0.19m/s

WU E KL 1 =20mm
ﬂEWAﬁﬁﬁz4:D;%%m+a~m=21;§i@um+ydﬂmm
JIHUIMKEL: 1, =0

AETIRECA 1

s e ¢, = Fhth S 204208 o o0

fn 1.5%300

SERLALIN LB R ¢, ¢, =1, +t,, +1,; =0.20 +0.08 +0.05 = 0.33min
PR 5 A0 AL 00 L B ) > 4505 T L o L B )

O ATFHLEhINE, =0.33min

Y 3 BRI S

PFUK: dIEHER

JIHR: MRS SuBE) (R8I d, =400mm R Z =14
PeHIREE a,: a, =3mm

RN R, s R WM T T T %R 2.4-73, Wa, =0.25mm/Z

BEHIERE YV . S (WU T T 2F0) £ 2.4-81, BV =4m/s

10007 _ 1000 % 4 x 60

BUR TR H n . n
i,  3.14x400

=1917/min, B #n=200r/min




BB GR30

_ 7dyn _ 3.14x 400200
1000 1000 x 60

SERMREIEE V. V! =4.19m/ s

WLEEYV,: V, =a,Zn=0.25%14%200/60 =11.67mm /s
TR f, 0 f, =V, =11.6Tmm/s =700.2mm/ min

a,: R4 WO T T ZFM) % 2.4-81,a, =240mm
WeUIH 2K L. BSR40 =329mm
JIEAINKREL . 1, =0.5(D—/D? —a? +(1~3) = 42mm

JIRVIRKEEL . HUL, =2mm
AETIREA 1

X +1 +
Mg o = thth 32944242

; = (0.53min
I 700.2

Ty 4 HBEA T M S

BUR: HAEHIR
JIH: WG st J) YGS, BG4 Bt )] YTIS
C1D~ A ]

Bl HAd, =320mm, W Z =12
PEHIRE a,: a, =3mm
Wik a, . WY (WIBON T TZFM) % 24-73, Ha, =025mm/Z

BEHEE Y . S WIn T T EFM) £ 2.4-81, BV =3m/s

N . 1000V 1 X3 %
WURF 5 En: n= _ 10003 6O=179r/min, B n =1507/ min
m,  3.14x320

_Tdyn _3.14%x320%150
1000 1000x 60

DMURTREIBUYL S A =2.51m/s
BLHEY, . V, =a,Zn=0.25%12x150/60 = 7.5mm /s
TAEGRDISE £, f, =V, =7.5mm/s = 450mm/min

a,: R WU T T 2T % 2.4-81,a, =192mm



B (830

WUIZE KR L B SE AT H0 ] = 140mm
JIAINKEEL : 1, =0.5(D D> —a? +(1~3)=34mm
NHRUIMKSEL . B, =2mm

A TIRECN 1

= (0.39min

o I+ +, 14043442

(2. BN S

Bl HAd, =50mm, NEZ=6

PEHIRE a,: a, =3mm

Wik R e, . WY WIBON T TZFM) % 24-77, Ha, =0.22mm/Z

BREEE YV . 28 (WM T L 2T M) £ 2.4-88, TV =0.33m/s

_1000¥ _ 1000 % 0.33 % 60
i, 3.14%50

WUR S En: n =126 /min , H{n =1507/min

_mdn _3.14x50%150

= NI 1 ]
S Tlf‘ ﬁ'ﬁﬂV: V' = =
SRR LRI 1000 1000%60

=0.39m/s

BELEY, . V, =a,Zn=0.2%6x150/60 =3mm/s
TAEBRRELSE £, f, =V, =3mm/s =180mm/min

ETTRE N 1

MU e o), = 00 = 314X 26

=0.46min (HH D, =26mm)
o 180 ‘

e 1, >,

0 ATFHLEhiE e, ¢, =t, =0.46min
TR 5: R o S AR AL
BUR: 4lE8R

JIH: wd I Aw v

(1), FHEE gB0™ " mm L



B (830

Wﬁﬂ‘?ﬁhﬁﬁal,: a, =2mm
B £ iR (WU C L 2EFM) £ 2.4-66, JTIAH#HH K ZEHL 200mm ,

YIHNRE N 2mm » RIULHR €3G & f =0.6mm/r
PIHEE V « ZECUOIN T T2 F M) % 2.4-66, ;LY =0.25m/s =15m/min

1000V _ 1000x15

= = 60.57/min, H{#»n =60r/min
7, 3.14%x79

PUR TR n: n

g 3.14%79%60

= = =0.25m/s
1000 1000x 60

SERRUIEIEE Y V!

TAEG RS R £, . f, = fn=0.6%60=36mm/min
WYIEEKEEL: [ =19mm

ap 2

JIRUINKEL: [ = +(2~3)= +2=54
> VT ok ( ) 1230° mm

JIRVIMKEL: 1, =3~5mm I, =4mm
TR E: i=1

\ + + '
*}-Lijjﬁil‘ll?ﬂtﬂ: t. :l ll 12:19+54+4

i x1=0.79min
I 36

(2). HHE @207 mm L
JFJJ%'J?%ELIP: a, =2mm
HEAE £ WRPE (WD T LZFM) % 2.4-66, JIFFAH K FEHL 200mm ,

DIHNREE R 2mm o DRISEAf e 3451 £ = 0.7mm /v
PIBEEE V . 28 (IO L L2 F M) & 2.4-66, BLV =0.3m/s =18m/min

1000V _ 1000 x18

= =48.2r/min, H{n=40r/min
T, 3.14%x119

PUR T n: n

_mdyn _3.14%119%40

= =0.25m/s
1000 1000x 60

SERRUIEIEE Y V!

TAEG R BN SR £, f, = fn=0.7%x40 =28mm/min

WYIEEKEE L. [ =19mm



B (830

2

LN A =
g

+2=54mm

L ov2~3)=
1k

JIRVIHKEEL : [, =3~5mm 1, =3mm

TR i=1

CIHL+ 1945443
S 28

x1=0.97min

BLah I e o,

(3). fHEE @00 mm fL

PINAS S a, . a, =2mm

e 2 T @00 mm 5 @80 mm FLIRIH, KIMLHL £ = 0.6mm /7
HUREREE n: T @00 mm 55 ¢80 mm fLIFHH, Kt n = 60r/min

_mdn _3.14x99%60

= =031lm/s
1000 1000x 60

SERRUIEEE Y V!

TAEG RS R £ 2 f, = f=0.6x60=36mm/min

WOIHZKIEL: 1 =4mm

ITRERAL = i=1

WLENIS T £ 5« BT @100 mm 55 gBO™ ' mum SLIFI, N AEAR ) B I8 Y 58
BT, Bk, =1, =0.79min

T, =1, =1,

0 ATFPHENE: . ¢, =1, =0.97min

TR 7: R A S b

FUR: A& BEK

JIR: RS S ) (mEE)D)  d, =400mm i Z =14

BEHIREE a,: a,=2.5mm
RN R e, RS WU T TZFM) %K 2.4-73, Wa, =02mm/Z

BEHEE Y . S WWIN T T EFM) £ 2.4-81, BV =5m/s
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1000V _ 1000% 5% 60
i,  3.14x400

WUR T En: n = 2397 /min, H{n =250r/min

_mdn _ 3.14x400x%250

= NI 1 ]
S Tlf‘ ﬁ'@ﬂV : V= =
SRR LRI 1000 1000 % 60

=523m/s

WLEEYV, . V, =a,Zn=02%x14%250/60 =11.67mm/ s
TR £, 0 f, =V, =11.6Tmm/s =700.2mm / min

MLFSaM: [1=329mm |, =42mm [, =2mm
AETTREN 1

~ | [+ +] 329+42+2
Wlahfimle, . ¢t =—L1 2=
! / £ 700.2

Ty 8: BRI ih gL B AL
FUR: dlashR

JIH: BRAER
(I B4 i sl L

L ¢l 5mm

= (.53 min

VMR IZ a,: a, =7.5mm

g s £ R Hn T T ZFM) % 2.4-39, B £ =030mm/r

PIBEE YV . 28 (WM T L2TF M) £ 2441, WV =0.37m/s

1000V _ 1000 0.37 X 60
ml, 3.14x15

HUR M4 n: n = 471r/min , H n = 5007/ min

_mdyn _3.14%15%500
1000 1000 60

WOIEZRKE L. [ =43.8mm
JIRUINKEEL: [ = gctgk, +(1~2)= %Sctglzm +2=6.33mm

SEERUIEEE Y V! =0.39m/s

JIRVIHKEEL . 1, =1~ 4mm 1, =3mm
AETTREN 1

B \ [+ +] 43.8+6.33+3
*ﬂZﬁJHﬂLlEﬂtﬂ: t. = L2 =

. = 0.35min
! fn 0.3x500
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L ¢28mm
VYR E a,: a,=6.5mm

entE £ AR WMo T ZFM) % 2.4-52, BLf =1.2mm/r

PISIERE VY . 8 (WO L L 2T M) £ 2.4-53, BV =0.5m/s

_1000¥ _ 1000 % 0.5 % 60
i, 3.14%28

WUR T En: n =341r/min , H{»n =3507/min

_ o 3.14x28x350
1000 100060

W E KL 1 =43.8mm

SERRUIHIEE Y . V! =0.5m/s

28-15

D-d
JJHOINKEEL: [ = 5 Cctgk, +(1~2) = ctg120°+2 = 5.75mm

TRV KEL: 1, =1~4mm B, =3mm
EJIREN 1

I+ +1,  43.8+5.75+3
i 1.2x500

= (.13 min

MBI, 1,

3L ¢29.8mm
VI B a,: a,=0.9mm

HHena f o MR WU L T EFM) £ 2.4-52, W f =1.3mm/r

PIHEE YV . ] (IO L LETM) £ 2.4-53, WV =0.7m/s

_ 1000V _1000%0.7x60

MUK TR n: n
i, 3.14%29.8

= 4497 /min , H n =500r/min

_myn _3.14%29.8x500

SERRYIEEE Y . V' = =0.78m/
SRR TIHIR 1000 1000 x 60 mes
W E KL 1 =43.8mm
D— —
JJHUINKEEL : 1 = dy ctgk, +(1~2) :wggl20°+2 =2.52mm

JIRVIHKEEL . 1, =1~ 4mm 1, =3mm
AETTREN 1

22



HAL T (30

I+ 4], 43.8+2.52+3

3 = 0.08 min
fn 1.3x500

L e, o

B FL ¢30H8
VI HIR a,: a,=0.Imm
g £ AR WMo T L ZFM) %K 2.4-58, f=2.0~4.0mm/rEL

f=3.0mm/r

PIHEE VY . S8 (IO L L ZFM) £ 2.4-60, TV =0.13m/s

_ 1000V _1000%0.13x60

MUK TR H n . n
ml, 3.14%30

=837/min, H#n=80r/min

_mdyn _ 3.14%x30%80
1000 1000 % 60

W E KL 1 =43.8mm

SEERIEEE Y V! =0.13m/s

D-d -29.
JIRIANKEEL: [ = 5 0ctgk,+(1~2)=%ctglzo°+2—~~2.06mm

TRV KEL: 1, =1~4mm B, =3mm
EJIREHN 1

I+l 4], 43.8+2.06+3
nf 3x80

LB 2, : 2, = (.20 min

{814 A Fe il FLn THLBI N A £, »
t, =t *+t,+t,;+t,=035+0.13+0.08+0.20 = 0.76 min
(2). %l M10-6H $2FL
DI a,: a, =4.25mm
wentE £ AR WO T L ZFM) %K 2.4-39, BLf =0.25mm/r

PIHRE VY . S8 (UWOIn L L ZFM) £ 2.4-41, WV =043m/s

_ 1000V _ 1000 % 0.43 X 60
7, 3.14x8.5

WUR F#hiidEn: n =967 /min , B n =800r/min
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_ 7dyn _3.14x8.5%800
1000 100060

BOIHZKEEL: [ =17mm
JIRUIANKEEL: [ = gctgk, +(1~2)= 8'75ctg120° +2=4.5mm

SEERUIEEE Y . V! =0.36m/s

JRYIMKEL: 1,=0
AETTREN 1

CIHDHD, 17445
i -

MLl Ta] l‘j : t
fn 0.25x800

= (0.11min

(3D &4 - gl5mm fL
VMR Z a,: a, =7.5mm

hgn s £ R Bl T T ZF0) % 2.4-39, B f=0.35mm/r

PIBEE YV . 8 (WM T LZ2TM) £ 2.4-41, WV =047m/s

10007 _ 1000 % 0.47 x 60
7, 3.14%15

WK E5EEn: n = 5997 /min , I n =600r/min

_Tdyn _3.14%x15%600
1000 100060

WOIHZEKEEL: 1 =22mm
JIRUVIANKEEL: [ = %ctgk, +(1~2)= %Sctglzm +2=6.33mm

SEBRYIEGEE V' . V' =0.48m/s

JIRVIHKEEL . [, =1~ 4mm 1, =3mm
AETTREN 1

D41+, 22+6.33+3
fn 0.35% 600

= (.15 min

Uil . o)

(4). %k M14-6H B2 1L
VIHRIZ a,: a, =5.95mm
hgn s £ R Bl T T ZFM) £ 2.4-39, B f=0.25mm/r

PIBERE YV . 28 (WMn T L2TF M) £ 2.4-41, WV =0.45m/s

10007 _ 1000 % 0.45 x 60
7, 3.14x11.9

WUR EHE M n: n = 7237 /min , B n = 7007/ min
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_mdyn _3.14%11.9%700
1000 1000 x 60

BOIHZKEEL: [ =17mm
JIRUVINKEEL: [ = %ctgk, +(1~2)= %ctg120° +2=5.5mm

SEERUIEEE Y V! =0.44m/ s

JRYIMKEL: 1,=0
AETTREN 1

I+, 17455
i -

MLl Ta] l‘j : t
fn 0.25x700

= (0.13min

LA RO RE rT R A TP P[] ¢, = 0.76 min

TP 9: BB AL ST Bl oL

QPN R KRy ot EAN R ]

JIH: WRASWBE))  d, =80mm  WEZ =10

BeHlREa,: a, =1.5mm

Wik a, . WY WIBON T TZFN) % 24-73, Ha, =03mm/Z

BEHIEEE Y . S (WO L LZFM) #£2.4-82, BV =0.6m/s

10007 _ 1000 % 0.6 % 60
7, 3.14x80

WK EAEEn: n =1437/min, B n =150r/min

_mdyn _3.14%x80x%150

SEBRBERIEEE Vs V' = =
Sk SRR 1000 1000x60

=0.63m/s

WLHEY, . V, =a,Zn=03%x10%150/60 = 7.5mm /s
TYEaRSESE 1, f, = V,=7.5mm/s=450mm/min
a,: R WU T T2FM) & 2.4-81, KBRS a, = 40mm

WYIBERKEE . BN 50 =30mm
JIAINKEEL : 1, =0.5(D - D> —a? +(1~3)=36.6mm

JIRVIRKEEL . HUL, =2mm
AETIREA 1
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I LI+ +1, _40+36.6+2

(D &L
JIHE: BRAEE . §fLEY

&k ¢28.5mm FL

= (0.15min

VIR a,: a, =14.25mm

rgn s £ R Bl T T ZFM) £ 2.4-39, B f=0.45mm/r

PIBERE YV . 28 (WIMn T L2 T M) £ 2.4-41, TV =0.48m/s

10007 _ 1000 % 0.48 X 60
7, 3.14%28.5

WK E5AEEn: n = 3227/ min , H{»n =300r/min

_Tmdyn _3.14x28.5%300

= = =0.45m/s
1000 1000 % 60

P UIHIEE Y . V!

WOIMERK L [ =10mm
ﬁﬁﬂA&Eaz@:%%ﬁ+a~m=%§mﬂwwzﬂoﬁm

JIRVIHKEEL . [, =1~ 4mm 1, =3mm
AETTREN 1

, I+l +1, _10+102+3 _

0.17 min
/ fn 0.45%x7300

G P

¥ ¢30.5mm L
Wﬁ”‘]ﬁhﬁﬁap: a, = 0.1mm

& f o R PN T T ZEFMD) % 2.4-52, B f =1.2mm/r

VISRV . S (W T L 2EFM) £ 2.4-53, BV =0.25m/s

10007 _ 1000 % 0.25 % 60
7, 3.14%30.5

WK EAEEn: n =157r/min , B 7 =1507/min

_mdyn _3.14%30.5%x150
1000 1000 %60

WOHEK L [ =10mm

SEBRYIEGEE V' . V' =0.24m/ s
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D - -
JJHUINKEEL : [, = 2d° ctgk, +(1~2) :nglzoo +2=2.58mm

JIRVIHKEEL . [, =1~ 4mm 1, =3mm
ATTREN 1

_ N [+ +] +2.58 + )
BLEhi ) e ¢ =—1 2= 10+258+3 0.09 min
1T 1.2x150

O LBl . ¢, =¢ +¢7 =0.17+0.09 = 0.26 min

By 1, >

O A TPHLa e, =¢, =0.26 min
TJ710: &L (M10-6H #2£0)

BUR: dlashR
JIH: BRAER

YIHIR & a,: a,=425mm

hgn s £ R Bl T T ZFM) % 2.4-39, B f=0.25mm/r

PIBEE YV . 28 (WM T LZ2TFM) £ 2.4-41, WV =043m/s

10007 _ 1000 x 0.43 x 60
7, 3.14x8.5

WURTHh#En: n = 9677 /min , B n =800r/min

_Tdyn _3.14%x8.5%800
1000 100060

WOIHEKEEL: 1 =30mm
JIRVINKEEL: [ = %ctgk, +(1~2)= &;ctg120° +2=4.5mm

SEERVIEEE V' . V' =0.36m/s

JRYIMKEL: 1,=0
AETTREN 1

I+ +1,  30+45
/ fn 0.25 %800

TR 1L KRR i S T SO AL
BUR: dlasR

G PR

= (.17 min
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TR wd I A wC v

(1) K58 @BO™ " mm {1,

VIR a,: a, =1mm

B E [ RIEVIHNRE a, =1mm , PS8 PRI L 2T & 2.4-66.

R E B4R & f = 0.4mm /7

PISEEE V « SN T T2 F MR 2.4-66, ]V =0.35m/s = 21m/min

1000V _ 100021

= =~ 83.6r/min, H{7n =84r/min
/M,  3.14x80

PUR T n: n

_mdyn _3.14x80x84

SERRUIEEE Y V= =0.35m/s
1000  1000x60

TAEGRDBEA R £ 2 f, = f =0.4x84=33.6mm/min

WYIEEKEEL: [ =19mm

2
tg30°

+2=54mm

TVRPINKSEL: 1, :t“;; +(2~3)=

JIAVIMKEL: [, =3~5mm I, =4mm
TR E: i=1

I+ +L, _19+54+4
f. 33.6

x1=0.85min

WLBhi e, - 1,

(2. F8E @20 mm L
JFJJ%'J?%ELIP: a, =2mm
WL a1 RIEVIHREE @, =1mm , #3238 PBOIN T T2 & 2.4-66.

Rl e e b 25 8 f = 0.5mm /v
PIBEEE V . SN T T ZTFM) % 2.4-66, LV =0.4m/s = 24m/min

1000V _ 1000 x 24

= = 63.7r/min, H{7n =64r/min
T, 3.14%x120

PUR T n: n

_mdyn _3.14%120% 64

= = =04m/s
1000 1000 60

SERRUIEIEE Y V!
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TAEER PSR £, f, = fm=0.5%64 =32mm/min

WYIEEKEE L. [ =19mm

2
tg30°

+2=54mm

JVRVINKEEL: 1, = t"; +Q2~3)=

JIRVIHKEEL . [, =3~5mm 1, =3mm

TR i=1

LI+l 4 1945443
S 32

ﬁ]ﬁ”?%ﬁap: a, =1lmm mfijJHﬂLtﬂ: t x1=0.86min

(3). K8 @ 00" mm £L,
A £ BT @00 mm 5 B0 mm FLIRVH, KIMLEL £ = 0.4mm/ r
HUR TS HE n: BT @00 mm 5 gB8O™ " mm FLIRfl, KUt n =84r/min

_mdyn _3.14x100%84

= = =0.44m/ s
1000 1000 % 60

B UIHIEE Y . V!

TAEREBES R £, f, = fu=0.4%84 =33.6mm/min

WOIHZKEEL: | =4mm

ITREE . i=1

BB 2 5 2 1T @00 mm 15 gBO™ " mm LRI, N AEAH R B IN 1) P4 58
L, Bk, =¢, =0.85min

Tt -1, =1,

O ATFeHLshiEle: ¢, =1, =0.86min

TP 12: B #EERLL

PBUR: a2l
JI R AN AL 5) 22 HE

e f o T IEEE p = 2mm KICHESS & £ = 2mm /v
PIHIEE V « S AU T T 2T W) 2R 2.4-105, LV = 0.5m/s = 30m/min

10007 _ 1000%30

= =294r/min , H{#n =250r/min
7, 3.14x32.5

PUR LR dn: n
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22 e E ny . B n, = 2507/ min

_ My _3.14%32.5%250
1000 100060

WeUIHIZKEL: 1=10mm

TIRIANKEEL s 1 =(1~3)f =3%2 = 6mm

SEERIEEE Y V! =0.43m/s

JIRDIHMKEL: [, =2~3)f=3%x2=6mm
AEJIRECN 1

= (.1min

W . ¢ = lThth 1L+l 104646 10+6+6
i fn i1, 2%250  2x250

TR 13 i J i TR L B 22

HUAR: 418 X22hl

JIH: BUENHLS) 22 4

(1). MI10-6H ¥2fL K2

WA £ BT HIBEE p = 1.5mm RS E £ =1.5mm/ r

PIHGEE YV . 28 PN L L2 FM) £ 2.4-105, B
V =0.148m/s = 8.88m /min

PWURERHHEn: n= 10007 _ 1000x38.88 2837 /min , H{n =250r/min
m,  3.14x10

22 e d n, . B n, = 2507/ min

_ Td n _ 3.14x10x250
1000 1000x 60

WOIMERKEEL: [ =15mm

JJEVINKFEL: [ =(1~3)f =3%x1.5=4.5mm

SEBRYIEGEE V' . V' =0.13m/s

JIRYIMKEEL: 1,=0 (HAL

=(0.11min

LA tq:l+h+42+l+a+42:15+45 ,15+45
n n Sx S5x
e . 1.5%250 1.5%250

(2). MI14-6H ¥2fL K%
WA £ MTHIBEE p = 1.5mm RS E £ =1.5mm/r
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PISEEE V - SN T T TMY %K 2.4-105, LV =0.2m/s =12m/min

1000V _ 100012

WUREFEE n: n =
i,  3.14x14

=273r/min, Bl n=250r/min

22 e E ny . B, = 2507/ min

_ Td n _ 3.14%14x250
1000 1000 % 60

BN EKEE L 1=15mm

JJEVIANKREEL: [ =(1~3)f =3%x1.5=4.5mm
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Wt, =0.44+0.1=0.54min

ke WR4E BN T TZTM) %2543, k=12.14

BRI IR ) s i e,

t, =(t, +1,)(1+k%) = (0.76 +0.54)(1 +12.14%) = 146 min > 1.14 min

PRI A B A 5 LR ] IS 58 AR T 00 e 2441 B P S LRI

t . . .
, == —ﬂ=0.73mm <1.14min

2 2

EIT eI AL A R

36



BB GR30

TFp 8: BEEI A A A AL A SR B AL

LT T FLATLZT) I )5 s 0 I TR0 82 T B 58 4 A6 Al L P s T3 R A1
[1PE S i 7 e i 25 i L g G R C [ e
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0.80min o FHF7EAE™ 2k 128 B T AT AR, BT LAHCHE N T A I (5] 24 0.15min .
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20.9 MACHINABILITY

The machinability of a material usually defined in terms of four factors:

1. Surface finish and integrity of the machined part;

2.  Tool life obtained;

3.  Force and power requirements;

4.  Chip control.

Thus, good machinability good surface finish and integrity, long
tool life, and low force And power requirements. As for chip control,
long and thin (stringy) cured chips, if not broken up, can severely
interfere with the cutting operation by becoming entangled in the cutting

zone.

Because of the complex nature of cutting operations, it is difficult
to establish relationships that quantitatively define the machinability of a

material. In manufacturing plants, tool life and surface roughness are
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generally considered to be the most important factors in machinability.
Although not used much any more, approximate machinability ratings

are available in the example below.
20.9.1 Machinability Of Steels

Because steels are among the most important engineering materials
(as noted in Chapter 5), their machinability has been studied extensively.
The machinability of steels has been mainly improved by adding lead

and sulfur to obtain so-called free-machining steels.

Resulfurized and Rephosphorized steels. Sulfur in steels forms
manganese sulfide inclusions (second-phase particles), which act as
stress raisers in the primary shear zone. As a result, the chips produced
break up easily and are small; this improves machinability. The size,
shape, distribution, and concentration of these inclusions significantly
influence machinability. Elements such as tellurium and selenium, which
are both chemically similar to sulfur, act as inclusion modifiers in

resulfurized steels.

Phosphorus in steels has two major effects. It strengthens the ferrite,
causing increased hardness. Harder steels result in better chip formation
and surface finish. Note that soft steels can be difficult to machine, with
built-up edge formation and poor surface finish. The second effect is that

increased hardness causes the formation of short chips instead of
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continuous stringy ones, thereby improving machinability.

Leaded Steels. A high percentage of lead in steels solidifies at the
tip of manganese sulfide inclusions. In non-resulfurized grades of steel,
lead takes the form of dispersed fine particles. Lead is insoluble in iron,
copper, and aluminum and their alloys. Because of its low shear strength,
therefore, lead acts as a solid lubricant (Section 32.11) and is smeared
over the tool-chip interface during cutting. This behavior has been
verified by the presence of high concentrations of lead on the tool-side

face of chips when machining leaded steels.

When the temperature is sufficiently high-for instance, at high
cutting speeds and feeds (Section 20.6)—the lead melts directly in front
of the tool, acting as a liquid lubricant. In addition to this effect, lead
lowers the shear stress in the primary shear zone, reducing cutting forces
and power consumption. Lead can be used in every grade of steel, such
as 10xx, 11xx, 12xx, 41xx, etc. Leaded steels are identified by the letter
L between the second and third numerals (for example, 10L45). (Note
that in stainless steels, similar use of the letter L means “low carbon,” a

condition that improves their corrosion resistance.)

However, because lead is a well-known toxin and a pollutant, there
are serious environmental concerns about its use in steels (estimated at

4500 tons of lead consumption every year in the production of steels).
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Consequently, there is a continuing trend toward eliminating the use of
lead in steels (lead-free steels). Bismuth and tin are now being

investigated as possible substitutes for lead in steels.

Calcium-Deoxidized Steels. An important development is
calcium-deoxidized steels, in which oxide flakes of calcium silicates
(CaSo) are formed. These flakes, in turn, reduce the strength of the
secondary shear zone, decreasing tool-chip interface and wear.
Temperature is correspondingly reduced. Consequently, these steels

produce less crater wear, especially at high cutting speeds.

Stainless Steels. Austenitic (300 series) steels are generally difficult
to machine. Chatter can be s problem, necessitating machine tools with
high stiffness. However, ferritic stainless steels (also 300 series) have
good machinability. Martensitic (400 series) steels are abrasive, tend to
form a built-up edge, and require tool materials with high hot hardness
and crater-wear resistance. Precipitation-hardening stainless steels are

strong and abrasive, requiring hard and abrasion-resistant tool materials.

The Effects of Other Elements in Steels on Machinability. The
presence of aluminum and silicon in steels 1s always harmful because
these elements combine with oxygen to form aluminum oxide and
silicates, which are hard and abrasive. These compounds increase tool

wear and reduce machinability. It is essential to produce and use clean
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steels.

Carbon and manganese have various effects on the machinability of
steels, depending on their composition. Plain low-carbon steels (less
than 0.15% C) can produce poor surface finish by forming a built-up
edge. Cast steels are more abrasive, although their machinability is
similar to that of wrought steels. Tool and die steels are very difficult to
machine and usually require annealing prior to machining. Machinability
of most steels 1s improved by cold working, which hardens the material

and reduces the tendency for built-up edge formation.

Other alloying elements, such as nickel, chromium, molybdenum,
and vanadium, which improve the properties of steels, generally reduce
machinability. The effect of boron is negligible. Gaseous elements such
as hydrogen and nitrogen can have particularly detrimental effects on the
properties of steel. Oxygen has been shown to have a strong effect on the
aspect ratio of the manganese sulfide inclusions; the higher the oxygen

content, the lower the aspect ratio and the higher the machinability.

In selecting various elements to improve machinability, we should
consider the possible detrimental effects of these elements on the
properties and strength of the machined part in service. At elevated
temperatures, for example, lead causes embrittlement of steels

(liquid-metal embrittlement, hot shortness; see Section 1.4.3), although
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at room temperature it has no effect on mechanical properties.

Sulfur can severely reduce the hot workability of steels, because of
the formation of iron sulfide, unless sufficient manganese is present to
prevent such formation. At room temperature, the mechanical properties
of resulfurized steels depend on the orientation of the deformed
manganese sulfide inclusions (anisotropy). Rephosphorized steels are
significantly less ductile, and are produced solely to improve

machinability.

20.9.2 Machinability of Various Other Metals

Aluminum is generally very easy to machine, although the softer
grades tend to form a built-up edge, resulting in poor surface finish.
High cutting speeds, high rake angles, and high relief angles are
recommended. Wrought aluminum alloys with high silicon content and
cast aluminum alloys may be abrasive; they require harder tool materials.
Dimensional tolerance control may be a problem in machining
aluminum, since it has a high thermal coefficient of expansion and a

relatively low elastic modulus.

Beryllium is similar to cast irons. Because it is more abrasive and

toxic, though, it requires machining in a controlled environment.

Cast gray irons are generally machinable but are. Free carbides in

castings reduce their machinability and cause tool chipping or fracture,
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necessitating tools with high toughness. Nodular and malleable irons are

machinable with hard tool materials.

Cobalt-based alloys are abrasive and highly work-hardening. They

require sharp, abrasion-resistant tool materials and low feeds and speeds.

Wrought copper can be difficult to machine because of built-up
edge formation, although cast copper alloys are easy to machine. Brasses
are easy to machine, especially with the addition pf lead (leaded

free-machining brass). Bronzes are more difficult to machine than brass.

Magnesium is very easy to machine, with good surface finish and
prolonged tool life. However care should be exercised because of its

high rate of oxidation and the danger of fire (the element is pyrophoric).

Molybdenum is ductile and work-hardening, so it can produce poor

surface finish. Sharp tools are necessary.

Nickel-based alloys are work-hardening, abrasive, and strong at
high temperatures. Their machinability is similar to that of stainless

steels.

Tantalum is very work-hardening, ductile, and soft. It produces a

poor surface finish; tool wear is high.

Titanium and its alloys have poor thermal conductivity (indeed, the

lowest of all metals), causing significant temperature rise and built-up
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edge; they can be difficult to machine.

Tungsten is brittle, strong, and very abrasive, so its machinability is

low, although it greatly improves at elevated temperatures.

Zirconium has good machinability. It requires a coolant-type

cutting fluid, however, because of the explosion and fire.
20.9.3 Machinability of Various Materials
Graphite is abrasive; it requires hard, abrasion-resistant, sharp tools.

Thermoplastics generally have low thermal conductivity, low
elastic modulus, and low softening temperature. Consequently,
machining them requires tools with positive rake angles (to reduce
cutting forces), large relief angles, small depths of cut and feed,

relatively high speeds, and
proper support of the workpiece. Tools should be sharp.

External cooling of the cutting zone may be necessary to keep the
chips from becoming “gummy” and sticking to the tools. Cooling can
usually be achieved with a jet of air, vapor mist, or water-soluble oils.
Residual stresses may develop during machining. To relieve these
stresses, machined parts can be annealed for a period of time at
temperatures ranging from 80°C to 160°C (175°Fto315°F ), and then

cooled slowly and uniformly to room temperature.
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Thermosetting plastics are brittle and sensitive to thermal gradients
during cutting. Their machinability is generally similar to that of

thermoplastics.

Because of the fibers present, reinforced plastics are very abrasive
and are difficult to machine. Fiber tearing, pulling, and edge
delamination are significant problems; they can lead to severe reduction
in the load-carrying capacity of the component. Furthermore, machining
of these materials requires careful removal of machining debris to avoid

contact with and inhaling of the fibers.

The machinability of ceramics has improved steadily with the
development of nanoceramics (Section 8.2.5) and with the selection of
appropriate processing parameters, such as ductile-regime cutting

(Section 22.4.2).

Metal-matrix and ceramic-matrix composites can be difficult to
machine, depending on the properties of the individual components, i.e.,

reinforcing or whiskers, as well as the matrix material.

20.9.4 Thermally Assisted Machining

Metals and alloys that are difficult to machine at room temperature
can be machined more easily at elevated temperatures. In thermally
assisted machining (hot machining), the source of heat—a torch,

induction coil, high-energy beam (such as laser or electron beam), or
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plasma arc—is forces, (b) increased tool life, (c) use of inexpensive
cutting-tool materials, (d) higher material-removal rates, and (e) reduced

tendency for vibration and chatter.

It may be difficult to heat and maintain a uniform temperature
distribution within the workpiece. Also, the original microstructure of
the workpiece may be adversely affected by elevated temperatures. Most
applications of hot machining are in the turning of high-strength metals
and alloys, although experiments are in progress to machine ceramics

such as silicon nitride.
SUMMARY

Machinability is usually defined in terms of surface finish, tool life,
force and power requirements, and chip control. Machinability of
materials depends not only on their intrinsic properties and
microstructure, but also on proper selection and control of process
variables.
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