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Surface Integrity of Difficult-to-Machine Metal Materials for
Cryogenic Machining: A Review

WANG Yongging, ZUO Yueshuai, HAN Lingsheng, JIANG Shaowei, LI Jianming,

LIU Kuo, LIU Haibo
(Dalian University of Technology, Dalian 116024, China)

[ABSTRACT] Cryogenic machining is a cleaner processing technology which uses cryogenic coolants such as liquid
nitrogen for cooling in material cutting process. It is widely used in the processing of difficult-to-machine metal materials
in acrospace and other fields to solve problems such as insufficient cooling efficiency and poor machining quality during
conventional cooling processing for these materials. In order to clarify the effect law of cryogenic machining on the surface
integrity of difficult-to-machine metal materials, this paper particularly reviews the research progress in the analysis of
surface roughness, micromorphology, microstructure, microhardness and residual stress of such materials under different
cooling conditions. The results show that cryogenic coolant can take away a large amount of cutting heat and reduce tool
wear, thus reducing the machined surface roughness, inhibiting surface defects, promoting grain refinement, improving
microhardness and increasing residual compressive stress. Finally, researches on the surface integrity of cryogenic
machining are summarized, and works which have not been carried out in relevant aspects are prospected.

Keywords: Cryogenic machining; Difficult-to-machine metal materials; Surface integrity; Residual stress; Microhardness;

Grain refinement
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Development Directions and Key Design Technologies Research of

Future Large Airliners

LEI Guodong, XU Yue

(Chinese Aeronautical Establishment, Beijing 100012, China)

[ABSTRACT] The alternative energy technologies, the low energy consumption technologies, the supersonic flight
technologies, and the integrated application of the three technologies are the main development directions of the future large
airliner. The alternative energy for the large airliner mainly refers to the green and low carbon emission fuels, for example
the normal temperature liquid SAF (Sustainable aviation fuels), the cryogenic liquid hydrogen and LNG (Liquid natural
gas) fuels. The low energy consumption technologies for large airliner mainly refers to the energy-saving aerodynamic
configurations, energy-saving propulsion technologies, and the integrated application of the two technologies, for example
the BWB (Blended wing body) airliners and the airliners with large aspect ratio wings, the energy-saving propulsion
technologies including extra-large BPR (Bypass ratio) or GTF (Gear transferred fan) turbofan engines, the low noise prop-
fan engines, and the BLI (Boundary layer ingestion) and distributed propulsion methods for integrated configurations
and propulsions. The supersonic flight technologies for large airliners mainly refers to the Mach 2-3 supersonic airliners
and the future horizontal takeoff and landing hypersonic airliners, the sonic boom depression, the technologies to resolve
the conflicts of the low speed states and the high speed states in both the acrodynamic configurations and the propulsion
systems are the key design technologies. This article elaborates on the development trends and key technologies of
alternative energy sources, low energy design, and supersonic technology for large passenger aircraft, providing new ideas
for the future development of civil aviation.
Keywords: Green and low carbon emission; Sustainable aviation fuels (SAF); Blended wing body (BWB); Prop-fan
engines; Boundary layer ingestion (BLI); Sonic boom inhibition
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Multi-Energy Field Assisted High-Efficiency and Low Damage Milling
Process of Ceramic Matrix Composites

AN Qinglong*, LI Han', CHEN Jie?*, MING Weiwei*, CHEN Ming'
(1. Shanghai Jiao Tong University, Shanghai 200240, China;
2. AVIC Chengdu Aircraft Industrial (Group) Co., Ltd., Chengdu 610091, China)

[ABSTRACT] Ceramic matrix composites have the characteristics of high hardness, high strength, anisotropy and
heterogeneity, which lead to severe tool wear, poor processing quality and low processing efficiency during processing.
The milling process of the laser ablation treated samples proved that almost no force and heat are generated when
milling the powdery ablation products. Using finite element simulation and unidirectional ultrasonic vibration-assisted
milling, it is found that the ultrasonic vibration-assisted milling process can achieve low-damage machining of ceramic
matrix composites without reducing the processing efficiency. A combined processing technology of laser ablation and
ultrasonic vibration assisted milling is proposed. Based on multi-dimensional indicators such as machining quality,
machining efficiency, and tool cost, the milling machining strategy is comprehensively evaluated. The strategy of laser
ablation+ultrasonic vibration assisted milling can obtain a better quality machined surface, and at the same time, the
processing time is less, and the tool cost is low. In general, it is a process scheme that can realize high-efficiency and low-
damage milling of ceramic matrix composites.

Keywords: Ceramic matrix composites; Milling; Multi-energy field assisted machining; Processing quality; Low damage

(Vthi £ %)
20234E 55665 55 141] « Bt RER AR 51



- . .
—— Ix oru

FIXAK: F2, A, BT, F AT
66(14): 52-58.
ZHOU Lan, AN Guosheng, LI Guangqi, et al. Research on mechanistic model of cutting force in helical milling of titanium

T B K #5092 IR AR IL B ) Gy IR AER AT [T]. A s )23 R, 2023,

alloy based on equivalent cutting edge vector method|[J]. Aeronautical Manufacturing Technology, 2023, 66(14): 52-58.

BEFENMNB X=X H'J'f’i(‘“ﬁﬂgﬁﬁﬁ?l.tﬂﬁllﬁ
MW EBE

Z L REA L ERT L AEE L, BEM°
(1. 23 T K%, 25 730050;
2. B RS AU Ay A P 8], AL 310022)

)£

[HZE ] AT EATRMKES st i2f S35 8 2 A 5 8 77 Lweatbuil A 69 TP, RSN LTk
FE I E R 7] LA H A PAAER . 8t AT AR ILIE Bh AR AL, LR E W H) SaE Sh AT A SRR, T A
Fx hn TN T AR T MG 5 e LR @t AT U A o4, ARERX DK R, A N ER N KA ELRE

Ty B e BlIR B S o) 5 %, B it
BRI 2 A, FI | A4y AR TN

2k /\/fyh

o

/a%%}]}:] JZ”[ZT«,E\—{E AEw

A & Bkt IR e IUIn i) 1 AR P oG Ak A
KGR R s3Il WIE) s AKAA PURAEERY
DOI: 10.16080/j.issn1671-833x.2023.14.052

2z

F

B, EL, TEMRAEAM
=R TR SE R AL AR

* BETE : HE AREEIL4 (52265025 ).,

52 BiEhlEseA -

20234F 55664 55 1410]

BEUHE BE AL 4% AR T A BB
71, RigRE LR R, © Bt
ke I Y RIS e e e |
1 DRSS B L ob) o B 5 N
A Lo i T AR AR X5 ) ) 3k R 7 A
B . 5, th T8 g3l 2
JE I PE RS U S, ]l SR )
B OB U] R SEAR /N, [R] B R
Il 37K 5 =R 0 O ST A ) A
N 23 [ARIRAS LB i T X 8k 5
FLEE 2 [B] i 25 B BH S 386K, ST
J& 5 HEE i RO R, DT A Rk
G TR X ] BB AT 1 7= A=
AR ¥, PRIk, SR 0 fin T
J7 SIS BEFLEL AR, I A
FALG R T 20/ (A HARE R A
R 2% AR AT A AT Rl

H AT, B8 K5 S E Bt
VI SRR R 3 , DA KA DG 2R B b

TI 93 8] g 5 A7, My AR ) A ARAE AL KB, BRI AR ] A
A TR & R 7] B0 BRIl A ALK, SLEA S 2]

SE A HAT S G KE B FF . Rey
2 O R F g e iz s Pk 5 71 |
JUAATEAE , A5 20 1) S A A i e 315
kL) i JEE R, S BT MEL AL o A
I S, Li 2 © 3T ] A bksh
BN, SR ATV 43 S T4 70 ]
JIP=HE BRI R AR IE V) B RS 25
EL bR VI ) 2280, #5717 w71 Al
(U] ) J3 A Y, Shang!™ Fil Shi® 45
P 1 ML 4 AL A A U ) g A R
F 43 590 308 5 A o T R e LK
5 X6 70 it 70 4 VI H 3 B 2R
HEATFR 2. Zhou 25 1 I T 8 g &k
i B2 E R L TR T RARTE A 1)
JUAATRRAE, #4417 — il 42 4 U )
FIRERY, S B UE T AR A A
Wang %5 U MR 45K 3k Bt 1 7F 12 e £t
FUIN TR bR L BRAFAE , SR
FTTE XS VI 1 A B T 40 HT



High-Efficiency and High-Quality Processing of Difficult-to-Cut Material Xﬁb“IMﬂ%ﬁ%‘ﬁmI

SERFWIZ ) Hn] S TR AR E
DI, e U T gD )
WCEAMAVIEI S RATIHD, 7247 TR
e AL AR R VI S 2E S, P
TUIE 280 05k BRI
WERIR Z I S Ge Bt ) eIt J1 A2k
FEPREON g 05 (ELUR:, HATER G G w8k
o TR F LN TR A4 4 22
W IIE TR, EA )
I RERIMELA B W T RAN R 2135 T
PEZ I 2RI HIDE & R BEMETR
RIS 50 T i AR LA
fike it E AR IR e BEFL IR
DI AR BB A AE R BR

SRR B R g e i AN [
17U R 0 R A RO A
BT R bk A A R
F DB AR 42 1 B2 oy
Jelks J1 BT ) T80 03— F A ot
JIE:, HETO AN R] 7] 7Y AR B R
PEATILAT 58 3 A, T T
AR UTHIARE 5 VT SERE , 157 5T
JTEH VI SR, e % AR M
IR TR UTH AR A A

RSO TIRBEBLFL VIR, 45
B LTI R ITTEMEAE % AT 8
5T S 1 LT S AT 05 B 5
RO R ik K T B D)
b1 R A, 3 o B A T T Y
RAEZ AR, RN IR
5= A i DT R B S5 DT S8,
A S7 R TC 71 L B DT LA L
RS T B AR IR e gt AL 2
Hh R ST DT I 1500

1 BRhestfliEzhE

SRS AL N TR A (5 ) B 1)
gt AWML G, ixml LR,
JTRE = eV h 58 7] B Ah 2%
(14 A iz gl St in T FLAZR Y 5 )
PR e iz )1 55 5 T L 22 i il e 2
s AL, e 1 TR . AEES
FR oI J5 s Bl 2 5 S
) LG AL AR BE 25z 5y, il —
A3 figt S U 1w Bk 253 73 B 5 Bl e 4

JAN=A

Srie. JJEM ARG S5REd Gz sh B
A ARFERZS . L IRE
Bz s s AT AR LT 28 T
O TR, LG aE v in 1235 11]
VT ARUET AT B A AN ] S B FL o) 7
] B fLRE 2 ) A7 A (R B, (A
TR ST T AL

R TS BN SR e B AL iz Bl )
BOFAGA B e 12 AR e I A
A5 g 530 R F R 5% Ny, r/ming 2
B Ny, r/ming Bl E 45 3R v,
mm/s; BFE] t, 5. SEIE B 325
WAk bR 2R SE, INIE 2 FioR ., iZMebR 2
Gih 3 AR R TR R
XYZ, [ 52 F T4 LA J) B AR
% Xii Yii Zsi eI A 1 2% ML B
F xyiz TR A ] B E AR R
Wi B 32 s .

HETU AR RS, I RPN AR
PR RN R B T A

meN,
w =
rot 30
1
n-N,, (1)
Wy = 30

JIEHL Oy 7E T AL IR £ XYZ
H BRI AR A RE 05, T 1 7ETT A
HETR FR X Yo Zg T BERS FH S AT 4
AR

1 ERESFLERNFHHE
Fig.1 Characteristics of helical milling
kinematic

eu’ :010 +wrev Xt
(2)

0, =@+, X1

K, O FITH AR T AR A AR R
XYZ "PRIRIGE AN s 00 TG 1
FETJELABBR AR XqYazo "TRIRIER E 3%
I

R, JT BTN 1 EAL B AL E A
iz ST N
XN,

re

X:ercos( Xt)+
T
RMCOS[% X (N, +N,, )] X1

N,
Y=e ><sin(ﬂ:>< L
P 30

Xt)+

R, Xsin[%x (N, +Nm)] X 1

L=zy—v, Xt

(3)
X, e, HITITHALGEFLPOZ R
B (o) ;s Ry MEBEAE A ST
AAh&n e s 2y AR E AL E SR
IR ZI7E Z %l b o

2 RERMBSMIKA

RS

R e BE AL e b B LR VA S
T2 T B LA AR X AT ) g A8
WRATH R . e PR T+, T
HA T EAE RIS LR A2 1L, 7
A KA/ N RSE HARMUUDIJE , Rl e
J Y AR AR 2R N AR A A A X

Y ¢+ JJTEARYBEI A

Y '
ytl L \Z\t Py
El \Oti
l/ ; Gti \‘
Z (2)——\{ X
JIEAULY JI BRI
BEPLT

2 BIELSWLIRR
Fig.2 Coordinate system of kinematic
analysis

20234E 55665 55 141] « Bt hER AR 53



- . .
—— Ix oru

JUARTREAE 24 T 5502 41 R A B A
MELLSCEE . PRI, AR SCHE TR Y
T & T H ] R gE R B A
TEBEFLIZ A FRE , SR F O B 7 vk 5E
BT X ARSI E 5 TR T AL
AT, AR L2 e gk L AR R
TR BOABFFEXTS, i H SolidWorks
ROFSEE)H T A5 T4t L
Al A R A R iz AR BIAR AR IR
Y18 Ko FHAR I N T35 1 i J LA R 2
FEMT B IR

(1) B 5tk & ) H U] 25
A A H A 3t 7 A ) 1 L AT 5
JiE , H-58 T AR e Y LA 15

(2) 24 B FE I S04 2, 4% 3
FLEE AR BN TARER

(3) 2zl J] Bl 2 A %32 8
HHOE B SR E S TR AN TR , K 51
1A 1 BEZIRELR SCBL LA A R4
PRS0 2 SEBLE HRIRARAE , it
FRE i T A4 JLAAT AR Y 5

(4) XRS5 i Ja — 35 T
T JUAT 2540 St 12 4 S5 40, T
RBARARTE ) i LA A

T A AT 1 I8 A0 T2 1 i 1)
FLA AT, TS IR T A5 e R
R0 B i 5N 22 [ e
(N T S 3 |
40, BN fh e 3E 45 1 O 0.1 mmir
i, 2 B8 s B R TS B R AR I
YIJE 5 T2 1w i JLAT {5 BAR A, 4
&l 3 FIi7R

Kl 3 (a) A& H ] HIBE s fL
R i TRy Be Wi ol =Kl
o, H o TSR B, hy o J) B
JI5eeS 5UI8IR I TR E., 18
SEBR AN T, S50 TR EE hy X R
VIHIMAF o 7] 500 7 L[/ 58 B, 4
FIXERE 3 (a) ik 5 aEs o
ity 77 -5 WETE M 713 ) S A T
PR SRR A5, AT X R T X 3k
R AEAAR , 52 U0 AR R Ml 2T
TR A R AR RN =i, p= A )
HIARFR /N, T UIHI AR TS DT
FIARKAFAE IEAR DG, RN ] 7= A 1

54 WisshiEEEA - 202345 o6 5 1410]

YIH /Nl 535 464 H
T3 ELviig 71 LA S50, I T8 B by 1]
T ) 2 VAN |

hy=l;, x sin B}, 3% ho=l;; x sin B,

j=1,2,3,4 (4)

Ao, Ly F L, S 4 0V v I 5 Z
%%DV\W“J?JKE, ﬂjl A ﬂjz ﬂ‘j%‘ﬂﬁ
ity 71 1AM 7 01 P 00 0 A AR £
i RIIVFS .

K3 (b) Rk m TR B A
B ARASIE ) JE 50 T 3% 1w i J L {7
HRIRL, W ULRARTEY)E B 44
AN[FUARFES 53, 5 DO U 33t 7] 254
—— XN, Hor AR R —
I8 bR, S A7 1, B
HABEB I8 A AATE AR /N
FH 0 2R T A LR SRR RT AT, 0
H iz sh Bl A A — 2% 58 a4
7], 156 BH SR ) B AR A w5 2%, i
iDL S IR A B ik . A DAL
HC S B, RN TR ) 4k 3
A RO B DX 5, 70 HAEAS ] Xk A o
TR A A AR ] B[R] — DXk,
In T 5 AR [R] A il R 2 A5 it
Ah SR X [ R A AR DU T8
IMEEING . 5 IEEE, 2T 5 m
TR SIS BR I, IR R
(A FLEE FR T

AR RASIEYE 5 TR L
Al REAE A 75 FL 5T 743U I, SRR T
BUF L ) B S T AR B 8] 4 41
|ﬂﬂ%%

I
[X 45§,

73T
X 45k

T

R
TAL

FLENZ |
(a) FUEI T HrEBOIHI G bR 2 A
B3 BERALBEEMTIMENREEIES NI RE/LAHFEZER
Fig.3 Geometric simulation model of undeformed chips and machining surfaces at steady
cutting stage of helical milling process

HAEHS BUBES AZ AL, B2 AR YD
B A S R 2%

3 YIHI AP

S0 g 91 5 M 0 AR E I T
W B OTEIE B 3T, LA 23 il e Sr
ARG L A R b AR B DT
TR,
31 kYl
311 FH Ak E

LI R RAMRSEALRAY ,id
v LA (T LRTIH 3) 5 1
RUIVG (T3 V5 2 T 4), Ho 7] 45
F 5T T B R A, HFR
RUTI oy = Bt 4% ik v
JIBITAERL T RN 4 FR .

w1 1% 3 71 7] BIAE DT i AR v
SR X T) U0 8 R, TSR A5
BT Bk S XS S 7] U0 ) e )
o 5, W1 Bl i 71 B R
NSFIT7I(id 2l i=0,1,2, -,
N-1) ; BEJS , RITERITENE 4%
BRI SR

P 4 B i 71 145 1 RT3 s
UIESLESIvE 2 FIR N U2 s =M= Wi

C =K +B,

‘a‘:‘/‘l—;‘stﬂlz+ ‘E;‘XCOSB”,
‘Eg‘z‘fl—g‘stﬂu+ ‘B—;‘Xcosﬂ31
1=0,1,2,---,N-1

(5)

|

mamT |
22 SN

S 1IN
X 45,

(b) AASAE 5 Tk



High-Efficiency and High-Quality Processing of Difficult-to-Cut Material Xﬁb“Iﬂﬂ%ﬁ%ﬁmI

[ B, JItA 2 AT 4 i 7] 4 5

TEERLII KA R
— —
F. =D, +E,
‘F—;‘:‘D—Q>‘><cosﬁ22+ ‘E——i:‘xcosﬁﬂ
— —> —
‘FLA‘:‘ iA‘XCOSB42+ ‘EM‘XCOSBM

(6)
Bl ad gt 1 (1Y 3) w71 1y
wAMI 7] 556 2 BRI 89 71K 43505
Ay () 51y, Cly), J145 2 (J1 %
4) i T B AN T 555 2 BE 1R J)
K imhie by (L) 5 1, (L), ATfE
R 5 L, ¥ sl e L2
O S SRSy O UA O SR i S D
KPR Dy (g i) Claps ),
Ly Ly ) 5 Dy (L), T ARFRIE
i 5 Lo PRI, B 4 45 B BT
RN KA AT TR H

—
‘Cl.j‘ =1, ; XcosB, +1, , xcosf,,

i=0,1,2,- N-1,j=183
(7)

‘F;‘ =1, ;XcosB, +1, , xcosf,,
i=0,1,2,-- N-1,j=21%4
(8)
B 1 5 s AR
Ly, =1,/N
{1_,2,. =1,/N
REH I ff oy LT S dicit F
K () ARAK(T) H(8), 11
73 71 483k 7 ) Wk 1 5 b
CRacws|
b=, x cospi*liy i x cospy,
i=0,1,2,---,N-1,j=1,2,3,4

(9)

3.1.2

(10)
o, 1 OB H N AN BITIII
JI5 LA T 15 31 5 9
Si1BLT)
o7 AM 71
BT — L STROAPLA|

P (ﬁsz) ((W} Py (ﬁ31)
(a) THIJIK

i MRS
R YIHITERE by TR
by=li, x cospi*liy x cospy,
j=1,2,3,4 (11)
34, DUk vt 71 S5 TR B R
YIHITREE hy BB A

hy ..
hij =1)fa><ti=W><z,L =0,1,2,---,N-1

(12)
#aX(4) A 12) TS

l,xsinB, L, X sing;,
hzj:#XLﬂhij:WXL
',N_l’j=1’2’374

(13)

i=0,1,2,-

3.1.3 Wl AR
PR ) B BRI DT ) AR

] R R DI E 753 5058

F,= Ktij'h:jﬂl‘ij'bif'

F, =K, .h;j*m by,

F' L= K . ‘h?._qdif .b

aij aij i
i=0,1,2,3,

i

N-1,j=1234
(14)

Kb, tor, adr Bl Ylin) A ]

By i A RIT I ECE s o)

WS L 11 B 7109 4% 1] DT

73 R 04V i 71 YD D) 2 R TR

H

FlFiFW

=1

4

”"N_l’j = 1,2’3’4’

VAL T B AR AR 22T B UTHI
TS, P A PR T, A T,
BN TAFARAR 2R R JT o3 1 B9 ) H

VAR NN W
F, =T,-T, -F,
F,=T,-T, -F, (16)
F,=F,
HAp AR AR R R
[cosh, ~—sinf, O
T, =| sinf,  cosf, 0] (17)
L 0 0 1
Ccosp, —sing, O
T, =| sinp, cose, O] (18)
L 0 0 1
32 M7

SRS I UTEN ) A, TR
IR TR TIRREAE , 43 B H ™ A AR
IS TR AR . 53 70 e
AL, W T B ) B ECh N
AT ERTT, WA AR 14>
(DI ST IV IR = W
?i(D)= pot jo,~wi,1=0,1,2,-,N-1
(19)
L, ¢y HZH TV GEE R E R T]
B 1) KRR A1 o, KT 2
[E] £ 28 6] I 5y o 015 7S Ta] il
o) o7 5 B AT I A BE, AT RO R
¢, =2n/N,
U, :kﬁz
ks = (2tanB) /D,
K, g ITETEfMEE; DR TR
B N JTEAVGE, DR, 92 i
IV § IV | M) St Y|

(20)

(15)  JEEHEAX N
BT IR , TIH5 20 TT 1A 4R35 7] BT IR
own s
e 528 7)
= f\’l/* B2 (ﬁzxz{ ITII = ,,'ii, =
A B, ﬂ o 1 P (Buy) b, \/Ei

4 TRIAZRRERTIMNBTEYNTIE

Yt
(b) MAEJIY

Fig.4 Unit equivalent edge of front cutting edges for each tooth of dedicated cutter

20234E 55665 55 141] « Bt hER AR 55



- . .
—— Ix oru

hi*j (¢, 2)=fo x singy(2),
i=0,1,2,---,N-1,j=1,2,3,4
(21)
JIRH BRG4GB £ FoR
RETETOR
LEN7 Sy PAL R Eel o A7) I
[ A ] DT 3 2350058
de(d),z) =K[ph; (qbl](z) )dz
dF, . (¢,z) =K h; (p;(z))dz,
dF, ;($,z) =K h; ($p;(z))dz
i=0,1,2,3,,N-1,j=1,2,3,4
(23)
TETJBAFR R T 0 JT B BT
TIAEDI 0] A ] Al ] B DT ) 70
EEZ)
dF, ;(¢;(2))==dF ;cosd,(z)-
dF, ;sing,;(z)
dF},J‘./.((bij(z) )=+ dF(,z,Sind)g,(Z)— ,

dF, ;cosd,(z)
dF. (¢, (z))=+dF
i=0,1,2,3,---,N-1,7=1,2,3 4
(24)
XF R TR s, A
é{k [-K,,cos2¢, (z)+ .
Fx,[j(d),:/'(z)) Krp[2qbi/(2)—
sin2e, (z) ] 5
f‘“[mzcb ()",
F”j((b”(z» smzd)( ) )+
K, cos2¢,(z) ] 0
(b, Kyeosd, ()}

i=0,1,2,3, N 1,j=1,2,3,4

(25)

(25 ) 15 AT A5 U o 70 ¢
TIEARBRZR T 045 10 UIHI 1 434«

F($)=> S F,

i=0 =1
N-1 4

F}(¢)=Z ZF},L’]'

N-1 4

FZ(¢):Z Z szi/'

i=0 j=1

(26)

56 RisshliEEA - 20234555668 55 1410

B 17 R A(26) o,
B T A A8 bR 2R A4S 1 VDI 43

4

o

i 3

N-1
Fx(d)):Tz X Z F,
=0

PO 3 F0 ()
FZ((i)):Tz X inf
i = 0,1,2,3,-7--,N— 1
HF(16) M(27) X I 5
0 7] S B AL P = A B IR s 45 1]
Y S35 E R AN, B AT 52 884
J1 B ARG 7 HLAAR 75 A ) 2
H

F)(:FX[‘i'Fx(d))
FY=FYI.+FV((I))
FZ=FZi+FZ(d))

eSS4
A SR H Y IR e BE L& T
ELR R A 4 YG8, ELAT I ¥ X Fk
iy, JJH HAZ R 10 mm. % ) H
Eﬁz% S (] JLART £ 3 A 5 W5 £ by
40°, % ) |G A R 5°, AN JE A 43
Sy 12° Fn25°, T AEM B AR A 4
Ti6AI4V, JEE 1 K 8 mm, 1 i %3t
SEt R A A RIS, SR Y
TIEXTOIE AR U0 ) R
b W, E S IZA UMY 1
BEE. Fikin T &G4 HF KUKA
TP HLER AN A5 BEE 5 i L5
i DA R= R T G A o
BEE B FL A 56 o A& b, A Kistler
92578 il 3 A% R & il £L wf e 77 2R
1 Y HI J115 %5, I 38 i 5070A AU
TRE O 28 %k L AT I AL B, SR IS
F AR5 5 AID e 4 J5 4t PC-
DAS16/16 %1 i >k £ K, B J5 i H
Dynoware Type 2825D-02 #& {4 ¥ Ak

(28)

4

RS U S AR A i £k BoR 7R TR
ML,

FERREBEFLAR E IR IR Akt A
JI BB s, [ ORIE— 2 (4 in
TR PR LU T2k DI
JE AR5 94 mimin ANAS, il ) 45 145 E
45 & >k 0.0005 mm/z.0.0015 mm/z.
0.0025 mm/z, ] ] 5 14 i#E 45 £ 4 0.05
mm/z.0.15 mm/z.0.25 mm/z. & HX
Fase TR BE 20 212 [ 5 I N )
XYL Z 345 gl i g i, 4R
P20 29) TR AR ] V) 1] A 1] U]
A (R, Ry Ry

- F, -F,.
Foo —fmx min

! 2
; :FXmux_ FXmin (29)
F =F,

PR (14) 5(23), 4200 P m
Al e B0 (R, F, Fy) Al
E—2 RN

Fo=Kh b, + K b ($,(2))
F, =K b, +K h; (;(2))
F,=Kh b, + K b (¢,(2))
1=0,1,2,3,---, N-1,;=1,2,3,4
(30)
A(30) FAIYIHIEE S5UTH| 58
S ] A

4
]ZhJ/N
N-1 4

DEDIDY Sb, /N
i=0 j=

=

';‘M

]

N-1 4

2 2.

S S/
(31)

i 2 (31) A 344 2 71 5 )
IO IR BE T v B -390,
FRAF(30), SRS TIHI 1 725k,

nE 1R,

hi (d;(z2)) =

F1 THINRHY
Table1 Cutting force coefficients

Kit Ki Kt Oy

28.05 76.57 923.31 0.675

U

0.331

qaf Ktp K K

P ap

0.01 72.52 50.46 23.91



High-Efficiency and High-Quality Processing of Difficult-to-Cut Material Xﬁb“Iﬂﬂ%ﬁ%ﬁmI

W UIHI 1 ZBARNEE 3 )
W TR AL AR ) R A (N
BB a0 (0 U i, T S
XFUTEI AL B IE . 12 R B TIE
N HF b o ¥ Al i SolidWorks
FRFSEE

IR BEALIRTS T, th U Rz
S AR AR AT 2% XE LUK DI
FIIN 5 T EA B 5 A ER XTI
HE S VI RS R XY 7 1)
DI 3 43 000 (-5 3 56 0 {4l
fE—E 2. WL, Rl A%
JEIN R FHJE ) 1 Py BURYITHEI A
i By 5 Ry g (32) 7T
A

Fo= JFi+F, (32)

XL TRINME B THRA

F,= /F +F (33)

[l 5 Sy e B L A E i T B
By vlEl AR fkih 2, i TS0k
v.=94 m/min. f,,=0.0015 mm/tooth
f,,=0.15 mm/tooth, 5z ik T J] EL7£ 6
N6 ) By TTHI K.
Horr, Bl O3 F, 5 ) By B9F
PI{Er50h 162.11 N 1 48.68 N.,

[EE, R A5 K 5 F AR T2
BOT, %52 R AR D) H
FIMEEAE(F, 5 Fyy ) 5500 00 (&
(F. 5 Fy) #E47 X% L, an &l 6 fr s
Hodr &6 (a) Hrdtia o it Il i
{E F B i Tk R ) St 30 oL 422 )

— Hlia J1F,
— AR,

33
/s

34 35 36

B 5 EAEstFLIRE MM EYIEIHNEE
Tl ik
Fig.5 Measured cutting forces at steady
machining stage of helical milling

S I 2 AR A R A, HLR (3 RN
(29.58 N,176.16 N ). 411 T-H:}[E] bA
0.005 s #1751 0.010 s Bk, F, 7z
FeZe 30 1 3 B S 0% 3, i
L 571 A 5T fn Bk z
LA, AR e, il YT H
BN F, Bt TR 1] g 286 i 2 390
SR R P 2R AR A A, TR
{8 75 ] 4 (41.26 N,155.89 N ).
PhE 4Bl il ) 0 ) A T
1B A A8 1k Fa A — B0 (B AF 7 — 2
25, K’ 6 (b) HEm J1 ik 5k
M AE Fyy th30(32) 31383, 1%
B B ) FLad A2 f 2R A7 S B —
HUE sh ARk, HR{EYE R (2.68 N,
93.03 N ). 4/ T.H}/E Jk 0.003 s
175 0.010 s BBt Fyy TREMIB B
K,ZML 5N T 2 Rket: ) A
()52 1 SR E L, JoH2 T) HAR 1)
Besh g BB A B S ) i
AR F, AR, m a5 33 ) 11315
S ) g BN L BESLIN TE
PEAT S P 2R AR b, R (S
FEl 7 (35.01 N,48.89 N ). HilttAl I,
Foo BRAE A AL Fyy 20/

ST UL, BRI 5 )
T4 7 A 6 0 R0 903000 {140 0 {1 =22 )
FrEES A 35 P E 4N iR 2
ANt 10%. 545, F(EEA e
WS /N ARAR s R e U1 1 0L
RS HRY JC 2% R B S B i TR BT
FSEESpA T

200 —
— F i EEH
150
Z
=100
i
=

0.004 0.006 0.008 0.010
Fif /s
(a) fhm Jyxt L

0.002

5 %ig

(1) 5L TR TEBEE B e, 45
AL TR U S5 FRAE , X RS e i
T B R = A AR AR TR YIS 5 HE
FURA T2 B BRIk T4 2% 1f 1)
JUIESRSEAT 1 A AT , AT SEEXF
ARATT N T80T R L i -2 iy
V)G HALEELDE S R i .

(2) i o ) g ALt A v
PRI XTI YT A4 a5, R AR )
U I ey 0k L A ) Y () HLCR T
S R SR A TR T IR e
LI DTHIR BE 5 U0 S8R At T
s JIZESE IS N T rp B E ) A

(13) i 2o 256 % U] ) g A A R
BAHEATERAE , FF 5 E AR ] FHm i
ek FLUTH 7 S AR , oA )
55 T 1) A 6 RN A A S 244
YR 2E AN 10%,

& % X

[1] OZTURK O M, KILIC Z M,
ALTINTAS Y. Mechanics and dynamics of
orbital drilling operations[J]. International
Journal of Machine Tools and Manufacture,
2018, 129: 37-47.

[2] TIANYL, LIUY P, WANG F J, et
al. Modeling and analyses of helical milling
process[J]. The International Journal of
Advanced Manufacturing Technology, 2017,
90(1): 1003-1022.

[3] LIUCY, WANG G, DARGUSCH M
S. Mechanics and dynamics of helical milling

100 — Py il {E

—F

80

60

ZIEIPIAN

40

20

0.002 0.004 0.006 0.008 0.010
/s
(b) JAm Jixt

E 6 YIHIATNESNEEAITE
Fig.6 Comparison of predicted and measured cutting forces

20234E 55665 55 141] « Bt RERAR 57



- .
—— Ix oru

operations[J]. Strojniski Vestnik—Journal of
Mechanical Engineering, 2014, 60(11): 716-
724.

[4] LIUCY, WANG G, DARGUSCH
M S. Modelling, simulation and experimental
investigation of cutting forces during helical
milling operations[J]. The International Journal
of Advanced Manufacturing Technology, 2012,
63(9): 839-850.

[5] REY P A, LEDREF J, SENATORE
J, et al. Modelling of cutting forces in orbital
drilling of titanium alloy Ti-6AI-4V[J].
International Journal of Machine Tools and
Manufacture, 2016, 106: 75-88.

[6] LI Z L, DINGY, ZHU L M.
Accurate cutting force prediction of helical
milling operations considering the cutter runout
effect[J]. The International Journal of Advanced
Manufacturing Technology, 2017, 92(9): 4133-
4144,

[7] SHANG S, QIN X D, LI J H, et al.
Modelling of cutting forces and researching
calibration method in helical milling[J].
The International Journal of Advanced
Manufacturing Technology, 2018, 94(5): 2949-
2960.

[8] SHI M R, QIN X D, LI H, et al.

Cutting force and chatter stability analysis
for PKM-based helical milling operation[J].
The International Journal of Advanced
Manufacturing Technology, 2020, 111(11):
3207-3224.

[91 ZHOUL,DONGHY, KE YL, etal.
Modeling of non-linear cutting forces for dry
orbital drilling process based on undeformed
chip geometry[J]. The International Journal of
Advanced Manufacturing Technology, 2018,
94(1): 203-216.

[10] WANG H Y, TAO K X. Study on
material removal and cutting analysis in ball
helical milling process[J]. Proceedings of the
Institution of Mechanical Engineers, Part C:
Journal of Mechanical Engineering Science,
2022, 236(24): 11493-11504.

[11] Eifgsts, JRRkIR], aCE, 45 T
FHAVIHIIEE 1 ER G 4 RS AL DT HI A
[3]. " ENIM T | 2023, 34(2): 142-147.

WANG Haiyan, ZHOU Zhitong, WU Ye,
et al. Modeling of cutting force in helical milling
of titanium alloys based on oblique cutting
theory[J]. China Mechanical Engineering, 2023,
34(2): 142-147.

[12] XIss . B TSR JTRaI) )
THHRAEAY [3]. INZR Tl K244, 2001, 31(3):

201-208.

LIU Zhangiang. A prediction model
for cutting force based on equivalent cutting
edge[J]. Journal of Shandong University of
Technology, 2001, 31(3): 201-208.

[13] UWTLRS . 4 s U0 EI e R L
R M. 20 AP R A L | 2008,

SHI Hanmin. Metal cutting theory
and practice a new perspective[M]. Wuhan:
Huazhong University of Science and Technology
Press, 2003.

[14] ZHOU L, DONG H Y, KE Y L, et
al. Analysis of the chip-splitting performance
of a dedicated cutting tool in dry orbital
drilling process[J]. The International Journal of
Advanced Manufacturing Technology, 2017,
90(5): 1809-1823.

[15] ALTINTAS Y. Manufacturing
automation: metal cutting mechanics, machine
tool vibrations, and CNC design[M]. New York:
Cambridge University Press, 2000.

[16] WANG H Y, QIN X D. A
mechanistic model for cutting force in helical
milling of carbon fiber-reinforced polymers[J].
The International Journal of Advanced
Manufacturing Technology, 2016, 82(9): 1485-
1494,

Research on Mechanistic Model of Cutting Force in Helical Milling of
Titanium Alloy Based on Equivalent Cutting Edge Vector Method

ZHOU Lan', AN Guosheng*, L1 Guanggi*, ZHU Zongxiao', FENG Zhaohe’

(1. Lanzhou University of Technology, Lanzhou 730050, China;
2. Hangzhou Steam Turbine Company Limited, Hangzhou 310022, China)

[ABSTRACT] The mechanistic model of cutting force for the dedicated cutter was established by using the method
of the equivalent cutting edge vector, in order to accurately predict the changing law of the instantaneous cutting forces
generated by the complex multi-tooth dedicated cutter during helical milling. Firstly, the kinematic characteristics of
helical milling was analyzed, and the mathematic description of the motion path of any cutting position was achieved.
Then the undeformed chips and machining surfaces generated at stable cutting stage were simulated. Thirdly, the length of
the equivalent cutting edge, the depth of cut and the width of cut for its corresponding undeformed chip were calculated.
Simultaneously, the peripheral cutting edge was analyzed and the whole simulated cutting force model was created. Finally,
the simulation value of cutting force was solved through identification experiment of cutting force coefficient. The results
show that the values above can accurately predict the instantaneous cutting force change law of the dedicated cutter, and the
equivalent edge vector method is an effective way to realize the cutting force modeling of helical milling process.
Keywords: Equivalent cutting edge; Helical milling; Cutting force; Titanium alloy; Mechanistic model
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Subsurface Damage in High-Speed Grinding of
Difficult-to-Machine Materials

GUO Sai, JIANG Qinghong, LIU Hao, LU Shouxiang, ZHANG Bi
(Southern University of Science and Technology, Shenzhen 518055, China)

[ABSTRACT] The key components applied in the aerial and aerospace fields are often made of high-performance
materials that are always difficult to machine, which has become a bottle-neck problem hindering the development of
related industries due to the lack of high-efficiency and high-quality machining methods for these materials. In this paper,
high-speed grinding (HSG) is proposed to solve the problems with conventional machining of titanium alloys, nickel-based
superalloys, reaction-bonded silicon carbide (RB-SiC), and aluminum silicon carbide metal matrix composite (SiC/Al).
The surface integrity of different materials after grinding at various conditions are characterized, analyzed, and discussed.
The results show that HSG can increase the workpiece surface strain gradient and temperature gradient, reduce the depth of
subsurface damage, as well as improve grindability and grinding efficiency for difficult-to-machine metals, ceramics, and
composites. The exploratory research in this paper provides a feasible technical route for high-efficiency and high-quality
machining of difficult-to-machine materials for broad application prospects in aerial and aerospace fields.
Keywords: High-speed grinding; Titanium alloy; Nickel-based superalloy; Reaction-bonded silicon carbide (RB-SiC);
SiC,/Al; Subsurface damage
(Dt & R)
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Prediction Model of Inner Wall Morphology in Ultrasonic Longitudinal
Vibration Assisted Helical Milling

XU Jie', FENG Pingfa™?, YAN Jianhui*, ZHANG Jianfu’, XU Chao"®, MA Yuan"*, FENG Feng'
(1. Shenzhen International Graduate School, Tsinghua University, Shenzhen 518055, China;
2. Department of Mechanical Engineering, Tsinghua University, Beijing 100084, China;
3. Shenzhen Tsingding Technology Co., Ltd., Shenzhen 518133, China)

[ABSTRACT]

Ultrasonic longitudinal vibration assisted helical milling (ULVAHM) can significantly improve the

machining quality. However, the complex kinematics can result in a more complex morphology of the surface machined
by ULVAHM than that by a conventional helical milling. To predict the morphology and summarize the rules of the
machined surface generated by ULVAHM, a morphology prediction model and its visualization method were proposed in
this study, and a verification experiment was conducted to compare the three typical microscopic characteristics, namely,
wave texture, sharp-like peak and segmented layer. A favorable agreement between experimental and simulation results
was demonstrated. Afterwards, the effects of amplitude, rotational speed, revolution feed and tangential feed on the surface
morphology were evaluated by using the model. The investigation results show that the amplitude in ultrasonic vibration
leads to the formation of wavy patterns on sidewalls. As the spindle speed increases, the wavy pattern weave becomes
sparser. Meanwhile, the height of oblique crest band, the spacing of split layers, and the height of shaped projection are
determined by the circumferential feed per tooth, axial feed per tooth, and feed speed, respectively.

Keywords: Titanium alloy; Helical milling; Kinematic analysis; Surface morphology; Ultrasonic vibration assisted machining
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Research Progress and Application Status on Machining Technology of

Aramid Honeycomb Core

ZHOU Jin, YUAN Xinman, CHEN Jie, HU Zhigin, ZHANG Ye, CHEN Baolin, LUO Pan, HOU Junsen
(AVIC Chengdu Aircraft Industrial (Group) Co., Ltd., Chengdu 610091, China)

[ABSTRACT] Aramid honeycomb core was a kind of lightweight material with excellent properties such as high axial
specific strength, high axial specific stiffness, and strong axial compressive strength, which has been widely used in many
advanced aircraft, satellites, and automobiles, especially as an important lightweight structural component, widely used in
aircraft flaps, doors, floors, and other parts. After the material was formed, machining was an essential process to obtain
high-precision contour dimensions and assembly features. However, the characteristics of soft, brittle, discontinuous and
thin-walled cause poor machinability. In order to solve the extremely challenging machining problems, domestic and
foreign research teams have carried out extensive and in-depth exploration to achieve high-quality and high-efficient
machining of aramid honeycomb core. The analysis and overview of the machining mechanism of aramid honeycomb
core has been summarized, the fixing methods, machining tools, machining equipment and machining processes of aramid
honeycomb core have been systematically summarized, the application in the machining of typical structural components
has been introduced, and the future development direction has been prospected.

Keywords: Honeycomb core; Aramid; Structure components; Machining; Ultrasonic cutting; low-damage
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Research on High-Effect and Precise Machining Technology of

Bypass Duct Split Casing

ZHANG Shigui*, ZHANG Shengwei‘, CHEN Pengfei', WANG Can', WANG Yuhang’,

WANG Guoming’, SUN Jianfei*®

(1. AECC Chengdu Engine Co., Ltd., Chengdu 610503, China;
2. School of Mechanical Engineering and Automation, BUAA, Beijing 100191, China;
3. Jingdezhen Research Institute of Beihang University, Jingdezhen 333032, China)

[ABSTRACT] The machining quality of the casing is very important to the manufacturing and performance of the aero-
engine. Due to the split structure, the machining process of the split casing is complicated and the machining quality is difficult
to control. In this work, the two optimization indexes of high-precision and high-efficiency are taken as the focus to study the
processing flow of the bypass duct split casing. Combined with the material characteristics and structural characteristics, the
processing difficulties of the titanium alloy split casing are summarized and analyzed. The process scheme is designed for the
key processing difficulties, including the selection of high-precision processing equipment, the selection of tooling fixtures in
each process, the selection of tools and the setting of process parameters. On this basis, the milling process of the casing outer
surface with complex features is focused on, and the processing area is divided to complete the determination of different
milling methods and CNC tool paths. Finally, the cutting process was simulated and a complete and detailed machining process
was obtained. Through the actual parts processing verification, the optimized process has improved the processing accuracy
and processing efficiency. In this work, the research is carried out from the aspects of process route and cutting parameters,
which effectively reduces the machining deformation of the parts, obtains the precise and efficient machining method of the
bypass duct split casing processing, and provides some experience for the processing of large annular thin-walled parts.

Keywords: Titanium alloy; Fixture; Tool; Bypass duct split casing; NC machining (Digm 1)
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Adaptive Positioning Method for Ball Head Based on Sliding Mode Control

ZHANG Zhonggqing', LI Shuanggao®, LIU Yang®
(1. Beijing Power Machinery Research Institute, Beijing 100074, China;
2. Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China)

[ABSTRACT] The accurate placement of the ball head fixed to the aircraft structure into the ball socket at the end
of numerical control locator is a prerequisite for attitude adjustment and docking of the aircraft structure. Aiming at the
problem of locating large components accurately, a sliding mode control based ball adaptive positioning method was
proposed. Firstly, perform amplitude limiting and FIR filtering on the output of the three-dimensional force sensor, and
perform zero crossing linear regression on its calibration curve to improve the measurement accuracy of the force sensor;
Secondly, a force guided locator driving model is constructed, and a force controller is designed based on sliding mode
theory, of which design rationality is verified based on Lyapunov stability criteria; Then, a ball head dimming model based
on sliding mode control is built in Simulink environment, and the simulation results show that the designed force feedback
control system has no vibration and fast response speed; Finally, a simulation part of the fuselage is tested to verify that the
test results meet the designed requirement of ball head low stress placement, which verifies the effectiveness of the method.

Keywords: Aircraft assembly; Ball head positioning; Sliding mode control; FIR filter; Force feedback
Bt £ %)
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Fig.8 Flowchart of fixture layout optimization method using genetic algorithm
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A Review of Fixture Layout Optimization Method for Weakly-Rigid

Thin-Walled Workpieces

WANG Zhanghao, LI Dongsheng, ZHAI Yunong

(Beihang University, Beijing 100191, China)

[ABSTRACT] Due to the characteristics of light weight and high strength, weakly-rigid thin-walled workpieces are
widely used in aerospace, automobile and other industrial fields, but they also have the disadvantages of small thickness,
low rigidity and easily deformation during the manufacturing process. The fixture layout design is a very important factor
to reduce the deformation and ensure the quality of thin-walled workpieces. Traditional fixture layout design of thin-
walled workpieces depends on the intuitive judgment and experience accumulation of engineers, which is slow, high cost
and large randomness of design. With the continuous improvement of computer technology, many scholars applied finite
element simulation, mathematical programming method, intelligent optimization algorithm, surrogate model and so on to
optimize the layout of thin-walled workpieces fixture components, and have obtained a lot of research results. According
to the modeling method of objective function and the optimization algorithm, the related researches are systematically
classified and discussed, and the merit and demerit of each modeling method and optimization algorithm are analyzed in
detail. Finally, the related researches on the fixture layout optimization method of weakly-rigid thin-walled workpieces are
summarized, and the corresponding research advice are put forward.

Keywords: Weakly-rigid thin-walled workpieces; Fixture layout optimization; Finite element method; Surrogate model;

Optimization algorithm
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Table 2 Validation results of detection models
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YOLOvV5s 27.64 — — 11.61
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YOLO-Siamese ( ConvDiff ) 38.10 99.3 86.2 19.37
YOLO-Siamese ( ConvDiff + SE ) 38.27 99.3 89.6 20.45
YOLO-Siamese ( ConvDiff + SE + 1827 993 396 16.13
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Research on Robust Visual Localization Algorithm for Aero-Engine

Oil Sealing Pipe Fitting

CUI Junjia', LIU Xiao", LAl Ming', WANG Shaoluo®, JIANG Hao', LI Guangyao’
(1. State Key Laboratory of Advanced Design and Manufacturing for \ehicle Body, Hunan University, Changsha 410082, China;
2. Shenzhen Automotive Research Institute (Shenzhen Research Institute of National Engineering Laboratory for Electric
Vehicles), Beijing Institute of Technology, Shenzhen 518118, China)

[ABSTRACT] The wide variety of components and high degree of customization used in the aerospace industry make
it difficult to develop positioning fixtures. Visual localization technology is a key part of intelligent manufacturing, which
is based on machine vision to determine the position of the workpiece. It does not require a positioning fixture, and can
be widely used in a wide variety of work conditions. However, the generality of common visual localization algorithms
is not very high. Algorithms are usually only used to detect specific objects. In this paper, a novel visual localization
algorithm based on YOLOV5s object detection network and Siamese network (YOLO-Siamese change detection network)
was proposed. The network introduced the ConvDiff (Convolutional Difference) module to improve the effect of the
feature extraction in the change detection network, and a semi-supervised learning method was used to train the model.
Experiments show that without using the target artifact dataset, the algorithm reached 99.3% of the AP@0.5, 89.6%
AP@0.5:0.95 on the validation set, and the single frame inference time was 16.13 ms. Without requiring target artifact data,
the proposed algorithm achieved high localization accuracy and fast operation speed, thus improving the robustness and
versatility of visual localization algorithms.

Keywords: Change detection network; Visual localization; Machine vision; YOLO; Siamese; Twin network
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Milling Cutter Wear Detection Method Based on Machine Vision

PENG Ruitao*?, DING Long', ZHAO Linfeng', CHEN Meiliang’,

GAO Jiangxiong®, LIU Jiachen'

(1. Xiangtan University, Xiangtan 411105, China;
2. Engineering Research Center of Complex Track Processing Technology & Equipment,
Ministry of Education, Xiangtan 411105, China;
3. Zhuzhou Huarui Precision Tools Company Limited, Zhuzhou 412000, China)

[ABSTRACT] To solve the problem of uncertain position of camera and rotary milling cutter blade and improve the
timeliness of image processing, a milling cutter wear detection method based on machine vision is proposed. According to
the structure similarity index, the image quality of the tool was judged, and the image acquisition interval angle coefficient
was introduced, and the image acquisition interval angle and spindle speed were determined. Features from accelerated
segment test (FAST) algorithm was used to achieve fast and accurate adaptive cutting of tool wear area. Based on FAST
feature points, an adaptive threshold segmentation method was proposed to effectively extract the edge of the wear region.
Hough transform and minimum external rectangle method were used to correct the inclination angle of the main cutting
edge, and then the average width of the wear zone B was extracted. Finally, the milling test was carried out. In 16 groups of
tests, the maximum, minimum and average errors between the calculated value and the real value were 4.76%, 0.91% and
3.63% respectively. The experimental results show that the proposed method can obtain high-quality images of all milling
cutter wear regions when the spindle is rotating, and then extract wear parameters efficiently and accurately.
Keyword: Machine vision; Tool wear; Automation; Structural similarity; Adaptive threshold segmentation
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