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Establishment and verification of compound drilling tool load model

LI Jiang-lian', HU Chun-mei®, NI Jing1 , ZHANG Zhi-xiao'
(Mechanical Engineering School, Hangzhou Dianzi University, Hangzhou 310018, China;
2. CHR Intelligent Equipment Co. , LTD. , Lishui 321404, China)

Abstract: Aiming at the problem that the models of drilling force have big errors and could not accurately predict the dynamic load, the dy-
namic load of compound drilling was investigated. Based on the oblique cutting theory, the force of drilling was analyzed. The equivalent
model of drilling force was established by analyzing the load of unit main cutting edge and chamfer edge. Because of the complexity of drilling
process , the models of dynamics drilling torque were established by combination of math analysis and empirical data. Considering the effects
of the spindle radial runout during the drilling, the model of drilling force was further optimized. By means of figuring up the load of the dif-
ferent cutting edge about compound cutting tool in the different operating condition, the dynamic load model of compound drilling can be es-
tablished. Through the experiment and simulation, the results indicate that the model which was considered the spindle radial runout is more
accurate than the model which was not considered the spindle radial runout to predict the the characteristic of dynamic compound drilling
load. The error of the cutting load is less 10% than the result which was not considered the spindle runout.

Key words: compound drilling; equivalent model; spindle radial runout; oblique cutting

. T2 FUHLIR [ B (9 R 00 L0 K i i 42 1) Bk s 4l

0 51 & AR5y B W R M , — B AR TA Ak |
GASEIN TH AR Z R TSR 8, RS e I M A o] B R 40 b

W AR TR B SRS S I T SR . RS ORI B S R 1 R R D T R 4
AR 5 2 B Sk B LTI AR B 2 A PE AN DTG 80 A2 5 ) ol 2 PR 1 A T S S Al R 7

WrFS B #1:2016 - 10 - 13

ESIE : 15 1 ARHEIL G BN H (51375129)

PEBRA AT (1990 - ), 5 WIHLED B -1 BF9 2 , 8 ER I T4 AR BFSE. E-mail ; lijianglianhdu@ 163. com
BEBERA U 5, B2 B S, E-mail: nijing2000@ 163. com



53

VL%, A5 S ) T A i RS SR UERT Y 225

) ) 82— DRI, YR St e S B ) £ 3R T R AR
T v 6L N RS B RN ) B A, A R
3 5 PR

H AT, B Py 228 X R N Tk 7 17 R E R e oR
TAR . Jian wu 25T XN TRORHE T A0 S5
BB A R 2[R Lk 25328 Bl o) ) B T AR AR B R
JFHATIEIE (AR B A 5 IR U Bl . &)
HE 261 7 1 FAG LIS R IC )] LR LR A TG
PEH TN D3RR AR AR A ST S T TH Y
VIEI 52, DL R RO 2 X (H 2 R 2% R 45 %) TAE
FARE R0, LSS 7 SR T TN T, FriilAs o 5
B — R X, BRI SR O LT AR A U AR
PRI TR RN T Bl ) AR A Z B T R )
AIZISNIX, HA AL 0 B ) Lok 4 32 g T
Matsumura 25748 H T /NI BE R R, %5 08 TR
J& X UTHI 3 0520, AN & E T U0 H 3 72 0995 32 gl =k
Gl N AR R RT3 H7 . Ravi Shankar Anand 25" i
T LB LAY SR T T T JT 2R AR R
s/ NUVHEEE R RZ IR, AN 2 SR AR Be AR I I %
A PE, Tooraj Arvajehd el Ulsoy“m M sh 545
HIAHY 52t 7R S th IR sh AL, 2% 18 T AR 4R 3)
VERHE R BP0 B2 PR A=A, (BB B A 25 18 L B )
FIFIARIE SR . K. Ahmadi 28 3545 5 1 30
AR PR T A XTSRRI S T H
PrRAsE ) ELAE Sl ) A% [ RO b A B 5 AR A X DD il
JEEBE 18 PR S ), oK 2% i 3 il Bk sl ek 1) 1 TR B 1 s
M, SR, bR SCHR S S I 5E 9 45, — 7 1T K
JI1°5 TAF B9 U1 IR RS S AR 20 A, LAAS 2048 H 17
R 2R IO R U A T A 2 LR I B AL R DL R
HIl 17 20 3h A e 5 D3 — O T 200 T FE Bk 3o )
FIJEE R Y s ol DR O Al ) £ 28R 1 10 T A I
Afe T — 5.

AR BT RUA VI HI A, B 525 Sl 2k
FYIHI 71 S AME ) ) 7 247 2 B, IF X5 A~ YT
SR RRIATY . By | A Rk s AR
Hl R s, 3 AR S 12 A R IR

1 BT B o A

1.1 SEsHh
AR EIAY PR D) R AN AT 1 B
BEIN T 05 s s B Sk e iz 3h n A )i
B g A 1] 0 E A2 Bl o, AT DDA RE BT B
I D P I A BT YIS A EE S ) F, R B

FYIH17]

A

AT R

v

|/l ]

(a) EVIEI 717" 1E

(b) BTTYIE 7]
LRI
dy— 45k 09 H 12 2e— 46K TR A
THIIMIERES] F,JE T F, ALdE : FUTHI 710 8
1 F, B ITIENE ) Fy s IR F, A0 : FEYTHI
TIIEFE S F,, FUEIf IR TE RS FLY AT LASR g -

F,,0<s1t<T

F, ={ (1)
F11]+F17,2’T1$t$T2
F,0<t<T

F ={ﬂ : (2)

Fy+F,, T, <t<T,
A Ty — FEUTHI 70 W i A 180 i 70 T fh
TAFFRFR B, T,— AR T 5 Bt

TERGHI R, SO I BRI T2 R
B A SE LI 7008 1 L B AR £ T130 AR A 3 B 3 A
PRI TT LA U4 i 3 2% s B RDTHI 20 A A AL
BEROVER, BIGHFLEE A R 4585 Al A b ol A7 1 25
(OB, Bl DT Sl — 2 B LR AR A, DI 2 A o
B U s o TR A TI RN T R = A, W 5
TR A SR T AN TR B 1 A —SE L

PRI, SEBR A2 B U0 M 57 28 A6 5 22 i B i
3R R A A, A 5 L 8k 3l 7 5 R e 4
VAR AL S E T R IRRRAE , AT TR S DT HI
BT G AR, SR X £ 70 B A TS AT
AN A T BB AR A
1.2 sEYIHI7) St AR

TESE PR H & Jm A e, VI H i 1) 8 A2 A
TR, 2 = ARV o PRI RT LSRR AR A 0 A
AL TR VTR R b SR DI 70 B — A o0
TIBEAT32 3500, AR 1(b) 7R o 3 3o =k i 240
Hl VSO, PR AR F R A3 Al e g 62
F, 221 158k F) A S5 F.



.+ 226 - Hl H

™ % %34 %

EUITHI T BT OISR
dF, = ,KA, +6,K,A, (3)

A .0, = (sinysinA,
(cosA cosy, ) yy,— EUIHIT] BB L0 AT A, K— E
DIH TI T 4 e T o, K, — =V 70 DI HI e
1 A, — U )OI A U0 AR AR
Stable ZRB0EN , 4TI A, BYMEASZAR KIS, AT bl
YONILTMBS A, SiIE A 0 A5

Bk 0 E VTN 20 75 AP 2 B, AR5 SCRR
L13 ], 3% =0T TI UL ) 20 A, VTEI AL A, RT3
RN

+ cosmcosAsiny, ) ;0, =

1JfCOS/\sSin( %)
AC = a(fall/ = fdr (4 )

AP o — BRI RS i, dr— VT 7150 S 30 5
S NP S

AN TR R D, ST ZT U0 TR, 2
ST J1 7] 585 Bl G HE 25 5 6] ¢ B 3 g g i,
FPREA T UIH T 23S 5 UIH] ARG Sk [13 ], 2 5
DB EVTH 218 YT e i r () o, r(e) B
Ia] ¢ 224 -

Jrew e < ®

r(t) = (5)
d, d,

277 F
XA = wtan(g/2)n/60 ,r,— BT A2 1, — BT
JERE
W DI 0 7= L AT 2R
AL(t>::zfmﬁdFC (6)

1.3 ffNasitERE

TERHE R D B Sk R KR Lo, JJ R BR T
FOIE 7] EdEAT I A, 0 5 B TAF kAT D) 45°
{8y, BV F R B L AR T INTEL 2 i o ol 380 7R
FUTHN T U7 i R EAT AL , A AT 0 Bl Sk i) 48] £
JIRTCI BT TR R F, B F, S)f g
AR F, 10 R Fy A 5 F, A
k-

dF, = 0,KA, + 60,K,A, (7)
A 1.0, = (sinysinA, + cosycosA,siny, );6, =
(cosA, cosy,, ) s A, — &I TTH) THBSA 5y, — B1Ff T3
6] {5 A 3 Ky — 1A Z)DTHI I A B35 ) T, K, — 18141
TIUTHI B B3 1) 3 Hen , A, — {80 700 DT TH
FlH A, T

A, =a,a, = vfsmwdrl (8)

2
Kb e, — BIAITRIVTHNEE , a,,— 1 7T UTHI 58
JE p— WRTEA , dr,— {8 £A 7] S o0 B A Sk il AY
LHIDE S

i
<.
9&>3 v,

K2 #mInRER

ST REHE AR, 25 U0 418 £ 71 56 2 o BE
PR TRBE RGN 0, 25 0 48] 719 5 VTH
SO ry (0) FR,r (0) BERTE] ¢ 2840, Bl Sk 48] £ 71
A 2 FR

tvsin@
ri(t) = 2
0,0=<:<T,
KA o— B AR, T, — £ U1HI 20 W2 fok T8 7 46
FIEN 1 77 W2 fk A BT 5 B BT, T — A0 T 58 1
)T, AT, Fm i E

I, <t <T,

(9)

T, = (10)
by

r, =L (11)
’Uf

A L— BEHITRE , I— IR
SR 707 A LA AT R
w0y =2, (12)

1.4 S5HEMmHER

SR SIPRET RS R B, B A ) R VT 4 Jm
I P TR R v e 3 i 3 A A — R AR Bk Sl
A A RR AR | Bk 5 o T 2 el
B3 frow, EVIHI I i o B A A,A3A AsAGA AgAy Ak
iz 8 v th T E BBk, H PR E N
B,B,B;B,Bs BB, By B, 42 [m] Bk 0 % 4l ) 3o i 1) 3 25
FEAEARAR AR TR TR e A B s
SRR, SO TR — L BB s, (s Bk sh 7



53

VL%, A5 S ) T A i RS SR UERT Y 227 -

] (1 — 25 UIHI 70 BB, JHLHtgh i £, 34n, 5 B ek sh 51
(1) 53— V1K1 ] B, B, BEER £, 0820, 5 T el 180°
Jei , HUIHE AR W47 AR B, RIVTHN 91 BB, Byt 4
Sy WA UIEIIT BB, Wyit4 B f,

K3 Fhhiskshid fon EE

4 B o, R 5hBk3h ¥ B LT 56 &, VI 71
BBI WYIHIEE a,, AT KRN

{ngtan(v;)}Sin(;)’TS <:<T,
a, =
(% - V)sin(%),Tb st <T
(13)

LT, = 26T, T, = (2k+ 1)T,,T, =2(k+1)T, k
HHREE = 0,1,2:0--- s Vo — Rm ksl g A8 fb i
T,— ERERe 180 i iffa], e T, 75U F
_30

n

T, (14)

o on— EHhFEHE

SO, 5 B R R Bk s A9 VI J1 BB, AR
TN -

M, = er A-ayeosArdr,0 st < T, (15)

Z—EEEF':A = Qqu + abKnO

5 — 2% EVIHIJI BB, K VIHIRE a5 W3R
RN :

V, . &
(Tf - V)sm(?),Ts <t <T

a, =
3 [g+tan(v§)]5in(§),TﬁstsT7

(16)

B TRk I 71 BB, WA A 0N

M, = f“)A cagcosAyrdr,0 st < T, (17)

L 3, TS Sk A w, 38 3 RIS w, B,

A LTSGR ] JLAR £ 7] B, By Byt 4n i 5 FU1HI 7]

BB, Wik SCPr K BEEARSE R f, , W) EUE f 90 B, B,
45 EUIHN ) B, B, EARRIRYSEPR KRR £, o

P 24 it o, A BB V0 JLA G 2 L 18 7]
B, By (VIR a. T35 M

(& + V)sinz//,T5 <t <T

a, = 2 (18)
(% - V)sin¢,T6 <t <T
PR, 25 pe O S b Bk 3h i) 481 £ 90 B, By B4 1

B
r1()
My () = [ A - ragdr Ty <0< T, (19)
0
KA, = alKﬂ +60,K, ¢
#1091 ByB, BIVIBIRIE a, IR

(%_ v)sinz//,TS <t<T,
(20)

as =

(% . v)sin¢,T6 <t<T,

W% B R Bk s n B f 7] BB, BOHIE G0N -

ri ()
M) = [ A ragdr Ty <0< T, (20)

1.5 $hHlfa#it EiEn
AN T RS K F= U0 H 1 FE f TP
SR, BRI AR /N SO G 3 AT 2 AN
WO #A) £ 280 ER TR 2% FE DD D 90 57 380RIT R S4B £ I R 32
A, Bl LR 3 M () vh 2 UTEI 1 FME £ 7] Y
Y Iy 7= ARG S BT R BAR AR
M(e) =M, (1) +M,(t) + My (t) +My(t),0<t<T,
(22)

2 LI RGMLEE TR

2.1 LEHURKBRILSE

T BRI B A M, AR DFSE L G-HO41 B
BBz — R LW SR 6. LR RGEHURAE 4
JI7 BT 7 B e BIL 3 A B e 22 — IR
BL) L %3k o GUHRING R & 44k, 18 %
Bangk 1.3 2 R,

E Oy aa

(B Tl o
B4 SCEHLRFEREI S R 5



. 228 - Hl H

%34 %

x1 JIRNLESHE

JIRGIE 23 SHE P
Eisk HAZ d, 14.6 mm
I e 120 o
BT A b, 48

WEMA 20

WEBES o 45
PRGN 0.5 mm
1 ITEEE ¢, 0.12 mm

JIEK L 26.0+0.2 mm
Bl I 4 mm

Fx2 FHBHEER
SR TR SHUE A
F Al HLTR 3.7 kW
[R5 WK 1.1
R AL T ik 3 000 /min
LML R ik 8 000 1/min

2.2 MK TRFNERIE R

AR LA My SIEMENS 32 3 45 il %%
SIMOTION D 3% 4. SIMOTION SCOUT #k {F 4 fit T
Trace T H., 0] LLic st —2H BERT [A] AL MG 5 Hh £k, i
FH Trace T EAAEBRUNTT : QL PEEL Trace MR 45
QIEPEE Trace W55 S50 W E Trace 1074 1
SRFERF] ;@15 B Trace BLA [E]H FE ; B ik £ Trace 1Y
fill & 2% 1 ; @ FF 4 Trace, X HL Trace ff R FEAT K H
250 Hz, ELAASZEG T S50n3 3 k.,

®3I ZWRGZBHE

SRR ZHUE L&D
HELTHE v, 0.174 mm/r
TR E n 2 100 1/min

2.3 AR
SIS T AR TR 45#5K, oA 46 RS Ry 030. 25 x
155, I TALER RSy @14.6 x 33, I AMRIES 25 Sk
(18 ] m] 0, & Al T A4 R BE AN 3% 4 P .
4 THBMBSH

A ZHE A
fifi 7 229 HBS
Jat Ml i B2 0.589 GPa
fid 16 %
b 0.49 MJ/m’

3 S LR

LRI I 55 Bl ) 0 B B At 1)
SERTT SRVEAT T 05 SR Ar Bl EI 2R s 10 4,
1 TR 0 SE PR ) T B 2 B A R A L, 2B

T — 2 SR i VB R s X 4 . AR i B
SHNT . =45°,7=20°,1, =18.8°, 1, =0° K, =
K, =770.89,K,~K, =400.45,0 =2 mm,L =33 mm, V
=0.03 mm, SCIGHTELELUE S B 6 Fron, 1Ak
B SR IS T, P\ A A Sk B v FHL R, T e gy 2 7 B i)
oy Sk 4 A B SR I GR B B EVTEI 7] 98 4 1)
I BB 1 A1 1680 £ o B RS SR B

H LS (] 6 (152 A4 2R il 2 nT LAAS )

(1) 2% 5 m Bk sh X &2 A Sl g md . &
5 43 Hral #5 - QO V10 71 W E] 4 46 By B , L5 %
WG, TR R e ) YD) 70 2 5 Y00 g
WA ; @7 EYVIHI 7152 VIR B, £V 7] 5¢ 4
Z 5Y1HI, VI 70 96 BEARAR  HH A 52 B0 D e 73 1 58
Ak QB 7 2 5N, B R i 32 D01 0 A
{847 71 R 2 5 U0, HLAEE] A 3 72 b 8] £ 70 32 A2
e, BCHLIE 0 38 B S BLZ T L T3 Rk 34 DZE By
B, BUIH 1 RE f TI A S 5 UTHI, st 3 AE %,
SR R R SRR A5 B SRR IR MR AR £ 45 RO
4 9.2 N - m, ik 2B Z 8 T4, 58 )5 2F A AT
SRR, PR TR R ELR I I A 58
BAEihek . BE&FRRFE T Ekshny i it s
5 I ROF BT AR T 2k M 25 9.0 N - m, H[AFE
S I I U A (R AR AR AR, 5 S 1 B BN A L
BRI A R, Ho KR 22 IR e IR 7 T £ )
HIJIRI5E 42 58I, R 25 R 13. 7% , H AVl By
B iR Z /N T 10%, FTEREFEEALT 3
A5 T = 1 S DD 0 AR i 220 T A 0 R 3 )
M), T {68 7 L /) 5 LR AS A A 5 R w1 70 X6 L
B (1)) P P 2 A 17 2R 25 SR A AR /)N s e L F
THUR A S e B, B kA A8k, 3
6 071 2 45 A K o

(2) KF R A B, WE 6 HEH
T KR 25 A RE S BT R R DD B B A oe 2 DD 9 B i
SERAL AT AT AR R 25 23. T% , HiAx B By B i i
Z/NTF20% , HAFE AL %A Tk 8, i s2 g6 15
NPT 1 TG A B U sl (H AN B 4R AR 1k
R S a2 — 2k

(3) e A A TR0 X6 4887 1) 70 28k 3 5 %) o ff 42 R T S
Moo RS AR AR T A X R SRR 6 B4
FURISZIGZE S, vl 02 58 32 4 Bk 20 %o A8l ) 67 285
B, 2 SR I (9 T SRR TR R A 0 a2 AR
TERiR 2, B A R BT R B A S R R
Bk s AR AR ZE A5/ T 10% , B T
BEh R R RNR E R EE N K,



553 1 VL%, A5 S ) T A i RS SR UERT Y -229 -

— SRR
. Ak i 5 L4 5 S 2
o LAY SeA VI
g
. 6
4
S
o ! N
-2 |
500 10001500 2000 2500 3000 35004000 45005000 5500
t/ms
El 5 2 & ERhBk sy A Bth 4
— SR s
ob e R [ L FIf 2ok
MEDLECI ] 5 I :
= 6
S 4
= 2
0
=2+

L L L L L L L L L L L
500 1000 1500 2000 2500 3300 3500 4000 4500 5000 5500
t/ms

K6 R g Bk sl 4B HI £ 4 £

4 ZhERE

(DARWFLER R T Z a0 A s
P, BEXT EAMBkSh B R 32 1 YT H & A 30 AR A A Ry
P, IS T Al S BB R

(2) BTG S G B ) o0 o £V 191 R3] £y
TIUTHN, BRGSO UTH 20 3 50 Sz TR | DT 12
TR AT RORT I o B A S AR T
TZ 5O R T BE | 3 b A 1) Bk sh A3 Al Y
i

(3) 5 L5 R 45 R R W], AW 58 & 57 1 B 1) £
AR B HAT B (T 5O P AR E T, ml D S P
BREIIN T rh 2 A Bk S BN ) K S S e
T flt RAFME AR T o

S % 3k ( References) :

(1] FERCR BAT RALEEH A e R AL AR EVE 5T [ D).
R bR AL TR A B 2015.

(2] @JER. RGO E N B AR [T ] HLH TREHOR,
2016,43(5) :18-20.

[3] WU Jian, WEN Jian-min, WANG Zi-yue. Study on the pre-
dicted model and experiment of drilling forces in drilling
Ti6Al4V[J]. Braz. Soc. Mech. Sci. Eng.2016,38(2) :
465-472.

A5 AR

(4]

[11]

[12]

[14]

Gy W& WU T IR ALl 6149 70 2 8 % e ) R 45 1) 2 B
TREMLALL D] DL A PR R AU TR 2 B¢, 2013.
B I RAEBN H ) T A A LR REAL AL BT [ D] R
DU AR TP RECR AU T2 B ,2014.
Fonr, aRIETE, PN RRAE BB ) T2 SO B )
RESZIAYRITSEL T ] AL, 2015 ,42(5) :64-66.
MATSUMURA T, LEOPOLD J. Cutting force model for a-
nalysis of burr formation in drilling process [ J]. Verlag
Berlin Heidelberg,2010,834 (1 —4) :47-53.
ANAND R S, PATRA K, STEINER M, et al. Mechanistic
modeling of micro-drilling cutting forces [ J ]. Adv Manuf
Technol ,2016(1) :1-14.
ARVAJEH T, ISMAIL F. Machining stability in high-speed
drilling-Part 1; Modeling vibration stability in bending[ J].
International Journal of Machine Tools & Manufacture,
2006,46(12 -13) :1563-157.
ULSOY A G, TEKINALP O. Dynamics modeling of transverse
drill bit vibration[ J]. Annals of CIRP,1984,33(1):253-
258.
AHMADI K, ALTINTAS Y. Stability of lateral, torsional
and axial vibrations in drilling[ J |]. International Journal
of Machine Tools & Manufacture,2013,68(3) :63-74.
LEE J, GOZEN B A, OZDOGANLAR O B. Modeling and
experimentation of bone drilling forces[ J]. Journal of Bi-
omechanics,2012,45(6) :1076-1083.
LAZAR M B, XIROU CHAKIS P. Mechanical load distri-
bution along the main cutting edges in drilling[ J]. Jour-
nal of Material Processing Technology. 2013,213(2) .
245-260.
CHYAN H C, EHMANN K. F. Curved helical drill-points
for micro-hole drilling [ J]. Proc. Instn Mech. Engrs
Part B:Journal of Engineering Manufacture,2002,216
(1):61~75.
AR R RAEES TR ARAL S J108 O ik g [ D] R
A BHER A BN TR 27 B , 2006.
KARIMI N Z, HEIDARY H. Critical thrust and feed pre-
diction models in drilling of composite laminates [ J ].
Composite Structures,2016,148(1) :19-26.
REY P A, LEDREF J. Modelling of cutting forces in orbit-
al drilling of titanium alloy Ti-6A1-4V [ J]. International
Journal of Machine Tools & Manufacture,2016(1) ;1-
14.
S AN TS BRI AE CHOR A SEREFE [ D .
W IRV « M 7R Al KA AL TR %25, 2010.
WRA3 . — M ERDR LB R AL EOk [T ] S
BALEE,2016(4) :70-72.
[%REE: 24 M)

BVLE, IR R A5 EAHE] RSB S IR [ T]. Pl T2 ,2017,34(3) :224 - 229,

Li Jiang-lian, Hu Chun-mei, NI Jing, et al. Establishment and verification of compound drilling tool load model[ J]. Journal of Mechanical & Electrical Engi-

neering, 2017 ,34(3) ;224 —229.

CHLHL THE Y 247 - hitp : //www. meem. com. cn





