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Study on milling stability of weak-stiffness ball-end-milling-cutters
with variable time delay effect

Dong Yongheng', Li Shujuan', Zhang Qian’, Li Pengyang', Li Qi'
(1. School of Mechanical and Precision Instrument Engineering, Xi'an University of Technology, Xi'an 710048, China;
2. School of Mechanical and Electrical Engineering, Guilin University of Electronic Science and Technology, Guilin 541004, China)

Abstract : The weak-stiffness ball-end-milling-cutter is widely used in the milling of deep cavity die parts. The chatter is easy to occur in
the machining process. How to determine machining stability region is an important way to enable stable milling. However, the milling
system has a characteristic of variable time delay. It is difficult to analyze the milling stability, which restricts the improvement of
machining quality. Therefore, a milling stability analysis method for the ball-end-milling-cutter with weak stiffness is proposed. Firstly,
the dynamic equation of the cutter system with weak stiffness is established. Then, the time delay of the selected point of the cutter tooth
is solved by using Newton-Raphson. Finally, based on the full-discretization method, a stability analysis method considering the
regeneration effect with variable delay is proposed, and the critical cutting depth corresponding to different rotational speeds is obtained
by the Floquet theorem. The milling stability lobe diagram is constructed. Experimental results show that there are chatter frequencies in
the milling force when milling in the unstable region of the lobe diagram. Compared with those of the milled surface in the stable region,
the S, and S, of the milled surface are increased by 35% and 42%. Results show that the analytical method is reliable, which can
provide a basis for the selection and optimization of the cutting parameters.

Keywords : weak-stiffness ball-end-milling-cutter; vibration; variable time delay; stability; full-discretization modeling method
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Fig. 1 Dynamic system of weak rigidity cutter-rigidity workpiece
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Fig.2  Dynamic forces on cutter tooth elements
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Fig. 3  Ball-end-milling-cutter with spiral tooth
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Fig. 6 Posture adjustment and feed of the cutter
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[kr <t<<hkr+7] FoRASPEAR(EER, B
A(kr +7-§)=A" +A¢ (28)
A A =4, =A(kr +7) A" = (A, -A,,)/7 =
[A(kr) - A(kTr +7) |/7,
A (kr+7-§)=A"

(j,i)0
S (k) _ (k)
A A, =4, (k7 +7) A7,

} dé (26)

} dé (27)

i=1

+ A€ (29)
=[A, (kr) —A, (k1 +

T) /7,
X(kr+7-&)=X,,, +&(X, - X,,)/7 (30)
X(kr +7-&-T(j,ikr)) :Xk""'",,i,A +
g(X’i"",,f,k _X"”*'",;,'.k)/T (31)

—sin’d(j,i,t)sin’0' k (0,) +

Jiitr

Jst

Jst

[ - cosd(j,i,t)cosy, —sind(j,i,t)cos0 siny, k(0. )sin@ sind(j,i,t) +
.] i -] st i t i Jst ']
[ - cosd(j,i,t)siny, +sind(j,i,t)cos8" .cosy, 1k, (0,)sinf" sindp(j,i,t)
J i J i i1, i J
= sind(j,i,0)sin’0; k,(0,) cosd(j,i 1) +
[ - cosd(j,i,t)cosy, — sind(j,i,t)cos8 siny, ]k, (0,)sin8" cosdh(j,it) +
J i J i LA i J
[ = cosd(j,i,t)siny, +sind(j,i,t)cos8" .cosy, 1k, (0,)sin" cosdp(j,i,t)
J ; X AN i
= sind(j,i,t)sin’0' k,(0,)cosdp(j,i,t) +
[sind(j,i,t)cosy, — cosd(j,i,t)cosb! siny, 1k, (0,)sinb! sindp(j,i,t) +
J i J Jai i 1RNAY; jai J
[Sin(b(jvi’t>sinyi + COS(i)(j,i,t)COSH;IJCOS’)/I-JIC”<01-)Sine:isind)(j,i,t)
- cos’d(j,i,t)sin’0" k

(6,) +

r

[sind(j,i,t)cosy, — cosd)(j,i,t)cosﬂiisinyl]k,(Hl.)sinﬁiicosqb(j,i,t) +
[sing(j,i,t)siny, + (:osd)(j,i,t)cos@iicosyi]k“(ei)sin@jf‘yi(zosd)(j,i,t)

(24)
Rt my,, = T(ihr) /7
Fr(28) ~ (3 UA(27) 17
X = (Po + Po,k)Xk +P. X, +

n
[

2 >

n
!

> 2 (P X, ) r X 2P, X, ) (32)

J=1 i e

Hof P, = (‘DO’POJ( = (¢2/7')A(()k) + (¢3/T)A§k) P, =

(¢1 - djz/T)A(()k) + ((Dz - ¢3/T>A§k) 7Pm..k—l =~ [(¢1 -
Itk

D,/T )AE,I‘(,)i)o + (D, _453/7)‘48() ]aPm/.J._k == [(452/7')148;)0 +

i)l

}’ /ﬂ\:rh’¢0 : e/i(;f’¢l _ je/lofdg’d)z _

0

(D,/7)AY)

(j,i)1

2 Agf

[eeaz @ = [ ez

REBEIT R 1-Pk,, ]~ F77E, 0
X, =[I-P,] o

[PU + PO,I»]XA’ + Z} Z‘T (P"’j.i.k_lX]‘+l_"lj,i,k) +
’ (33)

1

%[I—Pkﬂ V&5, WFE Sk 20 ] A Moore-Penrose |~
SR

WY, =[X, X,

Y., =D)Y,
D, N ke Z(k+1) 7 VIHPREEFHAR R

FE— TR FE 0 T N UTHIDIR S R R

H=D, D, ,+ DD,

% ARG E M AR Floquent ST AE , B

[
> 2 (P, X, )
=i i, i,

,Xk+1—MS an—MS J ! ’ WL:—&:

(34)

(35)

<1, fxE
max( [A(H) |){=1, AFE (36)
> 1, AfEE

A [ACH) [ ARSI H BRFIEE R,
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4 SCIGIEIE

SKAZENPURT A 7= 0 T 50 MV510 1 R 525
BUR LR B $5 i 5% 38 5 000 v/ min, 28 A AG B A
0.018 mm, F & ENAEE 4 0. 008 mm; SLE ) H 2 # (K
KN 120 mm 1 Y330 AR TG a3k kgt 0], HAR

K 10 mm, hEh 2, BRBE M R 350, B MEARL = R
210 GPa, %3 B A K FF N 85 mm , 2225 2 J I #5942 1) Bk
314 0. 028 mm; TR IIZS F7-A 4 7050-T6 , HoAk
WA B LA PERE WL 1 A1 2, THFMI K x S8 x & N
180 mmx42 mmx 11 mm; K T 7F = HHHLIR LA J1 5 AR X
F AR LIS AL, R T 40 A e L B 56 Rk AR [ A < 7%
BB, i R I 5Z A A A DR R A

R1 ITHMRMLERSHKR

Table 1 Workpiece material chemical composition %
A A3 A S i L
HoAt
Si Fe Cu Mn Mg Cr Zn Ti Al
A it
<0.12 <0.15 2.0~2.6 <0.1 1.9~2.6 <0.04 5.7~6.7 <0.06 =<0.05 <0.15 A

x2 MEHEES 7050-T6 HIHLM AL
Table 2 Characteristics of aviation aluminum alloy 7050-T6

- T hw mew apw

mi Y e vt RSy
GPa (kgem ™) -1 K (10K
6 030 2850 526 114 20.8

WP 7(a) M (b) 55K TR 2R S0/ 32 REN
YL 1R NI AL R LA B R I 4 B ah R A 15 A R
{55 MR LMS Test. Lab8B 41, MK R FH 71 4R34
il ABUE VI 3 6 FRAE D) Sk Ak 76 7T Sk B2 3 s T,
NEE T Sk Ak 4 i 7 P e B2 e SR A RS ) R R 1
FUIE A5 SRR BT R, SRR 55 b
BIF LMS Test. Lab8B HEAT /MM AIALRE 755 R S92 25
PERES R, & RNk 3 PR,

®3 RUTENESSH
Table 3 Modal parameters of flexible cutter

M/kg Co/(N-S-m™") K¢/(10° Nem™)
[0.293 0 ] [95.478 0 ] [6.746 0 ]
0 0.293 0 95.478 0 6.746

BT 3 iR Y Kistler9257B 3 Jii) Js i, =00 743
HX R Y J51a Y RAEE R -7.5 pC/N, Z [ i R A Ky
-3.7 pC/N, X F1Y JiIaji #£-5 000~5 000 N, Z [n] i &
-5000~10 000 N, Y H| Jj £ 4l R 4R 1938 4 245
KistlerS070 HLfaf it K 7% , Jb 50 9 3% i a0 B4 & A BR A
A WS-5921/U Z41 USB $d KA AX , 200 i FH ) R b
BN 10 kHz,

FRAESCIR[ 27 ], 4 5% 24 3 000 v/ min, B4 i
4N 0.1 mm/r, 43 B AEF 2 J] 543 %8 0.5 mm,

LMS Test.
Lab8Bf& 5
SIHT S

(a) LMSE &M REMIR R G

(a) LMS dynamic performance test system

(b) SR T ABESHIIR

(b) Test of weak stiffness tool modal parameters

JIR

Kistler 92

(c) PnTidfe

(c) Processing processes

K7 T RS S S TERES B K DT HI 5256

Fig.7 Test for dynamic performance parameters of machining

system and milling experiment

1.0 mm,---,5. 0 mm RS T AT 10 HAELIBEHI 4R & 4
7050-T6 iR 45, 15 2 X . Y M Z =) Y0 J1 3t 30 4H (4%
10 41) , 8 fe /N — 3Rk [l )9 bl o 240
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K, =1324.380 +1 860. 180-2 888.740°+1 113.310° fdiF] MATLAB $R%F Jir R 48 1 1 I g 4% 5 47 4 73

K =1627.861-1 177. 53@+1 412. 630°-692. 546° B ARSI ST S SRS UE R (9 TE B

K, =-247.480+1 614. 340-2 535. 340°+983. 550" F4 ZHRYIHIEGF

(37) Table 4 Cutting conditions for the experiment

A O =w0/180, BN K rad, g . VETE A A
et PR A R e T e P
S HHIE B 4 7050-T6 3l 0 URRAE e T g (ow/(a)) T (/i)
J3E RS R ST R R R 1 3 R i AR e, BRI 0.2 1.0 395 1520 0 -20
max([ACH) |) = 15 Z & T b k& K5, 0
max( [ACH) |) < 1; LR AHER 2 X, 0, TP 8 ity 55 W 23RSk BE T B 3R 42 o AR P it

max([ACH) [) > 1, MBI S DI MR 07 20 AR R B A A AR 5 B Bt

E SR A AT BRI, IR 0, 8805, b e R T AS 4 SRR )
3.0 . S—

N
n

P

1% JJ% B a / mm
_
wn o

06003955 6000 8000 10000
FEHEEEN/(r-min™)
(a) ZRGRIAIRE 5E ftk - 2]
(a) Stability lobe diagram of the system
200 20 O EHIFEEE 0 THESIER
B z OTIIHE O Tkl
z o
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-100 -
,150 1 1 1 1 1 1 0
232 233 234 235 236 237 200 400 600 800 1000 1200
Ll H%/Hz
(b) ARFTXT LI 1R 52 S 45 (c) AR FTXT LR TT B 32 S50 A
(b) Time domain diagram of cutter force (c) Frequency domain diagram of cutter
corresponding to point 4 force corresponding to point 4
15 1.5
100 > S 10 T
10 0.5
g ¢ : o ;
Iy -100 g’ 5 200 400
= 9
200 ohels pppllofol T ° .
400 30 500 1000
. : N o FHHFME o FHHEINEM
200 g » > o TIEELEE o IWIEL A
z = o BifRAIK
=0 10
2900 . , , , ohodBlE ‘PnT?Tm?mo
27.8 28.0 282 284 500 1000
I EE P /Hz
(d) BRIFTXT L) 71 B 52 77 R (e) BRUITS BRI T B 32 F1 4505
(d) Time domain diagram of cutter force (e) Frequencydomain diagram of cutter force
corresponding to point B corresponding to point B

P8 58 IR 0 - T A R 5 AR RS T e

Fig. 8 Stability validation of a weak-rigid cutter-rigid workpiece system
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AR [ v R SRR Y 49. 84 Hz 1 431. 1 Hz, T ixX #E i
ORI A SR SR 3 B U B 1 AR, R e
BN S A FUSEEE SN A B TR BB 7 B0 A5 45 B
S5 REFRWIA ST DT RS e Mo B 2 IR 1

ST AU BH 2 55 I B RSk Bk D R RS A
M5 1 O L FH AR, $5 8 AN & 9 T /s 1) 3 T 16 S e 5
RS, 2 HE3 0.1 nm B9 AR 30O 36 58 A s
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Fig.9 Surface topography measurement experimental system
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(a) Milling surface topography corresponding to point 4
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(b) Milling surface topography corresponding to point B
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Measurement and characterization results of the

Fig. 10

surface topographies
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Fig. 11  Stability lobes diagram of the system under

different feed per teeth
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Fig. 12 Stability lobes diagram of the system under

1000 3000

different overlaps
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Fig. 13 Stability lobes diagram of the system under

1000 3000

different titl angles
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