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Abstract

Research on On-Machine Measurement System
for Machine Tools Using Acoustic Emission Technique

By
Toshihiko KOGA

Abstract

In the Fifth Science and Technology Basic Plan Society 5.0 and the Japan
Revitalization Strategy 2016, the fourth industrial revolution utilizing 10T, big data,
artificial intelligence and robots, and sensing technology is considered a key to a future
productivity revolution. Inthe manufacturing industry , realizing smart factories utilizing
loT and Al is becoming increasingly important, and intelligent machine tools are
indispensable; in addition to the functions of current NC machine tools, these intelligent
tools allow capturing information on cutting state for making autonomous decisions.
Quality is maintained through a stable machining process. For realizing intelligent
machine tools, sensing technology for machining processes is necessary to take advantage
of 1oT and Al technologies. Sensing technology for machine tools is used in the
preprocess measurement of the cutting edge position of high-precision tools and the in-
process measurement to monitor cutting quality. It is difficult to create a database for this
purpose, as both of these measurements call for the expertise of experienced personnel;
thus, this is a problem that needs to be studied.

Previous studies explored various measurement technologies for measuring the cutting
edge position of machine tools and for monitoring cutting quality in machine tools.
Although high-precision machine tools have been developed for allowing the
measurement of the cutting edge position, measurements have not been performed in an
actual machining environment, involving thermal deformation in machine tools. Actual
measurements involve size measurements of the product after machining the workpiece

and estimating the difference with the target value as the correction value for the machine
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tool. Skilled personnel, who make use of their experience to estimate the correction value,
can realize high precision machining. Thus, such measurements are highly dependent on
the expertise of the personnel. For monitoring the cutting state, the cutting power,
vibration, and machining heat are sensed; although favorable results have been obtained
in monitoring tool wear, there are very few instances of putting these techniques into
practice for problems concerning equipment and machine installation.

In this study, an acoustic emission (AE) technique that has been found effective for
detecting damage and breakage in machine tools during the cutting process was used for
sensing the cutting edge position of the tool and the cutting state. When measuring the
cutting edge position, contact was detected using an AE signal that was generated when
the cutting tool came in contact with the workpiece. The detection range of contact
between the tool and workpiece using the AE technique was studied at a machining center,
which was equipped with an ultra-precision lathe with diamond tools having the high-
precision characteristics required for ultra-precision machining and which was also
equipped with the end mill tools suitable for interrupted cutting. For monitoring the
cutting state, AE signals, which were detected with changing cutting conditions, were
studied for ultra-precision turning. Moreover, at the machining center, the AE signals
generated by friction and wear process were detected and analyzed to study the
relationship between cutting state and AE signals by end mill tools. A measurement
system was implemented enabling these two measurements. The system evaluation and
verification results were summarized based on measurements of cutting edge position in

actual machining.
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Fig. 1.1 Intelligent machine tools concept.
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Table 1.1 Sensing technique to measure the measuring object.

Measuring object Sensing technique
Cutting power Piezoelectric element
Cutting load Strain gage

Servomotor current detection
Torque detection
Disturbance observer system
Contact electric resistance

Cutting heat Thermocouple
Vibration Acceleration sensor
Sound Laser displacement meter
Acoustic emission Microphone

AE sensor
Image / State observation CCD camera

ITV camera

Infrared camera
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Fig. 1.3 Schematic of various AE sources from a cutting process.
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AE signals measurement start

/\
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AE signal detection
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Cutting edge position coordinate measurement
Correction value calculation

!

Tool edge position
measurement complete

Fig. 1.4 Flowchart of on-measurement system of machine tools using AE technique.
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(b) BIHRREDEHL
Fig. 1.5 Schematic of cutting edge position measurement

and cutting process monitoring.
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TT77u—FHEZLY, 0L FRRMmOBRE LT TREOEMAZ MR L T
WD 10 < P CR A I 2 IR E R OBIR SN L 72 . R
EBCIE Eib L2 FIECT EEZWHIMICT 7 e —F &+, AE Hifii 2 kil
BRAOAEZfER L=, £72, K25 (b) O X5 ITHEHAIB OH L0 5 AMANZ A H
S THEERIZT 7'r—F %247\, GIHIEE AR OIS IV T b HEfilig Fnls >
WTRRRT L7z,

REBRIZBIT DMLEMEZR 2117 T. UHAZERS % 10, 20, 50, 100, 200
nm, 2um &ZEH L, SEE O T EIEINE N D~ &, Hl BAEA~ &N
TF 220 & Lz, UIHIME, TEOTHEID I A MEHE L7z, #2HIM ol
HLDERIE, TEORMITE I OREL 23720, ¢20mmEEEO R EHIT7-.
FBRIT 5 MIRREATVY, ZALE R CHAI O AE E S DA AT~
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4 2,

>'

z

Diamond cutting tool

(a) Cutting from the outer circumference

toward the center.

_~_Depth of cut
bl
%

Workpiece

%

Depth of cut

Diamond
cutting tool

(b) Cutting from the center
toward the outer circumference.

Fig. 2.5 Contact method to measure cutting tool edge position.

Table 2.1 Experimental conditions for contact detection.

A single crystal diamond cutting tool,

Tool Rake angle 0 °, Clearance angle 7 °,
Corner radius , 0.5 mm
Workpiece ¢ 12.7mm Pure aluminum (A1070)

Oxygen-free copper (C1020)

Cutting speed V

60 m/min (The outer circumference)
(Spindle speed constant 1500 min™)

Feed speed f

3.3 um/rev (5 mm/min)

Cutting direction

Facing
(from the outer circumference toward the center,
from the center toward the outer circumference)

Depth of cut a

10, 20, 50, 100, 200 nm, 2 pm

AE sensor
attachment
position

Tool side

Sampling
frequency

2 MHz

AE amplification
factor

70 dB

AE high-pass
filter

100 kHz
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FHAISREE, W A AT 572 100 KHz D NA 78R 7 ¢ L Z LR L,
AE 55 (AE JRIE & AE EEEEERY) Zitekat (B 70 o 7 a2
MHz) (ZHCY JATHERLIZ 72 > TV D . HIRERITHAFIFE 70dB & L7z, FHHISRAE
1%, AT DR S HER D T2 01T, FedkitD b U HEEIL /) A X L~L O KA
DFmV 5D 300 mV IZERE LT,

2.2.3 AE{EEOFHEI/NT A —4

AE B 5 DOFHIiNT A =2 & LT, =N SN T A =2 %X 261
Y. M261%, (@) AEFIEE, (b) =o_Xe—7EElER LN (¢) 4
MEF OB TH 5. X126 (a) 1%, WHEEKEZ AEEUVICEY AERR
ELCEHI SN AERIEETH S.

\oltage
® = =
1 AEfE &
AE signal
amplitude
Pitude | | el H‘U‘I\ W FR— iH} \‘\
Time
(a) AE signal waveform.
\oltage
Ny N
VSIS
P STV
) | AE one count Time
(b) Envelope signal waveform.
\oltage
I |
Time

(c) Event signal.

Fig. 2.6  Outline of various AE signals.
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EBRCTHRIHESNTZEFERIT, OBNER /A XTHY, @Q03EIEIIN Tt
SNIAEH LD, T D AE T2 R L CalfSiimk Lzikm s (b)
DE_Xa—FEFEE5EF LD, ZORBIZLEWVEEZREL, Vi (N1 LL
LEWHE) 282, VL (Rm—L~LLEWHE) UTFICHETL2ETE LAk
LT, FHlSNZIEDR () DAY MEBRETHS.

ABFFRIZEBNTER AE G/ N7 A—& & LT, AEREE, —r~Xa—71F
BB LA X MEEREEEZHW=. £7-, AE FEE HETEIENS AE
FEIE, AE FE, RE LT LEWVEEZBA TR ER - AEFHEL, SiE T —
U= figfr (LLF, FFT b & Frd) 8L OERR 7 — U =fighr (LT, STFT fi#
r&E®md) 2V, 2o _Xe—FEEREN6IE, va—_2A7 0 (HEEE
He¥r - 0.32Hz) % L7 AE ERMEEERE, 1~ MR E W

23 REBERBIUER

2.3.1 AR DS G EEE

#2.21%, MLHMOBE NI L TEPYHIBICHEMM L, ELZ MY T
LD 3I00mMV AL EICHRIBENT AEGEOAEL R LEZLOTHD. &
2.2 1%, #HIFF2Y A1070 & C1020 DFER AR LTIV, Ml L bIZHE URER L 7
o7, EBRT, FUUBARES TS5 RIFEEIT>TEY, OIFFERTXTUITENT
AEEHEMRIHTEIZ L 27, OIFREBEIZIEO2ERH o722 & &7

REBREMITIBNT, AEHINIZ LY, #EHIBT A1070, C1020 DIGE, 1A
RE 10 nm TLEEHHIM OBz mm Tz, L L2R5, UHAARES 10

CBILTIE, BIEEICES S&RAa L. ik, EBRTHEM L TE
B D e/ Ny fRFEIZ 8.6nm TH Y, 74 —A 7T T7—23+15nm TH - 7=
728, BRONEROBEIZLDbOTEEEZXLBND.

22 X0, BHEHIMOF L (p2mm) 2> BAMNE T RIS TN L 21T > 7= #fih
BN FEBRIZBWN T, UHALES 23200 nm LV /hEW & X%, YIEIFIHIC AEE
BERMRTHZENTERPoTZ. LLAEND, COUARESTY, bt
EHAToa~6mm it T, AEESAfERT D2 LN TE . RERIT, +
Hh RS — EHE A EA L TR Y, O UEEEEIL ¢ 2mm 22 b EHT 5
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& 10 mimin FLE L/ NS D FOOFLE T L72E SRIED L1
N, RELIZ R LK /NS WEDICHERTE 2ol Wz b, — %W
IZHXAYEY FLEIZE AL T, UIHEHEZRSRET S Z &1E20WD T,
PO OIMU~DINTHEC BN THRETE RS THRERVWEVWZ DS, T
IZXY, AE EEORBIIITUIHERERBERT S L E 2 b5, UIHEE L AE
B 5 DOBIRIZ OV TIE, 331HTIRRS.

LR TC, A4 VEy NLEO—EAROIALEEIZIV T, AE Hifia A
TR A OIS ELPH I, /N T10nm TH D Z E R TE -, £, Bfiko
B2 RS AUT Z sl 00 K e E AR A T & D 7 O FEAR SR DR E D A
ETh 5.

Table 2.2  Applicable range of contact detection based on cutting direction.

(A 1070, C 1020)

Depth of cut, nm
Facing 10 20 50 100 200 | 2 um

From the outer

circumference O © © © © ©

toward the center

From the center
toward the outer X X X X X @
circumference

©: All detectable, O: Variations in detection, x: Not detectable
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2.3.2 UIHI®DHAD AE B85 & HMAIM DT IHERE

X 2.7 1%, # 21 O LHASGMERBICE T 2EREMICHBNT, AEEE%
BRI TE72L &0 AEFREE THS. K27 (a), (b) iFZ£4 AL070 & C1020
DENAAZRS 10 nm THNE D> B HLLIZ D> Tiam N T L7z & 1T L72Y)
HIFIH O AE I 24, X 2.7 (@), (b) &HIZ, 10msiifEnddh o —ED
TR LGNS AEEETHDH. AERBEOEMIL, RICHK
HL7ZEENHH 40ms THo7o. AREBROEHLEA X 1500 mint THEEIA 23 1
592 OICET /23 40ms TH Y, Sz AEEHFOEB L FRL TH
S, ZOLE, HHIM ORATITRRZEIINE OIRNKEE T 10 yum Tholz. =
D END, ZOFEIIPHIM OB IR XY, BEHIE OFME R & YIHI#,
PEHIR 20 SEEN T 1 [BlEE U720 BIC £ 72 8IHI 2 W UIEIRFOE 5 L W2 5.

I T, WHIMOENEEDEWIZLS AE FEOEIZONTHAT. X
28 1TUNHAZIEE 2 pm (2B DUmEM LD AE FEE TH 5. X 2.81%, K27
DFEFE LV b, AEESOESHRM (08s) Z#R<FHAILE. 28 (a) 13w
2L, OFVHHEIM OANENIIRENN 2V E & D AE JFIKIET, (b) 134 EOFEN
ZHR10pm 5272 XD AEFREETHS. 2oL o1, K28 (a) OAFEOHR
NN E X, 1RO EITH % 40ms DJFEHN O T, HFHR2EIE T
Hot-. X128 (b) 1E, K27 LRERICHHHRRIEE L /eo7-. X 2.8 O AE Ji
LY, A (102s) TUIHFHOESZHE L THY, ABH (K 0.2~
0.7s) TiX, AEEFIRIEICHEMNNAA LN, KB (0.7s) LENDIZE—ED
IR 72 > TWhe.

4 2.9 1%, Lo TEALEOEMIME S OZEMICONWTRLEKTH D, K
2.91%, TEANENEEIMOIE (Ko EF) ol (o TFH) ~ILLT
WHERTZ R LTS, X290 AB MIZEBWT, & A TIX LERNESHHEIF I
el U7 BRI S 03 e & 7R 0, ERLIBE O AL B IZERT S £ T,
PERIE S 3 MR 2 ICHIN L, A BLUKIE—EL 7S, K29 D AB XX 2.8 (2
AT ABRIZHEY T 5. 2.9 O AB HIOHHEL, UHAALES 2um, =2 —F 4%
05 MM MBEMTHE 45 um 725, X129 O ABM (45 um) O TREREIE,
1 [FlHAYS 720 OFEH 40 ms, 25V B 3.3 um/rev MHHEITH L, 055 &7
L. ZOMTEEMIE, X280 AB MO ER%ETH 7=, X128, K29 X
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Amplitude, V

Amplitude, V

0O 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

Time, ms

(a) A1070
L2 b F § & 0 & 3 :
S A
_Noéseg IR N N |
-1
-1.5

0O 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Time, ms

(b) C1020
Fig. 2.7 AE signal waveform at the initial stage of cutting in facing
(Outer circumferential radial runout accuracy 10 pm, a = 10 nm,
N = 1500 min %, f=3.3 um/ rev,

from the outer circumference towards the center).
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v, KA EBEEIM OBEABLME S 3N 5 & AEE BIRIE L HEMNT 5 Z &b hn
ST,

LoT, ZNHDAEEEDL AEFHINZ LY A4 ey FTLRIZXE MM
BIAAZ BRI TE, BHIM OBAHTBEEOARA KW CE 5 2 L¥bholz, S
512 AE #iirix, THONAOHEMINE S OZE R TE 50T, GIHMREED
EALO MRS D Z E RN o T,

o
o0
A >
o

Noise !
| ] "

Amplitude, V
o o
A O b

02 03 04 05 06 07 08
Time, s

o

oo
o
o |
[EEN

(a) Workpiece with no eccentricity.

Amplitude, V

(b) Workpiece with eccentricity (Total runout: approx. 10 um).

Fig. 2.8 AE signal waveforms during facing operation with a workpiece setup error
(A1070, a =2 pum, N= 1500 min?t, f=3.3 pm/rev,

from the outer circumference towards the center).
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Cutting tool

B

Cutting depth 2 um

Workpiece

Y

Tool edge

Z
Diamond Corner radius 0.5mm)

cutting tool

Facing}

Feed per revolution
(3.3pm/rev)

Change
in contact
arc length

Contact arc length

Fig. 2.9 Changes in contact area between tool cutting edge and workpiece

during cutting operation.
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il

24 %

RETIL, BREEREINLICBWT, kRN L Z 89 2 72912 AE Bl
VT, TE & EIR OBl aNC & 2 WIS HEPH OB, BEIR o B R
DRI L OUIHIRIINC I 2 DIHMRIE DRI A 1T o 72, KRB TH LIV R
U TOLBY THS.

(1) AE 2 XV, UHALRIES 10 nm TH A Y R E & WREIM ok %
BECET. £, ¥4 YEY RLEO— AR UIHEEICBWNT, AEH
i 2 7o A i OIS FEPEIE, /T 10 nm Th D Z L A RER L7z,
ZHUT XD, AE HAITIE, EMNTREE COMREANARETH D, TAEHE
DEEW 25 VT LERNTSEDORBICAN THDL EWZ 5.

(2) BIHIFIEI D AE U OEEIE T, Wistle iz OB G, BREIM O BT
REDAEAHEITX 5.

(3) #A YvEy FLEICXDUENTIWTIE, TH AL wEIM oBlRE <
DIINT 5 & AEfFHIRIE HHINT 5.
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FEBRETE, NEMEFHZATREE L. 6 2 BOERICBW Ciim T H
B0 TR TRICKE 720, NEITER L0 &0 L B L KIE5
ZERbol. BEEEAIN L CREIS 28T, L—FEXI T T TR
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ERUIHIREBA RN T 2 2 EPFICERETLEE WA D, 22 TEXDHARLERY)
HILREE & 1%, RE LT-UIHMRREER CTh o TH, M8 bn3 i = v il L7z £z
HREZ R TREOZ L2,

AR TIIM/ N2 NAR T HEEf 2 RN TE 72 AE Hifff 2RI U7- EBiEE I
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3.2 EEBRAE
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FRIEE L RO LOTHY, UHMREBOEHEHA S LTHEM L. AEEZ Y1
X 2.3 (2R3 HER (GHEF IS 1MHz) O b O A& L7z, Stk 281,
T H EBHEIM OFISHEEEOFHAITH 5720, ME I ToAHE Lz, YIHNRED
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SN TAIZBS LTI, YIRS & AE (S B OBIMR A M3 272012, [RlfSEE
—EHIENC X VAR S FLZ S TN L. Z OO AE 5281221,
BIHPRRE DEEAR AT o 72, AMEINTACREE LTI, #EHIR OB T4 U A ROd
AT PR T2 DICANE L EN 2 < 72D E TN, EBREIT -7, GIHIH
BE, R0, UNARRS OUIHIGE AT L, MR LRHICZE L 7= UIHIRE
D& & D AEEH LUHIEMED /T A —4 OBHRIZOWTHRET LT-.

UIHE#EREE L, 30, 60, 120 m/min, YHAARSIL, 0.1 75 10.0 pm, 59 HEIL,
25, 5, 10, 20 um/rev & L7=. GIHIF O GIHIMILATEIO I8 & [T I X M
L7z, K282k T, THA L HHIM ol S D2LH AE (G5 & Bk
BT ZENDNSTZDT, A YEY RLEOa—F &0 E 2 =D ERFE
B 0.5 mm L7202 mm oL OEHE L. UIAREINFE LT a—F
EROEWICEY, TEUNHAEHIM ORMIIE S8R5 2 LICHEH L.

AE E5DFHliNT A—% & LT, AE JFIKIE, AE FHEEEER LY AE &
TRNLFX 2 AV AERTRUXE, AE PEAEWEIM OETFIMCH 5 —E
PEHEN T4 2RI L AR L L. Z O TS5 Z LT, WISk
T D UIHHE ORBEEZ T BRONTWN D, FRTIE, ZNENOFHG/ T 2 —4 L]
HIZE D /8T 2 — 2 DRRIZOWTHRET LTz, GRS, B ses & FkRIC,
100 KHz DA IRAT7 4 NARER LTz, Yo7 7T ENE 2 MHz, SEERITR A
FfFT70dB & L7,

AE signal waveform
Ultra-precision turning machines AE mean value

Y —

& | High-pass filter
=| [ (100 kHz)
Diamond cutting tool AE analysis unit

Preamplifier (40 dB)

Fig. 3.1 Experimental apparatus for monitoring cutting process

during facing and turning.
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Table 3.1 Experimental conditions for cutting state monitoring.

A single crystal diamond cutting tool,

Tool Rake angle 0 °, Clearance angle 7 °,
Corner radius 0.2, 0.5 mm
Workpiece ¢ 12.7mm Pure aluminum (A1070)

Cutting speed V

30, 60, 120 m/min
(The outer circumference)
(Spindle speed constant
750, 1500, 3000 min™)

Feed speed f

3.3 um/rev 2.5, 5, 10, 20 um/rev

Cutting direction

Facing
(from the outside
toward the center)

Turning

Depth of cut a

0.1, 0.2, 0.4, 0.6, 0.8,
1.0, 2.0, 5.0, 10.0 um

AE sensor
attachment
position

Tool side

Sampling
frequency

2 MHz

AE amplification
factor

70 dB

AE high-pass
filter

100 kHz

3.3 ERERLLUEE

331 WEMIICEITSUALEELE AE ES OB

(Bl B — TE BN L DM T Cdh D72, MNTF BIGHTIC & 0 BIEIEE
2%, YIHEREELL, SMENDHLICED S TNTEITY 2 & T/hEL< 7%, K32
A1070 ZAHEHIR DINE D> & FUDAENALIR S 20 nm OINTRFD AE FEHEEEE DK
WaRLlebDTHS. X32 (@) 1%, LEUIHMKIED & & D AE FAEEEDBEIE
T (b) I IREEUHNRRED AE EIEEITEOWHE THDH. AE FEELEORIFIL
TR —FEERE O — AT 4 VANFRLTZ b D TH D, 32 (@) OLH7%
ZECHMRETIE, ZOMOFEBRSAFHBNTY, T, #HEIBIZEER < 8]
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HEREE AR E W E AE FHMEEE S RE <220, BIMEMIZH D Z L3 bbb,
T, UHIEENRE <7ed L, SHIMOEAMEEO®E, 0§, T
EHHIM B X OUI < T OBREE, B10 < F ORI & #5872 & D AE (5505 < M
SNTEPB EZEZBND.

3.2 (@) IZUHBEE DD & & B2 BT AE SEEHEDNEA LT D DLTxt
LG () 1% AME8mm DL Z ATRAREINRALNTZ., ZO X 5 eBEhIun<
DIPOFEERT bR S LTz, 33 1L, SN CREOHEH I ORI DG HE A RT.
33D (a) 1%, M32 (@ D& IHIT AE FEEHEEENLELIHIMRIED & X 1TH%2
SN=REHTHS. K33 () 1L, AE VPEELEOZIRREENRELL b & &
DERMmMTHY, KENTATWE. K 3413, IMLREOY)Y < FHEHORRET-O—1
ERLIZHOTHD. K34 @ 1%, 810 < FITHEHIMIAEE > TWD23, B0 <
INA L= ST D, (b) 1E, 810 < FA3HSEITHER L TR 0 I LHICHE
HENAE0 < FICX W REAESN TS, ZDXH7pL XX 33 (b) OLD
INTENLS TAE D EEZOND. ZOXHITHMEMTIZBNT, ZEIERE
REOD & ZITHIHEREE & AEEHI3 RV B D Z & 3000, AE FHMEEEDZE
B2 X 0 RLZERGIEMRREIZ &5 2 & 2 HINrATRE CTH 5.

250

Outside ==-==============--- > Center

200 -

(b) Unstable cutting state
150 A y‘\\
100 A

(a) Stable cutting state

50

S

14 12 10 8 6 4 2 0
Cutting edge position, mm

70 60 50 40 30 20 10 0
Cutting speed, m/min

AE mean value, mV

Fig. 3.2 Relationship between AE mean values and cutting edge position (cutting speed)

for stable and unstable cutting states (A1070, f= 10 pm/rev).
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(a) Stable cutting state. (b) Unstable cutting state.

Fig. 3.3 Workpiece surfaces during facing operation.

» Chip

Tooltip

Workpiece #

(a) Stable cutting state. (b) Unstable cutting state.

Fig. 3.4 Example of chip discharge during facing operation.
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¥ 3.5 1FAMIN IR T HEHRTHEIG L7- AE FUEE Ch 5. M35 @), ),
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FORELZHEDOTHS. K36 @ , ((b) 1T&bICFE—UHIGRMETHD. X 36
(@) IBEFAIZRIEIET, MLHEICEDALNRNDIZR L,  (b) 12857 E 5
BT, MIREIZZEDOL O R b O MR TE 5. 36 (b) 1%, RNLEUHNMR
REIZZR > CWD Z a7, K36 () @ AE JFIREOZEREHIZME B ABILDJE
HI3K 40 ms TH Y, BHIM A —EHRT HRHICHY 5. £, REIHADILD
BT —FEHADE Y FEIZFY L 10 pm OERIFETA LTz, X 3.7 ITHMEIN LR
T 200 < TRk E27RT. K36 (b) ICALNDLEDLH>ZRbDIE, [K37ITR
FTEOIWCTRIZE Y < FAMEML, izt <9 TR EHHIMORIZA AL
TEREDIN L OIRRETZ L E 2 bivs.

KRIRTH, M 32 DX AE FEELEDOEIC X HUIHMREOMERZ LT
0, AFE A EBIH BN o T2, AE TEELEOWIZIY, EHRIERIFIC 2
—RAT Y NA B UL R L2720, ERNRESERRE TE ozt
WX 5. AEJFIEEZESHT 5 2 L2 kY, Fot ms LR OUIENMRIEOZ L b i
32 2 ENARECH o 7o, BRI LTI, BN RaRmOE TS 2 bED
BREICET 22 L b d D72, AE FIHBEEDIZTZ T T < AE B O
LEELTLNVZD.

AE £l A2 - CUIRIMRRE O R A3 5 72121, ZEIHIRED AE I E D
A A TR IRIED 1 HI EFIC L EWEAREL, TOEEZEA5 K57 AEE
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Fig. 3.5 Changes in AE signal waveform in different cutting speeds

(A1070,a =1 pum, f= 10 um/rev).
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Fig. 3.6 Changes in AE signal waveforms under the similar operating conditions

(A1070, V =60 m/min,a=0.2 um, f =10 um/rev).

Fig. 3.7 Chip state stagnating during processing of turning.
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Fig. 3.8 SEM images of chips acquired for stable cutting during turning operation

(A1070, V = 60 m/min, f = 10 pm/rev).
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Fig. 3.9 Relationship between AE mean values and cutting speed
(A1070, f= 10 pm/rev).
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Fig.3.11  Relationship between AE mean values and feed speed

(A1070, a =2 pm).
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Workpiece

Fig. 3.12 Two-dimensional cutting analysis model.

Table 3.2 Material properties and simulation conditions.

Tensile strength, MPa 110
Yield strength, MPa 105
Maximum number of nodes 24000
Maximum element size, mm 0.01
Minimum element size, mm 0.008
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Fig. 3.13 Distribution of strain rate.
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Fig. 3.14 Schematic of the contact-arc length.
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Fig. 3.15 Relationship between AE total energy and contact-arc length
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Fig. 4.1 Method for separately measuring tool length and coordinate system settings.

A

Relative distance
between tool edge
and workpiece

ﬁ “\ —

Fig. 4.2 Method of measuring the relative distance between the cutting edge of

the tool and the workpiece by a contact measuring apparatus.
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(a) Experiment of contact detection by square end mill.
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Fig. 4.3 Experimental apparatus for AE signal acquisition in machining center .
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4.2.2 AE VYR AIEORETRER

AE BV OESIFALEIX, AE EEOREL ST HRKSEE2EE L9
R CIRET DN 5. IR OEHET, Bt U XA FEE LS E,
FOHEMIKBIZ LD =XV FERR EORBEEZTLH. Lo T, TEFERIE
Wl HEBE AEE S 2RI T 2 Z ENRBEENR . LnLARnL, TAE
6 AE B P CREEEZRET 256, TEBEEEL TWDH72D, i/ A
ADEEEZTRT L, REETHLEEX L. —5T, M OO,
TERBEOBTIC22 Z E0MIF o) < 238 IR T 57 EEML
IR & e B D ERE SN D.

UL EOBLENG, AE & oV OB ALE XX 4.4 12779 & 3 0 BBl (X
AR, S 2 MEm (KFBHE, T—7 N ki (KF CH) OFhEh 3@
FIIC L CHEREIToI. 77— 7N ERICEE I NTo~ ¥ 3 ZATHHI
(S50C : #it 30 mmXH# 30 mMMX/EE 10 mm, < 2 /31 ANEOZ%EH LE 10
mm) ZHEVfHF7=. AE BV oEEE, v 7 %y bRV E E VTR
7z. AEfE%51%, NDIS2110 OH#liEEEZSHEIC, #HIM Ll (G5 20 mm O
frf@E) TR VT A N &IV, ZOBEORERESEZFHIILT-.

Artificial AE r
tificia source AE sensor

Workpiece

Attachment position (mm) X Y Z
Side of workpieice (A) 25 0 10
Side of vice (B) 100 130 50
Upper surface of the table  (C) 200 0 170

2 X,Y and Z are distances from the AE source.

Fig. 4.4 Mounting positions of the AE sensor.
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423 RYVIFIVEFIALBLUR=ILIVFILD
EMBRMRRS RS L URREN

AREERTIE, HEFHS AT MR Z A, v =0 72 228D TA
& BEEIM OB A OIS FIP 2 RS 5. K45 1=y RI VB LR —/L=
Y RIMZ XD EMBRMOT 7 e —F FikEord. — BRI X AR EE
HH L <L, HEMBELFHRIT 225G, ZEGICT e —F 2170, NEE
DOFHAZAT 928, RKEBRTII~ T =0 7 2 ZITET 5 Bl 0 8 i #i P %
HET DO, ATy 7 T —F el A7y 7 - 77 a—F &3,
ZEh Mo LEREZFHT 284, K45 (@) -7 K918, £ FEIs o
LAWE T RI VA Z i mIc AT v 7 (UhAR) L7=#lc, X filim
H LR Y #F M LHHIMICT e —F (GIEIEY) L, #fhsws. P
PRI SR WGEE, 77— FBRIBLEICR Y, AEE 51T & 28l 6 %N
ENHETAT T T T —F5E0IEST LT, A7 v 7 - 77 a—F LK
T). = FINVOEHNOEMPEHIND &, THOKY Z{E1LsE5. A
HAT v THBEzHZ L2k, EHEHAH~S. K45 (b) I£, = NI
DOHNEANOEEfTIETH Y, AT v 7T 7 u—FONHMEEELTITH. K45

(©) X, A== FIVOEMMBRIITIETHY, HERLIZEHIMICc= Y K
NDEFNZEMESE L HELRILLIICAT v 7 - 7 a—F 52475 . B
1%, RIS XK ARICERETE S L oIT L.

REBRICE T HUIEIGME 4% 41 17T, =0 FI AT 28R T
1%, ¢10mm (ZEHLE25mm, NE22mm) & $0.2mm (ZEH L& 12mm, #
£04mm) O 2N RV (B TIAIN fR=2—7 1 7)) ZHW. i,
INTEAE A % v 7 iS5 e Lz, BIEIDG 0L, AN TR X O E A
T(TyTHy b, oy ) OFRENEIT-T-. BREIMIEL, —E9IH
PR il 72 L1 % < WV B 2 BB S R 280 S50C &g R s o 7
Un— R4 NAKSS 2 W7z, BRI E LTRT v 7 - 7 7 e —F Tl
HEAT STz SR FAILIZ DN T, [FERO HIE T LS M OH %2 ZEE L TIT-
7.

610 mm O RIMZEBWT, ENILOUNAAESIIX, FHETRUIAL
WS (a) 2= FIVOEZLFELT 10mm & L, S#FHYLBARES (ad) % 0.1
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Contact distance
Contact distance

Step

N
e

X %

(a) Cutting by end cutting edge. (b) Cutting by peripheral cutting edge.

Machine table

Contact distance '

Approach / Step

Work piece
Z
Y
Iéfx Machine table

(c) Cutting by ball end cutting edge.

Fig. 4.5 Approach method of contact detection (step approach).

~0.4pum (0.1 um [EFE), 1um, 10pm TH LT L7=. FME NI TOUIAAESIL,
JERNMT L NAB T M 2R L, @i mUhAARS (aa) % 10mm, 77 mY)
ABRS (ar) % 0.1~04pm (0.1um fEFE), Tpum, 10um & L7z, ¢0.2mm @
IR RINVOEAEIE, ¢10mm & FIEROFIET, KM TORER L.
v = e H DE/NRERNIL 0.1 pm TH DD, UHAGLEE S 13 TR
DR UNLERDIEEE CTRENELDHT2D, ¢10 mm O=> FI LTI, £
NENOEIHIG TR CHEIM O Em (KAL) F2i3im GMEANIT) o
[l Z [F—RF CHOE LINT. L, SHARIRENLETH LI L. ¢0.2mm
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Table 4.1 Experimental conditions for contact detection using square end mill.

Square end mill

Tool . . .
00 2 blades,Carbide (TiAIN-based coating)
Diameter ¢ 10 mm ¢ 0.2mm
Workpiece S50C NAKS5
P (30 mmx30 mmx10 mm) (85 mmx55 mmx15 mm)
Cutting speed V 150 m/min 12.5 m/min
(Spindle speed N) (4770 min™) (20000 min'™)
Feed speed f 0.05 mm/tooth 0.005 mm/tooth
peed 1z (477 mm/min) (200 mm/min)
Up cut milling,” Down cut milling a,=0.1~0.4 um,
a,=10mm (0.1 pm interval)
Peripheral ar=0.1~0.4 um, 1, 10, 100 pm
) milling (0.1 um interval)
Cutting Depth 1, 10 um End Depth |
DeS)t/rS]tg:‘ncut of a,=0.1~0.4 um, milling gljt { |
P cut (0.1 pm interval) 3,
End -
. 1, 10 pm 3
milling a,
a,=10mm a=10mm
AE sensor_ . Vice Workpiece
attachment position
Sampling frequency 5 MHz
AE amplification factor 60 dB
AE high-pass filter 100 kHz

a, : Radial depth of cut  a, : Axial depth of cut

O/NET L RI VT, SHMREBOHRINHETHH Z 0D, ¢10 mm &L [H
BRIZAT O 2%, B CITEMBRAZHEE T 2020, Imm @ THEIZY 7 R L
TRAT w7 - 77 —FIZLVMLETY, INIRERSOREEIT 7.
R—/Lx s R IVIZERIT DM FEBRTIE, ¢ 6mm, £ 3mm (ZE8H L&
25 mm, HNE 22 mm), 2#FH (B TIAIN Za—7 1> 7)) ZHWE. R—n
TV RIWE, BEXIEOFRAF THEE L. A—bx > RV, — I
—WoTHiE IR Z N L3 2 Z &£ <, BRI K D U AERT RN R 72 5 72 )
BERENET S, R—L o RILTIE, v~ =T 205 —7 )L RIcH
HIA 2 BT 7oA RS 22 EE L, R EAZ (S, 42138 —1 >
Y FINVTRICE DEMBMORRKMNETHDS. A=z FILTHT B
SNVARRICAT v 7« T —F 2T o 7o, LHAEMRRCHA L7t 2 AE
T TR . IILRTOAIRIEL, AFHIERIC L0 L2170, AFEIN T 5 m
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Table 4.2 Experimental conditions for contact detection using ball end mill.

Ball end mill
Tool 2 blades,Carbide (TiAIN-based coating)
Diameter ¢ 6 mm (r3 mm)
_ NAKS55
Workpiece (85 mmx55 mmx15 mm)
Spindle speed N 12000 min™*
Tilt ang-le of 0, 15, 30°
workpiece

Feed speed f,

0.1 mm/tooth

Cutting direction Down Cut
AE sensor. . Workpiece
attachment position
Sampling frequency 1 MHz
AE amplification factor 70 dB
AE high-pass filter 100 kHz

LAR— LT R

JVINL. D J5 [m) 75 1

(2725 KO\ ST, PRI o FKim

ﬂﬁ&iFMTa%umﬁﬁm%@%@mbt.

43 REBERBIUEER

4.3.1 AE tIUYRfTITAEORE
% 4.6 1% AE & Y Z gk

(A) BELUANA A AIE (B)

WZHUS 7= & &

DR )T A MEEO AE FIKTETH S, 101 ms £TH /A A TEDOH, 24

FENTFE L TV DAEZHR
ELTW5.
7 —7 v ki (C)
FIZRET DHERH T,

IZBWT, AEfG 235729
UL 6, HIME=R 70dB T, F-difi[a]dis o R

JEITIZESY AEE 5 CTh 5. 7ok, HEERIL 50dB

2V MR =R 2 70 dB LA

VBRI CITRAT A ) A XD L~ AbETREL RS0

AEE 5 DHBINKNHETHSH. X146 LD
X 78 SN EL A WIS T, AE & U VBT EL

(a) WEHIM OMIE (A) Iz &

IXE L TWA. LI LN D,

AE £ E TREOFHREG LN EZETLLENRHD. T I THRRTIEIE

41, 422" T L9
A AT,

2, AE BV ESFITALEZ ¢ 10 mm O R L TlE~ Y
$02mMm DTy RINLBIONR—/ILT RILTIT AEEE L
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VNS W DBHIMICEEIR D (1T 5 2 L L Lie. 7, (R OiIESRIT SN
EMR T 2EBEAN T RILER—LT Y RINVIZEBWNTENEI 60,
70dB (ZHE LT,

Amplitude, V

0 0.5 | 1.5
Time, ms

(a) Side of the work peice (A).

N = O = N W h W

Amplitude, V

0 0.5 | 1.5
Time, ms

(b) Side of the vice (B).
Fig. 4.6 AE signal waveforms detected during pencil test (amplification factor : 50 dB).
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432 RYTFTIYEIIICEDEMMERIDERGEER

B 471%, ¢10mm D= R I LR ORI 7 M ELIAZ R S a,=0.1, 0.4, 10.0

23T DIEFM LRI O AE R 2R3, £, K481%, 610
mm@i/F\Wﬁﬁﬁ@# T AYNABRE S a=0.1, 0.4, 10.0um ([ZF) 54+
JFARNML(Z Y > Fy 8 REOBIEIIHO AE R 277, K 4.7 OFER» G
UBAARREDORE SIS L TAERBEFOL-YVIELTDHH DD, /A4 XE AE
BHIERBI L THRENTETWD., S, UIAARESIDERESLT v 71 v MZ
L DFEFRIZHBNTE, NCE=F O EEEOHRN G, il L [FIRFIC AE [F5
MRIHTELZ L MR LT, ZOEBRERNS, 610 mm O FI L Lk
HIR OfEftX, ~ =27 2 Om/NERA 0.1 um ORUNIBALZIRE S
WTH AE HIIT TR AIIETH D LW 2 5. REBREMTIE, ¢10mm o=
Rz & D AE Biffi 2 7= Bfidg o oo s &P I3 5/ C© 0.1 um THDH Z &
%%%Lk.é%:,EA?@)E48@)@Qum@ﬁ¢@ﬁ$%éiﬁw
T, MITIZHED AER 5L /A ZDIRIBISEVDR R BN D T2, (LERORGED
FWTAEE A2 L, SR stllS&FEoREELT 52 & T0.1 um UL FOYRA
HERESTH, AEFEIIC IV HflRE T E D RN & 5.

X 4.7, 4.8 D AE JFIETEIZIE, 10 ms iTfE 6 —ED W T AEFEF LM L
TW%., ZOLxDRABICBWTHNIAREI /MW E X3 125 ms TH Y,
YBARRES DR EWVE 1T, TOYrDK 6.25ms Th o7z, AROFEBRTTE
1RO 125 ms TH Y, 2K HADO=> RIVOEIN NI X 5 EHIX 6.25
ms L7 5. Filo, =2 RINVORAHTRES TR O R E R E 2 B AT
WA TEAEOFENZ22RE, EHHOX—XT7 4 by KILOH
%%%if@ﬁ%ﬂBmm@%?4mnT%ok.ﬁﬁﬁ%#“ii@ TEIZ
FIENRNEC B0, ML 2 o= KO8 N ORI E IR —
TiEe <, Zo0UN A OAEIZEEE T LD OFEREAFATIMLLTWD Z
s, Tt X, 4T (b) ThivuX, UInHNENFL LY & RE N
TWAHOENFIIZEDINLIZ LY, KIRIED AEAE S5t &5 (X 4.7 (b)
@], F2bo—FHoUhNIZLY, MRIED AEEE0mit SN2 &2
[ 4.7 (b) @]. KIRIED AE [E51FENALTE S 0.4 pm TR S 4, /MRIE
D AEAEZIFUHIAALIR S 28 0.4 pm LR TR SN2 2 &R onD
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10 | T S
8 : — I
6 i —— ——
4 2 +12.5 ms L
> 2 | — L
%0 e L e
£ -2 —— e
£ a | ose ‘
-6 :
-8
0 5 10 15 20 25 30 35 40 45 50
Time, ms
(@) @aa = 0.1um
10 T I R R S
8
6 ——
4 e
R N
T 0 bt
2 had
< 6 }'
-8
-10
0 5) 10 15 20 25 30 35 40 45 50
Time, ms
(b) @a = 0.4 um
10
8
6
4
2

Amplitude, V
o o
¥
B all

R
=)
I

0 5 10 15 20 25 30 35 40 45 50
Time, ms
(c) aa =10.0 pm

Fig. 4.7 AE signal waveform at the initial stage of cutting during the end cutting edge

at axial depth of cut aa = 0.1, 0.4, 10.0 pum at the time of using 10 mm end mill.
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Amplitude, V

0 5 10 15 20 25 30 35 40 45 50
Time, ms

(@ar=0.1pum

10 ; ;

8 f |

6 I I — I
> 4 i i — i
3 2 i i — i
= b e bt et
£ - s — |
i | ,

-6

-8

0 5 10 15 20 25 30 35 40 45 50
Time, ms
(b) ar=0.4 um

Amplitude, V
Y

T T T T T T T T T T T T T
1 : : H H | | H i H H 1 :

6 1 . . H 1 . : H . : H H 1 1 :
™ 1 | 1 1 1 1 1 1 1 | H 1 i il Tl
i : : H H | : H 1 i H H 1 i :

T T T T T T T T T T T T T T T

0 5 10 15 20 25 30 35 40 45 50
Time, ms
(c) ar =10.0 pm

Fig. 4.8 AE signal waveform at the initial stage of cutting during peripheral cutting

edge (downcut) at radial depth of cut ar= 0.1, 0.4, 10.0 um at the time of using 20mm end mill.
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L7=Mo>T, AEFIIRIEOBIE)NS, = RILOIEIIIK L CTUHIARE I N
RENWEZE, = RILVO 2 BOUNHATHEHMEZ ML L TRY, ULARE
SN ENE ZFLEDOIRNORELZITT 1 HHNOHLTIMLL TWeZ &n
bing.

22T, ¢10mm = RINDAERFE EMTEIZOWTHREFT 5. X 4.9,
410 1IZENENK 47T OEFNINTL (@), () a=0.1, 10.0pum &[4 4.8 DIEH
T (XA ) (@), (¢) a=0.1, 10.0um D FEBRIT IR DI TR D#
HEREMIHBTHD. D DFEEITHLILHMETHERN E T2 I1ZHMNE A D
FHERIC L AMIIETH D, DO &b, HUNMNEAREES T FEERICHEHIM £ i
ZMLLTEY, OHIZT BRI ZBWTHEAET L AEGEFERHL TS &k
%. K48 (¢) &K 410 (b) IXRECINTSRMAO AE FEE E M TRETH D,
ZD T ODFENIOWNWTELET S, K48 (o) ©AEFWEEND, 1&HE 2K
HOUIN N OGS L0 K/AORIENHER TS, X410 (b) 750, 1K
H7e V) OPEY &S50 um O TIEIX/2 <, LEHROEY & THSH 100 um DA TIE
Lnsn Z e TERY. ZOMHBZM 411 (23 TR A OBME A T
MHT 5. 2o, TAMENEZ bOL EXOUNHOEZ R L TN 5.

FP, 1 BN HOTHHIMAITENS (K411 (@), O 2 #H
DN A THHIM P T EN DD, TEORENRLCENOEEIZLY, AFBDI
Lol Sy (411 (b)), 20k, 1 EOURAHNDOE 2 BB DU A
QOTUHILZ A e BN TENS (K411 (0)). ZhviREh
5. ZOTHEONHOEMB»OE X 5 L, K48 (¢) TR L 24 HOEINH
THHEIM 2L L7z & &0 AEE S I3 IG TE 525, W FEMEC & 20 L&k
BIETIINITEEZHER TE R0 72, 20O X 912, AE HIFIC X v N LR o2
THERB LIS WEFROBE T N TEDHEEALND.
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" 100um 100um

(@ aa=0.1pum (b) @aa=10.0 pm

Fig. 4.9 Surface observations and surface roughness curve

in end milling in Fig. 4.7 (a), (c).

@ ar=0.1pum (b) ar =10.0 um

Fig. 4.10 Surface observations and surface roughness curves in Fig. 4.8 (a), (c)

(down cut milling by peripheral cutting edge).
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(@ ; , \ @ Tool cutting edge
Workpiece

(b) @ Tool cutting edge
Workpiece

(D Tool cutting edge

One re@olution
100pm

Workpiece ¢

>
>

Fig. 4.11 Schematic diagram of tool cutting edge.

6 0.2mm O/RET L RIVTH, i XEmpik - ML S HER (Taylor Hobson
Inc., Form Talysurf Laser 635) % T, MM LREOULIARES ZHEL, Tk
il A UNAE S (a) &KW U7z, B 412 1R NN TS X 2 8EI o TR &
ML AR TH 5. HHIM OARM TEOR L S X, BFELHM S Ra T 0.02 um,
KRKEHSHERZ T0.14 um THolz. ZOHSHROO~D2n ¢0.2 mm D/h
BT RILOMTIETH S, K41313K 412 OB S#ROOO D & = I2HE
L7 AE JRIEIETH Y, X414 RENENDOMLEEHEZBLE LT HDOTHS.
412 19, K413 D (a) DEGRYNAREE (aa) £ 0.6 pum T, (b) 234
0.1 um TH 5.

413 (@), (b) ® AEJREEOFRERNDL, EHHLDHEIED 3 ms OJEH D2
FHRD AEBENHLND. ¢10mm DT R I LOFER L [FEEC ¢ 0.2mm D
EExb, THIFEOFAMEFRLTHY, TEUNAN 1 NOMTIZL D AEfE
FEBRHL TS, X414 ONTIENSHED OE > T3 10 um T 1 [HERH 72
DDOZFEYVELEFRILCTHoTZ. LLaenn, X413 (a)  AEE (b) BE%ELL
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N5 EXA413 (a) AFHDOIRIBO TN RELS 2>TWnD. X413 (@) AL, M
414 (a) KVHERT D &, BN ARIKRDPHEAIR 28 ke AN L T 572, )
HILCPES AEEETHD EWVWRD. K414 (b) 205, F47=0 L7ZinTiEN &

B, #EHIM OFmESS TRORENB I OENICE Y = RI VDK TR
ZUHIL TN bbb, K413 (b) BEIZ /A A THDH LV D, K
FEERTIE ¢ 0.2mm D= KL TH 0.1 pm OEEAMUR N AT HE THUN R UHA R &
THAEREEZRHTEDL Z NS, KEROZXMRB IO~y =X
O Fe i FIHR R ROl MR e E DRk E B 2 5 &, AE el & 7 2 fidu n
DOWISEIAL, KA TO0Ium THDHZ ENbN-oT.

AREBROAT 7 T 7a—FIcLY, = KI VOGN ABRHEEIFIZ 0.1 pm
UhiAZ, B LT L 2 OEEERINTHZ LT, @EEICT Y RIVORNENE
BHREREGTE DD, vV =0 7 ZEETIT O BRI AEETH
HEBEZDL. BURO~ =0 72 X OFHIIY AT ATH, N TRHCHEE O
THZHWTILEZ 27 <HE, (L ETEBEET luimBETH LS. KIERD
AT w7 T a—FFEE AEHIEFRIH LEHINEEZHWS Z LT, =0 R
IUZEY 01 um BBEO(E BT mBZETM LA R E 720, (I BT mBZEL ks
EMTORBMLIBEICMZD I ENTEDLHEEZLND.

S BT, AFHUT 2T L TIE, AE Hifia — > ORBRYGE CHIE 21T 9 729,
ZODFHNY AT KB ERT 256 OMEENEIC & 2RSS TR R 0 AL T
FIZID LAERB IO LEROKREGIRELR/NRZT L ZENTES.

Measurement direction

End milling direction (Imm interval) | _ _

Fig. 4.12 Cutting mark and roughness curve of the workpiece using end cutting edge

of ¢ 0.2 mm small-diameter end mill.
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250 ] . !
200 = T
150 g g | | L
]OO | ji I | é fit |§ ;l .Jqu %r |
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- 1 00 T |E F [I T II; 1|| T Il i L g T T l“ [[
-150 1 | T
_200 1 i i 1
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Amplitude, mV
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(@) aa = 0.6 um (Fig. 4.9 roughness curve D).

250
200 1 H H
150 S L S
100 | ‘ T
— .'

‘m‘n,l.i‘d‘ ‘ﬂmnﬂlﬂmumlhﬂmuﬂﬂuﬂ‘m;mﬂ
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O
S

Am
o oL
=)
SR=)

| '
T T ' HU

-200
-250
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Time, ms

(b) a2 = 0.1 um (Fig. 4.9 roughness curve ().

Fig. 4.13 AE signal waveforms at the time of O and @ in Fig. 4.12.

(Figure 4.9 roughness curve D). (Figure 4.9 roughness curve ).
Fig. 4.14 Processed surface at the time of O and @ in Fig. 4.12.
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4.3.3 FR—ILT Y FI)UIC & AR08 G £

A=z v RIVOEMBAICONT S, AT v 77 Fa—FI k) ERhrz
1TV, BEHIBF OAERE A FE OEWIT K 2 Bl o &I SOV THR 72, B1A
HFESIZE L TIE, MIIEORZHE L, TERNEOImEESCERZNBEA LY
DHLDEZZ, MEUNALES & LTRO . #HIMOERAEIZL Y, TED
BRSO ENED D=8, CUIHEEE X T AN L7 SoMEZ2EERE L,
FYIHEE SO L LRk, K415 () ITEEOBERMAE do 12381 5 EUIHI
AV, X415 (b) (CHREUNAARES a’ mm 23, EYIEIEEE 77 m/min 1X
X (4.0), BEULAARES aa'mm 13X (4.2) L%, Z 2T, LEERDmm,
FELE D mm, BHRMAEE 6 ° , JELZIITIEOIEbmm & L7-.

., mD 7D - sinfp
V

4.1)

1000 1000

(a) Actual cutting speed V '(actual diameter). (b) Approximate depth of cut as’.

Fig. 4.15 Inclination angle and actual cutting speed and width of cutting mark

and approximate depth of cut.
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X 4.16 1%, HHIM OERAEEZZLSER—L Ty RIATMLLELEED
IMITIR EZD L Z T ST AETRIEY Th 5. FEUIHIERE I L OEIHE D%
X, shehal (41), (4.2) »HERD, TOFERIZONTHX 416 IR LT,
X 4.16 ©#) 300 mV LA TFOEHFIL, v~ =2 T2y 20T —7 LDk D 72 8l
o TR ENTZ ) A A THDH. THLUSOEFHTHEE SN TV DEE1Y)
HIFIHA DO AE 55 TH 5.

X 416 (a) OHEAAE 0 °IZBWT, 0l um ¥R T v 7 « 77 a—F %17
W, BEYNABRIES 056 um D & X (2 AEE SR S 7=, #EIE o es 4
23 0 ST DUNAZE S 3/ S EFRHIA I Z #eafih 3 2 IR TiziE ool iz
720, YN LD UIHINEE LV, 5D DL, YR IR TG L LT, TAE
AT EE TN L 21T 5 & 13, UINADORBEELSERN /NI WD, Tl 3 < v
M C 72 < BT CHEIB BT 2 LA LT D, ZOHRITE D, HIEI & W
5 E 0 BT HIC L DEED L ITMEERIC I 2Ty, RitHlgEs
IZAEGEZZMH LIZS ol b & XD, AER R Sz & & DULALRE
S LYHEEEICONWTE X S &, EBEOUIHEEIL 0 121X/ b7, EEICHEE
FUNAARS (056 pm) ZF[E L CRHAT D &, BRHIICEE R L 724N EE (o
115.8um) T4m/min 2725, ZORHE, I HOERSEENKRE 2D, KE
BROFHAIGHIC RO TIUIEEE R Am/min LLEIC2 5 &, AEfE ST
722 &l 5.

X 4.16 (b), (c) DOMERMAEEE 15°, 30°D & H ICUIHEEIEL 72 &, HHE
UPHAARS K 40nm /NS TH AEG a5 &N TE. £, 20
ZORIFER CHNARR S TH Y AEE 5 OIRIE 2tk 35 &, FEUIHNEE DK
ZVMERMA EE 30 ° O BN KREWVIRIEMEZ 8 Lz, 552, 3 %3 & [FERICUIHIEREE A
REWTTB AEEHORIEARENZ LD Te.

AE JFIEE 2 3EfC 5 &, 1416 (b), (c) OERMAEE 15°, 30°Tlx, i
L7Z AEESOEMIZE ms TH Y, MIELE L THERUEITH-7. Z Dk
BeOIHIOEENE TH 1 BlRd 72 0 ORFFICHY 3 2. LRI, 2 HOR—1 =
YREINTHY, 2HOUNHATINLY 5L, 25ms OFEBIZR S, L LR
5, A, TEORMITHBEZEIZLVAEOLIEND 2 um THh-o728, 114
DUINHIZE DML TH D Z ERbooiz. £72X 4.16 (a) DERMAEE 0° T,
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AE F 53 ERICHE SNz, Ziud, YARES b RE S TERENFEICHE
IR CWAIREEZH LD L TWVWH EWNZ 5.
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Fig. 4.16 Cutting mark and AE signal waveform at each inclination angle.
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AT <= TR HIIBITAT RI AT RO AE Hifi% B 7= il s

AFRIZBNT, =2 RIAFREICR— L=y RI A THEMBRENNTE 5
T EERMERTER., A==y RIVIML TR DEENCB T 5 N ERE
INFIREZRTZ®, IRD X 5 R THASMNEBEREIIICHTE D LEXbND. —DI,
THENBBHRIREEZ OO ThiuL, Hflis LB o/ E»HEHE
WZED, AEREAMEBLIOFIMIELZRDDZENTES. b9 —20F, LE
DIEPIEEN M TREE LV ENTRETH-TYH, TIENON TR O &G #
ZEEIL, INTIRR R EICA b CHIEEZZE LA ST ul, &
7ML S EBLTE D REMER S 5.

|

4.4 %

— N LRI BN T, APEBS TE <M S TV 2R/ ME TR~
A7 BA=RMVE=ZDTTAZAROYHIINLEEL Lic~vd =T 2%
MAWT,  AE BT L 2 DO ER 21T o 72, RFEBRIZB W T AE B ¥ D
HUSH AL O FF s I O O I # DI DWW TRES L7z, TR1T ¢ 10mm,
$02mm DA77 KI/LE R3mm OR—/Lx 2 KL% VTR
HEATo 7o, ABETHOLNIHM@MIIL TO LB Th 5.

(1) AE BV OESHITFALEIL, AE F5 Ly KE S FEAEPRITITV 258 L
TW5b. LnLend, AEE Y ETEOTURREELLEZEL, IR
DIZEDE T A A TIIHHIMICESER Y 11T 5 2 &L 2 HET 2
ENDD.

(2) $10 mm D= NIV TIFAENML, JEXNIMLOZNZEOUHEITRIZ
Bbobd, UHAARES 0.1 um THHEIM O AR TE 7. $0.2mm D/)
By FIATIIEANMTIZBNT, YHARES 0.1 um CTHHIM Ok %
BN E Tz, REBRSEMTIX, =2 FIMIT K D AE 5T 2 7 Bl
DOESFPHITR/NT0lum ThHhDH Z L 2R LT,

(B) A— = FINVTIE, MRUAAES K 40nm CTAEGFEZHRHTHZ L
INTE o, BB OERHFEER R E WV, b b EYIHEE 2K & W 53]
HIFII O AE 575 DIRIFIZIRE < 72 5.
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(4) EFEOMIRETIZBWNT, AEHTZHW T RIABL R — 1=
RV WEHIA I 2 B T X =720, TR OBE TS 24 /77
HEEFOEH R TEHOIRNO NEMEOHRNIZEN TH D VW 5.
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ELE IO UTEVAIZBITAIVRIILLIAD
AE EifZ B -UIEREDER

51 #%

B4 BCIE, AE BT AR U7 2B E 2 VT, FEERONTEREE T ClElis
RpD T > R VT E & GHIM OB O MG EFR I DWW TREFT L, e )
ARSI TH AEE S a Mt cx, MNAEMEFHZ e s L.

VY= TR AITBNTHEE SN TREAEMEOFHERE, FEEAXo
LONRLZ EMRLEN TS, ZOFHIEEZFA LT, LEOEREEORIEIZD
WTHBIR L2 BHEATWD., L LENRD, 4 7 r AOFINTE RN
DY TIZA LOYEPREOERNSEEETH 2. B, et TR L LTI,
Xy FU—7 %4 UC LR OBREIRE, THEEAPEEOER R EOE®R
BIET D Z LB L TUIREZ BT TGS Y, Lo Lans, TSRO
BIRREOHEZ LTV D00, O3S VOEERIZEFOMT 7ot A0
TRICIEERMTEBONTELT, ML7at 207 —% 2N - I L T
[IRTEHROBPF THDL EWVWR D.

RETIE, #RACHEN L EZREES IO~ =0 72 22 0T, X
T LA (SUS304) DA =7y RINWICKAMmMLERgE L, LE
DEFEIRE DR 23 . ARFEBRICI T, T HEEREEOMIZEINI /), #esiss
FKEOH LTEMH I B LN AE FHEFHILZ. A7 rEREo—BE L
T, INHOFNMEE AEE B OBRER~, AE Hfflc L5 TEEMROMKIC
DWTHFTT 5.

52 RERAFE

X 511%, v =v 7t ZIZBIT D AE Hifi & HO 7o GIHDRAEES U H 2Bk
BETHD., AERIEEIL, 62 EOK 2.2 18 LIZOEREEO A2 L,
BA4AETHEHLEEEKERICLOTHS., Z OREEEITATEOEFREERERIZ,
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BT S DM 2 AE B HIc K D i3 5. i Sz AEE 51
YT TR L, AE GHIZEEIZIRY JATe. AE & U, RS 1 MHz
2ATEMBERAL, IMTHOEY < FITK DERZEET D720, FEE A ZAOHIH
IR Y A7 72 RO EBRIEEICIE, AEF 5 L UIEI I OBRZ 5720
K EBRENF (AARF 2T —, 9265B) O LI A 2 &2#HE T, UIH|
FERAEIT T2,

FSLICERSKMEZ 7T, AL BT TAMEE L, YIHIEERE % 150 m/min, %9
M A 0.05 mm/tooth & L7z, SEBRIX, BERHM O CrRa—7 17 28 H 610
mm DA77 FIVITKY, #HIME LTAT L A8 (SUS304 JIS G
4304 FHY) ZRzACTHImAN T U7z, #%HIA 1L, 40X40X10 mm & LT, LTHEE
FEARES T DO BIMEI 28 A Lz, = F U, SR HNOERIC X 5]
AR DFENZ R TTEDIZ2OUNHAD IS, 1E 774 2 THIVD 1
AL L.

& % —EDOGIHIEREZ L2 AEE S, GIHIY), TEREEFERS J O Lot -
FHEH S OFHAIE, G110 < F, BRAB RS KON A OBIE R T 7. THEE
FEIZ, X 5.2 1R EIN RS 5mm OANEE O o9 Y EEFEE %
MWz, AEE 5 OFNIZIX, AEFIEE & AE FE20EA -, AEE 5 DFHH
FMEL, Yo 7Y TR 8 MHzZ, /NA /SR T 4 LA % 50 kHz 35 208300
kHz & L7z, BRI, TIREROMESE S HERPAICA S L9512, 22D AEME
5 D JEREHR 7 DRFEAVERI LT W E 9 1L, ERERRAFI% 50dB, 60dB
L.
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Cutting
resistance

A Recorder

Precision vise

AE signal
waveform

Main amplifier
(10, 20 dB)
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50. 300 kHz

|
|
|
|
|
:HPF
|
|
|

AE analysis unit

Fig. 5.1 Experimental apparatus for AE signal acquisition.

Workpiece Flank wear width

" measurement part

5mm

Fig. 5.2 Measurement of flank wear width.
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il

5.3

Table 5.1 Experimental conditions during cutting state monitoring.

¢ 10 mm, Square end mill,

Tool Carbide (Cr-based coating)
Workpiece SUS304 (JIS G 4304)
Cutting speed V 150 mVmin (4775 min™")
Feed speed f, 0.05 mm/tooth

Down cut milling

Cutting Peripheral milling i
system a,=10 mm, 4 i
a, =0.1 mm o |
1 blade only of 2 blades . :
AE sensor .
” Vice
attachment position
Sampling frequency 8 MHz
AE amplification 50, 60 dB
factor
AE high-pass filter 50, 300 kHz

a, . Axial depth of cut a, : Radial depth of cut

RRERB S UEE

5.3.1 tIHIEREZ L AE EEDENEDRR
% 5.3 1%, 1HHxT FI /I X5 SUS304 Z N 1. L 7= o )1 FEEE L2 %)

5 THEERER @ it & AE ZE20MH, YIHI) 6 L OWHIM R ot BT EH S &2

FEOELOTHSD. AE ERNE & GIHIE, TESBHIF Il U 7= R o 7
5~10 [Al§z5y OEBOF-E)EE 7 v~ b Uiz, GIEINIE, TEO%EY I8 X OWHI
oM I 6 M\ENZ ) 2520 2 HFmOFEsS I HCCEHME L7z, B
SRR E SHLE Rz & W TR L 7-.
4 5.4 1%, GIAIRBEICRT 2 CEONNOBTEROREBEZEEZLIZHOTH
5. M53FBLVXG.4 L0, THEMRI -RICALNLLERKELZRLEZ. K
5.3 £V, UIHIFEEEDS 30~40 m iTf5 & TIIHIHIEERE, 80~90 mirfs £ TITER
FEFE, ZAVLARRITHEMIEERE & 72 5 & 95 70 T HEERERGE AR 3 2 B v 7. BIH FERE
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80 m LAREIE, 5.4 (g) OEIICTEHNENEFRL, =2—T7 1 v ZENIEDBN
BAEDDPFEL, TS L > T S TRMET DL ENREL otz TDHE,
BIHIEEEDY 120~130m O T, YN O B oEREER ML, X 5.4 (h) @
EOZRFEITIT < BERE U 7.

5.3 £V F5301%, UIBIEBEOHEINCfEYy, T REFEIR OHINEI S & FERIC
ERL, RS MU, TERmA X< Bitg, LHEEEFEE, #HIM O
ft B EH EB L OWHEINE, 4 FTomnrbREL T —J, EWERE
BICHBWT, AE FEZNMEIZB L Z 1~15V Ol TIZIE—ETH Y, WIHIERE L
CHIBEFEIR TR b > E NA L.

It

i _ I -

= o0 # Flank wear width 12 =

= 50 - Surface roughness Rz - 10 &
=

= 40 L5 g

2 30 L6 £

g 2

= 20 - g

= 10 P

E O T T T T T T r : | | : O (9p]

0 20 40 60 80 100 120
Cutting distance, m
2:5 250
@ AE RMS value

>2.0 7| = cutting force - 200,

150 8

£

100 >

=

50 &

O

0.0 . 0

0 20 40 60 80 100 120
Cutting distance, m

———————— - = - -
1 1
1

Initial wear | Staedy wear . Rapid wear

Fig. 5.3 Relationship between the various parameters and
the cutting distance (SUS304).
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WIHEERER D AE EZNMEDITHHOXITHONWTELRT 5. Rl o T B8 H
I, UM & 2 BRI B AMBTERL STV 5. SIAIRIENIZ O A S s
AT HIFREE MR T2, YIIEERER I W CUIHIRRE N B < 72 5 &, Bl
DESCEEFE L, BRa BN TEAI 22 FAEDHIA L TS 201k, E R EERE
(2722 EHRN 2B HIAAZE B, ZE LICUEIR T s . FISEREEO
AE EZNEDIX S D EITHOWTIE, UINHORUNRIEDZEE) 2 AE & 23
HL7-EE2bN5. ZOHEKTIE, AEEDBEICIZHOXNALND DD
R 202, ITEHOFREH S IXEIE—E T/ SVEE R Lz, KRR
1T, IR O TR H O Z T OB RIZ L 2N THGEOE (L% AE &
PrRmHLTZEEZ LS.

CHIEEFEL D AE ERNMEIIT S S XI2HoWTIE, THEBEEOEVIC L 2T
BLOBENNZL VN INZEETITIEO XN ELZEELLND.

Adhesive

chip il

Damaged part

10 mm

// \ IWorkpiece

Wear@ /
(h) 130 m

Fig. 5.4 Changes in the flank wear of tool edge with increasing cutting distance.
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FEHIINTAZ W CIE, T EEEFEE AEE S ORICIEOMBEN S 5 & #s 50
NTWD. L LR b2 DORERIE, REBROEFEFEBIZI T AE EOMHEIT
FE—TEThoTmZ L EIFFE LTS, —DOHK L LT, AERRIZ, Wikt
HIOx= > RI I LD EFMTThY, TRHERELDRNZ ENEBELLND.
fedl D £ 5 IZF CHETHFIZHI > TWDH DO T, = FI VI TIEEnH
DRLNAIZEY, Ax EMLERBITL TS, Z072D, AE ERNEDOLEAL
MOIL, EREFRMOBEFEHR ZHRE L OV WnZ 5. ZOMOER E LT,
TV RINDIEDIT L DUNALIES ORI AE EMEDOEAL & BIRNH 5
EEZLBND.

2T, YhARE S OBEALE R D I, YIHIEEEC D BREIR o~k A
DEALZ K 5.5 12T . T OSHEEOE(IL, I LEiEOHEEIM O~HE (Rl &
D 5mm ) EENENY v T r—TIZ XV REEITY, ITH%EOHEDOYHA
HTE (@a=01mm) NoOTNEERLIZHOTHD. THEAOMM LV E
KEWE XX, UARIESNEAD L2 81225, Li=noC, LEEREENHE
ML, EEOYBAARIRI N —E TR, AE EhE & K0T i BEFENE O FH B A3
Bl neEEXBND.

LxL7e 6, AEJRIETEIZI W T LA 1 AR TR S5 T8 O HIC 2251
RREIBREOGE SN AL, £72, A6 " ICk-> T, TEBEENEITT
%5 LRI 72 AE BRI SN D EMEESNTVWD. I TARERIZENT,
RN T2 AE BB EMNTT 5 Z Lic kY, TR ANO THEEOEITZ2MRH T
XD LEZ-. ITIE, AE FUREO 10 HERSOF —Z I LEVEZREL,
LEWHEEZBATIREOKEZH 2T~ ZORIEOE%E AE #40s U CEEm L 7=,

4 5.6 1%, GIHIEREE AE G ORREZRT. LEVEOREIL, K53 DE
HEEFEIL C AE SEMENIZIE—ECTH oK OTFHME LIV O 35D 33V &
LT Lz, LEVEORFNCOW TR, EH B O AE FME D FfED
54T L EWMEA 2L S BRI, SIHIERBEO I > T AE FHERITRHEA 2~
I 3EOMEEBRA Lz, X156 XV, X 53 OFHIBELERD 30~40 m s
FTIXAEFEITIE DD E RO, EFEEFREETIE, TR BIic EARA
Sz, EHIEEFED 80~90 m LIMEIE, AE FHEMS EH T BICiES &Y
Ao, TEHALEOHBIE®ZIL, AEFHENILICKRELS otz ZNHDIEDL
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DEIZOWTIE, K53 O LEBEFEMRE SO/ T A —5 Tt L7z AE EX)
EDOIXLOE LK THY, PIHERBITI LEDLR CAIZ X DU HNOHN
WIEOEBOEBETH D LB 2 LI, KYIERRIT T EEREOE VL DN
THREOBENEEZLND.

ARIEBRFAITIN T, EH BRI T, PIIEERELR, MR & ik L C,
AE ERNMEDIZS SEWN/NEL D Z Enbot-. £z, AE JFEFICLE W
B LC AE FHCCRMIiT 2 Z L ic kv, THEFEZ M ©& 5 alfEME 2 1
L7z.

= 0.03
[B]
S 0025 - .
+— = i ®
g = 002 ..
+~ ¢ 0.015 A °®
= 0.01 A g
i > ..f"‘f..
>
- 0 ﬂwmﬁm““°‘
B T T

0 20 40 60 80 100 120
Cutting distance, m

Fig. 5.5 Changes in the dimensional value of the workpiece

with increasing cutting distance.
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4000 -
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Fig. 5.6 Relationship between the AE count and the cutting distance.
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5.3.2 AE [RiKH & UIHI DK DR

T R IVINTOWREIENC BT, THR 3[R sk L& &0 AEF
FEMRT 5. X 5.71%, UIHIERE40m EED AE R O—FICTH 5. AE K
UL, Wbz XV, 22887 AE B BN A L. £ DOMOIRIED /N E W
T, HWm /A A ThsD. TEN1EERT 2RI, BHESEE L RET 5 &
125ms &72%. KS7TITRIEE —HT 5. £z, MEMIIZBWNT, #HIM
DIELHMN 10 mm D & &, TH 1[A#RS7- 0 28 N B L CHE 5 F TORE
%, TERORQUNABIOUIAAES O OHEMTL L, BLE2Tms &b,
INBHETIORTEE T 5. 2oz Ens, AEFEIFIE, RhihAazd
DT RN HADIMTED, HRAIIZTNE E~BYED AU HOIRIEE( % R
HTELZEnbhot.

4 5.8 1%, S UIHIFEREC RIS 2 TH 1 RO RHE) 72 AE [FUEE TdH 5. X 5.3
(RY AE ERMEO R E ST EL(EDR 20D, K58 (@) 726 (d) DX

(ZHRFI 72 L — R & LEle 3~ 5 & BIHIEERE O HIINIZAEY, AE 15 5 O KRR
X, DTNICRKRE W ERDbND. 20X ) RFEERIIEIE, T EERENAET
T DI TC, MEBEENEZ DI H o7, AE IR OIS, THEE
FED L O M ITHRGEOEEHRHAEETH DL LN ZD.

X 5.9 1%, UIHIEHEE2m B L0 80m (BT HUIHI HREO—FITH 5. [X5.9
X0, GIHID 3 5D 5 bES NN TEEBEROREZ —FZITDHI ERDro
7o, E7z, UIHIBEBEOHEINZ L0 ES5 I KREL o TV D, YIHIIREIZB
Th, LE1EHRD 12.5ms AHOREZ R TE 5. AEMEH LB )5 oft
BRI EAEREEIL, X, Y HRTLT kHz, Z H5AT27 kHz Tho7=. Fiz,
GIHIE) ) FHTRE R N A A Ze B T B HIA O IR IR RE C oA IREI UL, 9 1.1
kHz T -o7-. K59 OFESNBEIEOEBENL, 1.4 kHz TH Y, TH 1[EHA
DWTED 595 4 [(LELRRIL, #HIE & #fihd LT RW S EIEI N Z b3 2 6
. HIM OB A IRENE & 15 ) DOJEEEANZIER CETH 572, B /)T
B SN OIHI ) OZ(LOERIL, GIHIC L2 D Thnenx 5. S5t
(ZRWT, LREROETZORIORINCHBIcE 2 2 Liibhof. =T,
AE 15 5EHINC b, BOEIEY EHT X 2 FHINERAAPEAME T U TR 8 % &
F9720, UHMREOESIZIIRME LR 5.

e
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4T AE signal detection cutting edge position -~ Hp——
> b,
3 bl | AE i
E Noise g
= group
o,
g
<
(84 ‘
< L L -
l 12.5 ms L 2.7 ms
4 Time of 1 rotation of tool Tool contact time
0 5 10 15 20 25 30
Time, ms

Fig. 5.7 AE signal waveform corresponding to three rotations of the tool,

cutting distance 40 m.

6 6
= 4 :>n 4
g 2 g2
E =
= () =)
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£
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<

AE amplitude, V

4 |
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Fig. 5.8 Characteristic AE signal of one revolution of tool at each cutting distance.
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Fig. 5.9 Comparison of the cutting force waveforms.
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533 IEEROHBL AE EESRARBOBER

AE 5 5 OE WA UIHPRAE DGRk & FTHE & HERI T X 72720, B L OBEERES]
ROFHMZAZ) & STV D AE FUETEO BT © 217-72. X 5.10 i3,
X 58 DX 57 1 EEE TR L7z THEAR D AE FUEF 4 @l 7 — U =245
(LLF, FFT &¥59) LE=bDOThD. S5, £O AE JFIEE 2 HRR] 7 — U
T2 (LUF, STRT &Fd) ISR DT 21T o7z, STFT 1L, X&) THE
9222k, UnHNOMEL DM TRIZBIT DREZIE T B X7,
FREMT /X7 A — 2%, AE JRIER O—E % 50 %55 LC 50 %A —/3—T » 7 & ff
ML, 51118, T OUIEIEEEZIT 5 STRT L7-kpH—EE 0B
Rz g, X511 O THEIN A & BEHIR OBEfRERT (89 2.7 ms) &R L
TW5.

DIHIBEREEDY 120 m LIATC LA BT 2 AT E TOIMIIREOFERIZ-OWT
B, X510 8L 511 LV, GIEINTHICHE L AE FUER I, BIH
BEEIZ 230 59, B L% 50kHz~350kHz £ TOEE Ry 2 & TER THh -
7=, £z, COUHIEEEEE 2 TH, 300 kHz 5O R Sy D18 BIRE A K &
V. BIHIEREER KO RO BEREIZ ) 577, 300 kHz 315 O J8 I 5k sy D15 77
PR SN TS 720, ZORBEEITURNE S FE S TH L L nx D, £z, 300
kHz 365 O 8 Bk o3 D15 503 % Ot o J& Bk oy DAF R E R R E W & X1
X, THEELDRWEETHY, EFRUIHNMRETH 2 LW TE 5. AE ik
ik, T EEERENESHIN UYIHIEEEA 80 m LA Ric/e % &, &R UIHIIREE TRt
7z (00 kHz iLfh) JEME Ay #EiefEH L0 b, A (T0kHz i
%) ZEEFMEN, MEEITTRU EICKREL RoTe. 20 X5 2RI
IR, THRHEREWEAEINT 2 & & QICRBBENL oz, LoT, 20
T UIHIRBERF ISR SN2 A B L 0 HARE R 5 B, BEFEIC RN
HH0EEZLND. NED Y OfEHl 7t AERICBW T, THEREC
Mo B 7, 100~350 kHz DO EEAL D AE E o2 LT, S 6L
HIEFENHELTT 5 &, 100~150 kHz DAy DIE FREN K E < 725 & #H
BB D, REBRICBW TS, BB LT EERRAE & b I RO
RO DIESEBRHL TS, THEFRENETT S &, BB LD BV E R
AR5y DIE BIREN R E S e DfEFR & 7oz,
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Fig. 5.10 FFT analysis data of the AE signals detected in one rotation.
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Fig. 5.11 STFT analysis data of the AE signals detected in one rotation.
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Fig. 5.12 FFT analysis data of the AE signals detected in one rotation (HPF 300 kHz).
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Fig. 5.13 SEM image of chips on the outer surface side.

~104 -



FE5E =T RAICBFART S FINTED AE Hiitia AW UIHPRREEDEEIR

Shear Layer

(a) Continuous chip (b) Chips including
[Fig.13(e)A] slip phenomenon [Fig.13(e)B]

Fig. 5.14 Models of the formation of chip.
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Fig. 5.15 SEM images of chips on the tool rake face side.
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(@) Tool length measurement. (b) Tool diameter measurement.

Fig. 6.1 On-machine measuring principle of square end mill.
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7 v 2RISR O DEET D727 4+ b T T AR LIS E I
ANEN, v~ =72 OEAREREEZ HWT, THOXD) 251k SE5.
ZDLEOTHEAMEDFE LAY, THARBEIEL AT HERS
TW5.

R AT KL, FHAAEEPRH SN COEBIT T ITEIET o RN TX
P AR T CIOEER 2 5. 20X H v AT AREORENICEDY,
THENEHIBC RS 5 & X ICRENE T D, Z OFEfE S A T 2 A L H
MOMSTIEREDORRAZ L 72 0, HHIM ~DHEMRS, ThbbRiAR LS. LA
HNAeONEIE, BRI ZETMIETIUE, BEEICEHIITE 5.

[ System start
v

Tool approaches

Contact signal
detection

Stop tool

2
Cutting edge position
coordinate acquisition

N
Retract tool

¢ N\
[ End

Fig. 6.2 On-machine measurement system flowchart.
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Machining center

| g

L]
Approach | [ Tool[[
p}noacll i/ v H

Workpiece ,‘( .. uf
/ Ny
/rAE Sensor Feed g

couunand I:lPhotocouplel

26|l Event signal
é\

AE analysis unit

MC control board

71
i
Hy
H
1
1
1
1
1
1

-
-

— Preamplifier -~

Recorder  AE signal waveform
Envelope signal waveform
Event signal

Fig. 6.3 Composition of the on-machine measurement system.

6.223 HWEFHRIRTLTRETEL AE B LV ATLOGEY

X 6.4 12V AT AEIREN S ETHEILT 2 ETICIIGTE D AEEHDA A—V
a9, X 6.5 I TESHEIMICEM L C, AEGS 2R L CEIET2ETo
TEEOHRIX 279, A EFHHIS 27 AT, VAT LAREOENLE AE
BHOBMRERGET 27012 ik 3 FEOGEFZ BB L OGS TE5 X9
IZLTWD. Bl X M & ivd AE JRIEIZIE, AE FHIZEEC X 0 s iimm
W I, =" —EEICElIND. 61T, K26 IRLEEYIC=
R —7EFIE oD LEWVMEEZFIA LT, BB EHWoA X2 MEFIC
BHEND., A XV MEFIE, o _o—EE50K 26 IZ5R-LE Vi (01 L
~ULLEVME) B2 5L 0V, VL (B—L~ L LEWE) Lo/h&E<<ibes
V THAIEND., ZOoDOLEWED D HO VL, AE FHUEERE O N EE
WCRET D VREIE, / A R X D88 EZ 72 < 729018, AE JREE 2 s L,
JARLULE ) B REVEICRE L. BEIN-A XV MEFIE~Yy =
T EOFEIABERTE L THHT 5.

G LI AEEHE L VAT ASEDOENOBERN L 64 Da, B, y, 5§D
EIKICX S L TERD.
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o 1 LEDYAIBHZHEAL L TH 6 AE GHIUESE N A X MEF L L TR 2 %
T ODRFfH
B _Xua—TEERAXRY MaFIlERENTHhb v =07 2 )EA
FME T LRI D E TORE
y: = T ENELARME S E TG LT b TEMEILT 5 & TORFR]
0 @ TEMNBHIA ICEER L T D2 1E7 5 F TOREH

ZITC, d=a+p+y ORFENRARFHAIC AT AORIITHY T L. ThbbK
6.5 | R THHIM ~DOBEMIES Q,mm 2725, a & i, FHAIT ZT LNERAA
ERELLTHRAETAETOENTHD. t1 & bidA X2 M ORI AR L
TWb. ARV MEENT 4 b A7 T OIERRE O 1 ms L ERHGES 5 & EHA I
ERL LTy V= TR UZICANEND. ZOT7 4 M TTITXY, BRI
gt 0 E ) A X0 R A LT 5.

yIE, v =27 o X ORIERIGEDEBIUIAS L, FIAARME 5 2R LT,
YV TR BRI S E AR E D OB, v =0 e U H D
ERBe & O TR OGIERFEKFE L, v~ =07 N ERITfEIRT
XLEDICHRESNTZRMTHD. K66 1L RNR~r =T XIZBITD
FEROISEBN ORI AR, v =0 7 & Z ORISRV
T1: HIEHEEE OB OB, To: PRI LERERE (DHIRER), Ts: —AD
BAUCE VBN BEEE (P —RIFEH) #MMET 52 L TROHIENTES. L
URIN B, Z OfEIE TAEBEI O Rl LS E R PR E /N T A —Z I Lo TR

, TIKBNCIZAR EN T RN Db HDH. KVAT LD = 782D
HER OEIE, X6.6 D Ti+ To+ TsORMEHOEAEIC /2D, ZO—RAVIZHE
MEanNTWaLr vy =07 ZHEROENC X2 8MES I, X (61) Ok
B Y. Ik, BESE Q, mm, T —FHE Fp mm/min, GIHIFEE
B Temsec, H—RFFEI Tsmsec &7 %.

6.1)

1 20 Tc Ts
QY:FapX ( )

— X + +
60 \1000 1000 1000
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INDDONRT A= H —FNITAR SN TE LT, LIEEBOERIC LK
(6.1) HLE{LEHT TVHEEINTND., 22T, AERICBWNTv=v7F
> B OFIEISE OEINC L DRSS Q,1X, X 6.5 OITLIEMR CHEN 5 /R G
WomfgE L, X (62) 2HHATLIZELETE. v~ =T XHBIRNED
IS K DHEE T+ T2+ To ik, X640y YT 5.

1
Q=Fapxy><_ (62)
v 2

A LRIV AT B L D, ~ v = TR X OlENE AE G5 LIENTT 5

ZLT, BNEEZTEEMATE, TERBIOTEZOHNO L ZIZENEEZ ML
T, EREERHIINER X 5.
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Approach stop
command T, = Controller delay

T, = Cutting time constant
T; = Servo time constant

T, + T, + T; = Delay time of control system

Approach speed Fap, mm/min

Approximate straight line

T, T, T Time, ms

Fig. 6.6 Schematic diagram of the response delay of the control system of

the machining center.

6.2.3 YRTLOGEMRIEDEERE &
6.23.1 IV Tt2F OFIEHRGEENDKRIE

X 6.4 DylldicBA Xy MaEREELT, v =Ty 2 BNEIARGE
LT L, TEMEILT 2 & X0, Thbbvi =7 ZORMET
B D HIESR A DB OV T2, EBRIE, [X6.3 D% EEHIIY AT A &1l
HL, TEREHRCT 7 a—F 286 L, BT 2RNICmEINICERE Lz L&
VMEZ X, 41X MEBERELAAGEBICEM SN OREDOHEEL AE BV
52T, v~ =7 EEIESET.

FRITT e —TFHESHIMAEER LT, FEHTI0RT AT, 778
—FWEE, 1, 10, 50, 100mm/min & L, 77'm—FOFmiX, X#hGme Z
O 2 FE Lz, BRElL, v~ =0 v ANEARME S A BE LT
EEXONEEFEE TEMEIL LT & X OMEEEIZLVRDS.

6.2.3.2 YARATLE2WHOEEMEOKREE

AT NAROISENEOREET, ERIC T EE SIS ¥, 6.1 1%
BRRERTAN L 72 B4 T 5. THIZ 10 mm & ¢ 0.2 mm OB —7 ¢ > 7
T F IV (TIAIN 5R) Z4EH U, BHIA I3RS T ik 28 (S50C) & 7z,
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¢10mm = R I/LTiE, YIHIEE 4 80 m/min, 77w —F#E A 1, 10, 50,
100 mm/min & U, X #l5moAKEJ5 ) & Z 516 o0 T 5 107> D #EHIR - 7
n—FL, TNEN 35 BIFOEREIT-7. £/, ¢02mm = F IV T,
it 3~ 2 TAERER O i e [l s B > 20000 mint & L, I X 15 m/min &
Ipolz. T7u—F#HEE Lmm/min & L, Z #7060 EE T\ OBYEHIM ST
7u—F L, TNEN 10 FREEREZIT- 7.

FEROBAIBALE L, H O COMEMT 5 TERE XL OPEERRE DOFH 21T
STWNAHZEND, BHIF Bl 0.0mm O & Lz, TESYEHIM I Bl
oL, VAT AR LEAFIE, Bk, £0%, HHIB OHEE S
ZREL, VAT AREROISEMEORGEEAT o 7o, BEfhR S 1%, #REIA O FEEED
R S & JEEil X = ocl ERE  (Taylor Hobson Inc., Talysurf CCI300), filidt >3 m
JEAR « HLEJIERE (Taylor Hobson Inc., Form Talysurf Laser 635) Tl L7z. L
SVMEDREL, ZTNENDORETE R/ A ALY O NICKRE 2B Vi 5%
EL, VUITRESROREME Lz, UIHNEEOREIZLD AE G50 L~L %
Ez, AE B U ORTITALEE ¢ 10mm = K I /U{ENA X2, ¢0.2mm =2
R X VIR S E BT T 7

Table 6.1 System evaluation experiment conditions.

Tool Square end mill, ,Carbide (TiAIN-based coating)
00
4 blades 2 blades
Diameter ¢ 10 mm ¢ 0.2 mm
i S50C
Workpiece (75 mmx35 mmx15 mm)

Cutting speed V 80 m/min 12.5 m/min
(Spindle speed N) (2560 min™) (20000 min™)
Approach d F L 10, 1 mm/min

PPIOACH SPEed Fap 50, 100 mm/min
Approach direction X, Z - axis direction Z - axis direction
AE sensor. . Vice Workpiece
attachment position
Sampling frequency 3.9 MHz
AE amplification 60dB
factor
Threshold Vi 20mV,Vy 50 mv Vi 20mV,Vy 55mVvV
AE high-pass filter 100 kHz

a, : Radial depth of cut  a, : Axial depth of cut
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6.24 EBRERBIUEE
6.2.4.1 #BEFBASRTLOGEEDRIE

#6212¢10mm = FINLDOT7 Fu—FOFER IO HOEWNCLS Y
2T DEKROBIUA Y T DHHIM ~OEMIR S Q DL~ =7k
2 OFIHRISEDREILE Q, DIHE A <. RPOIFEIMNOEEIX, FhE
NOHEEE 7 70 —FHENSHE LR 6, vy 237, £ 6.2 1%, EALME
BN = TR A AN SN E T T RHIIFHRTE X, BHIALEEBAT]
SENTEILTL2ETEHBET LI LE2EBE LTS, KX (62) Lo, HEHT S
PR p 1 (B IREREE Q, x2) /7 7o —F W Fp TRHAE LTS, ARG
ORENE, B L7z AE FIRE X 0 il L.

TP, v = T X ORIERIGEDORER D LR D, % 6.2 OFIERIE
BOENE y R LR OMNFEIMANORERMIE, X #ih T 80 ms, Z #ih T
)78 ms LTz, ZOBENE, T u—FHEICERARL, FEETHo
Tz Flz, HERISEOENRFHOFERAIL, X#iTo=53ms, ZH#iTo=
510ms t7pofn., wv =0T ZORIEHARDINEIZ LD ENB IS &
R TE T

Table 6.2 Response delay Q, of the control system of the machining center
and contact trace depth Q s corresponding to the delay of

the entire system (¢ 10 mm end mill).

Contact depth into the Response delay in the control

workpiece Qg (um), (0) system of MC Q, (um), (y)

X-axis Z-axis X-axis Z-axis

(diameter) (length) (diameter) (length)
100 mm/min 77.3 (85) 78.3 (87) 65.4 (78) 66.6 (80)
50 mm/min 40.9 (90) 39.9 (87) 34.0 (82 32.4 (78)
10 mm/min 10.2 (101) 6.8 (79) 6.6 (79) 6.3 (76)
1 mm/min 1.4 (124) 1.5 (128) 0.7 (79) 0.6 (77)
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6.71%, £62D7 7 u—FRHEDENI X HHIHRSEDOEN (A %
FLHOELDTHD. ZOBNUNK 6.4 Dy I YT 5. HlERINEDENT,
67D (@, (b) LV, X, ZEWAMDOELLDOT Fr—F FATHT Fu—
FHEIZHFI L TREL 2D, 6.7 DEMOMEEERD L, 77 a—FHEN
1 mm/min #3192 Z & 12, 0.66 um OFE THIFHSRISE DENENRKE L 0D,
ZoEER, TAERBIOCLEROGFHOLEDT Fu—FHEDBE WL D
FIERIZ/2 S,

OEN, R LT EFHIIS 2T LOBIIZHOWTHETT 5. K68, 6913,
610 mm =2 RI L X fih 57T 7 a—F & ZHhihmT 7 a—FEEDOENIC
L DWHIM ORBOFEMIETH L. F7o, K610 X XET Vo —F & 27T~
n—FCT7 7 —FHE 1 10 m/min DEMERS Q,Z2EL-ZLDTHD.
6.8, 6.9 LV, VAT LDOENIZLVEMENBETLZ EBNDLNDL. 778
—FHE Lmm/min @ & X%, 1.5um f2E L HMUNRUIEBE Th 03, REBROH

90 (10 90 10

| 8 8
g0 -8 8
. y = 0.66x 80 y = 0.66x
70 ¢ 0 10
4 /‘ 4
60 | A/ // 60 | A/
50 ’( L / 50 o 4(/
40 s ﬁ/
“ ;

10 0;‘5101/
20 20

Delay of MC control system, um
Delay of MC control system, um

0720 40 60 8 100 07720 40 60 80 100
Approach speed F,,, mm/min Approach speed F,,, mm/min
(a) X—axis direction approach. (b) Z—axis direction approach.

Fig. 6.7 Relationship between the delay of control system response and

the approach speed of each axis (¢ 10 mm end mill).
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HIRf I » 7T L CERME Ra2.9nm /&< Liz7zoiz, 77 —FHE
MIEES THHEEE 2 BRI TR C& 5. £72, 77 v —JF 3 10, 100 mm/min
TIE, RERUAPE & 725, REEMKOME LFHII 27 A TlE, 77 v —FHE
DIFENE D BIR & U TR ORIENCIED. L LRN G, Z OYHAIM Ol
FIL, MTBS CTEREZFNT S & 218, MTRAOBEICHEELRNE I
T7u—FREATREL, £30RAIY, A ETHID o TR T L TRITIE
FEZ2 N E N R D,

| - == e = !
!
i
f [ 1mm 1 mm
(@) 1 mm/min (b) 10 mm/min
1 mm
(c) 50 mm/min (d) 100 mm/min

Fig. 6.8 Contact mark on the surface of the workpiece

in the X-axis direction approach ( ¢ 10 mm end mill).

~124 -



B = T v U F O NI AT o0 ARV e

(c) 50 mm/min (d) 100 mm/min

Fig. 6.9 Contact mark on the surface of the workpiece in the Z-axis direction approach.

1 | ' : Contact depth
N }k Contact depth 7 *'\‘ I,JMJ t
| 1Tm 1.6 um A By e 10.2 um
> 0.2mm : i 0.2mm

(a) X-axis direction approach speed 1 mm/min. (b) X-axis direction approach speed 10 mm/min.

) Contact depth
| | _ Contact depth ok
] T_> 0.1 mm ;‘0.2 mm

(c) Z-axis direction approach speed 1 mm/min.  (d) Z axis direction approach speed 10 mm/min.

Fig. 6.10 Measurement of contact depth by non—contact measuring instrument.
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X 6.11 1%, 3 6.2 OT7 Fu—FHEDE I L DHEHIM ~EMES 2 L0
bDTHD. ZOERENK 64D QYT . 65X 1TH D DO
MA~OEMES ST 7 —F#HEICHH L TWDE. T7e—FHEZIELS T
X, BHIM OIS 2/ &L TEDH. K611 DEMOEE LD &, X,
ZfoEHLEL0T7T T —F HETE T Fa—F#EA 1 mm/min ¥iNds 2L
12, 0.78um OFETU AT LA E2EROENENREL D, o, TOVAT A
EROBENIZSOWT, 77a—FHE ITmm/min O & & OFEMZE S, £ 1.5um
T, 5o OEMERZE, XM Te=02pm, ZESH Te=0.1 pm TH

HPHIL X @5 CR=04um, ZEIH M TR=03pm Tholo. RERTH
HULle~vy =07t 200 IR UFEEOMAERITE1 um ThH 575, BAEMEIX
X, ZHhiG M E HITE04um Th D, A EFHIIS 27 A0%, #0 R UKELN
DIELDETHLHTED, AOTHLEEZEZ DD,

90 90
y =0.78x
80 R S 80
. Al /4
60 60
= ]
£ 50 £ 50
2 g
S 40 = 40
O 30 S 30
20 20
10 / 10 /
0 3 - I I 1 0 h L I I I 1 I 1
0 20 40 60 80 100 0 20 40 60 80 100
Apprroach speed F,,, mm/min Apprroach speed F,;,, mm/min
(a) X—axis direction approach. (b) Z—axis direction approach.

Fig. 6.11 Relationship between contact depth into the workpiece and

approach speed of each axis (¢ 10 mm end mill).
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5] 6.12 12 ¢ 10 mm =2 K I/LDEY FEB L OHEEDEWIZ LD AT A4
ROBNEHIET L7 0OICHG L7 AE IR L2779, X612 D (a), (b) 1%
FTNEN Z G o7 7o —FEE 1, 10mm/min T, (¢) 1%, X#filGmoT 7

—FHE LI mm/min DL ED AEEFTHD. X6.12 (a), (¢) 77 u—FH
FE 1 mm/min OFEIE, X164 TR Lz a, B, y D 3RXMTXTOENLDELT.
o DXFOENBAE UT-0iX, M Sz AEFRERESSHE L LEWEE
WX 2ol ThD. ZHIZXY, A2 MaFiditi s Tunn. L
LG, #lc L 25 AEGERIEN DTN /A AL~ LD b RES ST
W5, VulEZfHET 52 L TARY MEBZRITE D [HEMEN D 5.

F77, K612 (@), () FpRMTIEA XY MaERRBEN TS, LavL
ARG, X612 (@), (€) DuTiE~y =7 I NELARGE & L TR
TE TV, Zhid, ERL7EL DI, A X MEBORRRRHIN 7 + M7
TOIERM LY SENZDTHS. X612 @y XX, LENEEHL TIE
HETOREZEZRLTEBY, Z0yLEE, AEEHFOLLB/NESL 2o T
L. ZhiE, TEAFIRE, 77 a—FJ5mE O mICBRES 5720, D& &
CTEBHHIMICOTNICEM L7 EDEEEEBSIDZD.

X 6.12 (@) @ ZH#hH~T 7 r—F L7z & & OPHIB ~OBAE S 1350
Tldum &2, #HEROENEZ 77ms & LT (6.2) THAMEZHE TS
ERI122ms L7e %, [X6.12 (a) AE JFREIE OEfA O T HAEIEE TORH 6 (a
+h+y) 1X119ms &7 b, FFHFELL koo, AEEHICLD, FHUI AT 4D
BENZHRTE TSI L, v = TR ZHlEINEDOELER (6.2) O
IREICERE L THRIERVWENZ 5.

4 6.12 (a), (c) OEAFIHO AE JFIEEOEWIE, BXE 23 ms Th o7
ZOEMNE, UIEHI TR 1 FERIC)DRFFICHEY LTEY, N 1 NIk D
Pt CTh D LD, ZiudFEEoME, TENEORRN, TED ALK
DIXHOEB LA OO TR HE R EOREIZ LY 1 FTHfk L7 &4
Wrcx s, £/, M6.12 (a) O AE RIS, RIEGSEM THRIALE SN
AT 2 FHEFRRESH D Z LN broTz.
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AE amplitude, V

AE amplitude, V

0.6

0.4

0.2

0.6

0.4

0.2

0=119 ms

=

e —
Event signall H y .
Emifelope signal

. waveform

~AE si§ual
; waveform
a B |
: N | \T \
Interrupt signal ool stop and retract

50ms

Time, ms

(a) Z—axis direction approach speed 1 mm/min.

Event signal

nvelope signal
waveform

" |
Tool contact |
I

il

, wui | by I 1‘\AEsignal

1 ] , waveform

Interrupt signal | ! ‘:TIool stop and retract

50 ms

Time, ms

(b) Z—axis direction approach speed 10 mm/min.
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: v
Event signal P
: ——I_H‘_ 2 g
rl f? g
il — — el e i =
I . =
1 ul dl Ll bwd Wil vl =
: ! i : ) 0 =
; | 8 Envielope signal B
0.6 § i P . waveform Lﬁ
: ’ 23ms ’

0.4

Tool contact

0.2

AE amplitude, V
o

-0:2 ] AE signal
a i P i 'x waveform
0.4 i R AN
Interrupt signal Tool stop and retract
, 5
Time, ms Qs

(c) X—axis direction approach speed 1 mm/min.

Fig. 6.12 Relationship between AE signal waveform and system delay at difference

in approach speed and direction ( ¢ 10 mm end mill).

¥ 6.12 (b) DI, (@), () ® AEJREIIE T & D &k gIHns o
B 72551072 o TNV D L B0 D IR T2 DI BTN D BEEIM 2 B BN D =
ERKHEFBTMILTWS., 207, o _Xa—7EF5RNT I Xy Mg &
B S, oSN BVEBE Ty = e ZNEIARE S & L TR
L7 Z e D . ZODLTNRENAME SRAENT, AT LAEeROER
WXL T, BORREZRDOT, HEMEOFHIIZIIMELRWEZ X 6N,

ZOEIICAERETT —Z Z2IWE - it 42 2 & T, B EFHIIT AT AOIRE
PER AEE 5 & ORRDBH LT 5.

$02mm = K3/, 77a—F&EE 1 mm/min TLENEMNEOZRZIT
STAERIZONWTIRAD . X 6.13 I[THHIM OHEflR & FEREiil @i CRlE L7z
PR S O—fFlasd. X 6.13 0o E3Epre T 3 &, #fhL T\ D mEN
Bl o CHZDLM, UHPERSIIRAKTLoum BRETH -7, X613 DFEE L
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0, ReHUlY AT 2RO T ETH T 7 o —F3E 1 mm/min CHEfil 5 &
BT, THNEMELZFHHAETH 7. OO Z T 7 a—F 08
iR S 1F, ST L3um £ R o 72 X B0 E OFRETH HIEHER 1T 6=0.2 um,
#iH R=0.4um & 72 o 7=,

6.141%, ¢02mm = RILOHEMLIZLEEZDAEFEZTHS. ¢ 10 mm
ERBRICT 7 r—FHENENE XX, a f OELARE SRMENLIHE S
7o. Fiz, 1EEE3 ms DT & OHEMESHMHINTERY, HEMERENARKEL
7% &, 3ms OEMIEESORICEZTNA LI, 2HHATHUHIL TS Z & b
5. JEEZ BT 5720 AE & UV R EHHIM ICERS T 720D, ¢0.2 mm
TV RIWIMETH Y, LA O & & EIESEE 20000 min® CTEERL TH,
BIHEEE 1Y 12.5 m/min &KW 28 AE (55 ORIEIZ/ NS o7, 2 kv,
6.14 DHIT, a & p O OFEIALESRREENNA U, Z ORI,

Tool diameter 0.2 mm

le »|

|‘ rl

Contact depth = 7 =7
Y {SEERT INRESENT BA
: 40 pm -

1 um

Fig.6.13 Contact mark and contact depth of ¢ 0.2 mm square end mill.
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6.14 LV 21 msFEETH Y, D612 (@) ¢10mm D E XD, o+pfE (28]
i) 46ms KV bEoTo. ZOEVE, ¢ 0.2mm TIXEMSHER®H S, 1 [El#R
TORFMMNELS, YN 2 Bre bl L7, BIARME S IS E R i
RIS R CX 72 B2 B2 52 5. ¢ 10mm & ¢ 0.2mm OIEFURERE D7 25
ms Z %V A 1 mm/min THERECEE T 5L 04um RE LY, v = 7%
H O IR UKEEORAEE L F%E CTHLOTHERWE VR D.

M LT AEEZ AW ERHI 27 Al K0, THHEMEOHT S Z
ENRHRETH T, TV AT AL, VAT AEEKROENE LT, ARG
FREENE v = TR X ORISR OEBENDHDH Z L AR TE . AE(E
FERGTLZLICEY, 2o 2 BEOBNEMERT LI ENAETHD. =
DY AT LAOEERENZMIET UL, EER N EZFHITE 570, AEE
RO EFHIIS AT A%, NEMERHICESTH 5.
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Fig. 6.14 AE signal waveform detected when contact ¢ 0.2 mm square end mill.
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6.242 RALDE=HD/ A AREKLIEALMBHIEDRE

PRI L DAE A LN D ZER1 72 ) A R K HREEE 72 < T 72O DO%PR
Rt 5. X6.15 1%, X6.12 (a) O T HEEME O R LR Cch 5.
4 6.15 OEMEFFIZIX 0.3 MHz (T IR 2 BB A bz, 22T, il
STz AE SR & ElR OB HIR R O [E A R A O BIfR & fesE L - ARIEBRIC
BT, A A, BEHIB 25 Lo HIA R O B A IRENEUE, 5.3.2 FHFEAEAKY 1.1 kHz,
ThHY, AR, TE, Y= ALV eEhEiroBEREERL The
NE X% 1kHz, 3.3kHz, 48kHz Tho7z. Z OfEIE, (A5 E L HIA IR,
R B L - T, REBROFFATIIRE S Eb LRV, LER-T, Sl
SN/ AE B 5O EIE, FHROEEIM RO b SREBIC RV E VR
% . PR AN TR S 472 AEE B OIS 5 5 B ORI S AL BRI S F
R & RO & 72 o 7.

S HIT, RERPICHET 2 TIFEMOEREEC~ = 78 2O HE)
FA VKGN K0 AFH S 2T A%, 2B ) A X2t T 52 LhnboT.
ZERENY ) A RDIE RO B L X T/REWA, 0.1, 05 FBE U1 MHz fF
VTSR 72 B BN 2 ST, EEEOM LB I, #x 72 ) A ABNEET 5
7o, TRRNFNEOHRE DR ZAT 956, Bl 5 E 5 DRzt TE X
FWVOT, B A X, R A XBLOERNRD ) A X &RET H72D, 0.2
~O05MHZ FEED N RARAT 4 N A B WS Z ENREE L.

200
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Fig. 6.15 Frequency analysis of the AE signal waveform at the tool contact area.
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AR LR 2T MR D TAALAMEMEC OV TR 5. KV AT
D0E, BHIE~OERRIC LY TEALEOMEERERIET 2720, 77 n—F
EIZEDETHIET 20 ENH D, TENEMEZHMIET D Z LT, @kEERR
RIS ATREIZ 722 % . ARFEBRICE W THITE L7z & & O Z iy 1al O AL & AR 13X 6.11
KO &kDA (63) TRTZLNTES.

Zoos=Zc+0.78x107 Fyp (6.3)

T MIE L Z 85 10D Z JEAEAE & Zposmm, 7 7 1 — T3 % Fapmm/min
ETLH.THMNMEIE L&D~y =0 T 2N EE LT Z JEEfE % Zemm
T D, Zpos , ZolIEMIEIERDMETHY ~ A T ADEL 72 5.

X (6.3) @ 0.78x10° DLRFE, AERBR TELS L7 6.11 DEMROMEE DfE%
AL TRY, ZOREB TEMEMEZRS. KX (6.3) #EMAT22&T, FEiN
TIRETOTHO NG EEEZRD D Z LN TE, TEHNEMESTEED
FESAREE 25, UKD, ENEZZE L LEAEENHRZ TG TE,
BHOTEZHWESA0 TREB O B mE AL R/RICIA D Z LN TE
. XEFHEOTEEROFHHNICBE L CHRBEO Z &3z 5.

6.25 F&H

TR LT AE Eifi 2 O DRSO LIS A7 D22 L, 3£
IMTARBEICBNWT A =7 = RV % X, ZHEhO J5 0 B BEHIA (2B il &
, LEARMEOFZIT 7. AECTHELNIEMRIILTOLEY THS.

(1) A EFHAIS 2T L OREKICE Y, ¢10mm, ¢02mm DT KILDK
XX, 77u—FHEICBRAR <, AE HifiE RVt 5 2 LN T
X, AEGEBZEAREEL LT, vV =0 B I~ANLLEZELS
HHILENTEL, ZOL TEMBIICIVRBRE LEEMEDESI, 77
7 —F A I mm/min O & X T 15um TH Y, EERE 6=02um LLF
Tholz. KEBRTHEH L~ =07t 200 ik URE OB,
X, ZEhm & HIZE04um ThHDH. A EFHNS AT AOFHREE X, H

—133 -



Fow v = 7t ZOMH EEHIIT AT L OREARMERERER

DI UKEELLTOIXS D& Tholz. RERIC L D HELE L= AE Hiffi a2 A
Tob% LRl S 27 LGN, ARt R,

(2) AEJFIIE, ~> =27t DY AT AEKB L OEEMEE S ORlES 5
ZLIZkY, VAT ARROENE LT, ARG ERIENRE =T
T2 ORIEHFZROBENZFHIT 2 Z LR TH D.

(3) # EFHHIS 2T AITRBWT, v~ =2 7w X ORlEZOBNRRIX, 77
o —FHEICED 59, X, Zfidkic8oms BETHY, v v =T H
DFFEICE D b DTH D Z Enbhrol. VAT AREKOEREIX, 770
—F T L BB AH Y, 77 a—F N 1 mm/min O¥EINT 5 Z &1,
0.78 um OEE TENNFEAET HZ E2HERTE. ZoEE TAEZ - EO
MIEMEE 35 2 L12k D, IEMARNEMEDF A ETH .

6.3 #EEHRS X T LD

631 B ®

AR ERHIS AT AR L, A7 T RIVE X, Z #OJ5HEmHE
filfin ¥ C, TREANGNEOFHIZIT o7z, ZORER, #HEIMICx LT, it
EBNEL, ZTOEMEORESIE, 77 —FHELHFILTWD 2 ERbho Tz,
ISR 0 ARE LRI AT JMCBIT D T T a—F T L R S ORRE
B &N LTz,

BUE, EMMLINTWD LERNEEDOFHIC AT KZBWTE, #Eo LE%
AWEGAIC TEMOML EIFmEEEN 1lum BEA T 5 Z EARESLTNDS 2.
KK LFH S AT L8, FEEEROM LS THITH AIEE T H D ) &7l T~ 2 W%
% .

FZT, AT, BEEFNS AT ATTEIEMELZHIL, 6 6 ZoOR
(6.3) OF7 F o —F @ L HEMEES ORI LY, Z im0 T EHAE
DFFIEZATV, MEEZZATE LTEAENMELZ RO S, EROTREEZFHIL, £
NENPEZNT L CEENEEZ T2 2 LT, EBEOAEERGORE F CiEH
DEIMEERR L. M EFEEEE lupm W, ILESE2~y =07k X
DO} Y K UFEEE J 0 @R EE 7 3 HAI 00 RTRE M 2 3FAT L 7-.
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6.3.2 ERBRAE

A EFHAIS 27 A OFHE T, REROAFEBIGOEE LRI, TAERT
HETIIBERE L 72358100 LW LR & it TEFSEALE 2 FFHA - #fiE LN
TT25ZEE2HELTND. LEARMEOFHENZ OV, ZE#i Mo TAE
D EIZ DWW THIGE L 7=, 6.16 (FH1 LB AR X OWHAAR ST 2 5E6R
W 2R3, TEIRFEHD ¢ 10mm @i 27 =7 = RI /L TH (A), (B)
MW, ¢02mmi%, LE (A), B), (C) ®3EXKEMWz. LENEE
DOFFEIZOWTIE, = (6.3) ZHVWE. AZERIE, TEFHROLD T Fa—F
B Faplmm/min & L, fEfEIX0.78um & L7z, 1 ARKHO T HEO T EANLALE
%[ 6.16 (P) THEfIEEIIZ K 0 ZHA L, T B & gEIHT 5 oo AH 6 B o 72 % X (6.3)
WL VMIET D, 2Dk, YAz G2 CEENTT 5. FfEC2, 3SAEBOT
HAaRE L, MiE, UhAZ, Vil TaiTy, FHioBEE2ET 52 L
THEEFHI S AT A OFMEFT S .

(P) |
Contact point
for measurement

- |

A

! Depth of cut
Cutting surface =———"

level difference

Workpiece

Fig. 6.16 Outline of experiment on cutting surface level difference and depth of cut.
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K AT DOFNTIEDOHMZLTICE LD D.

(i) LE (A) #X6.16 (P) T zZ#hfFmicHftst, TEMEIELZ(#E % L
BAEMESE LTHET S, ZORER 3 BTV, £ 3 FIOFBENG
THERANENEZRD D, HEAEFTHIOT LT Y ZLDONTIHERIRT D.

(i) TERNEMEZX (6.3) ITRAT D LT, A EFHEIL 2T 2O IEE
EINE S, BEOTERNIENE Zps RO 5.

(iii) LH (A) TULBAZZLZ T, FEMLT 5.

(iv) TH (B) lz&c#atg, (P) 2235 LofniE ¢O & [FERIC T ARl 2
ETD.

(v) (i) EABRIC TENEMEZMIEL, UiAAE 52 CrRREINTT 5.

(vi) [X16.16 [ZR 3N LB 2R L OEIAAIRS Z]ET 5.

vii) () ~ (vi) OFEBRZEHKREITH Z & T, HEFHT AT AOKRIEETT .
F 6.3 ITMAESRMF 273, BRHIB I I A SR aMamES (S50C) A A L,
SPEIL 75%35x15mm & L7z, #REIAA AN LI L v, BESH S Ra0.1 um
UFIZL7z. YUHEEEIZ LEA—hOh X a JEla3EI1ZL, ¢10 mm [THH]
EE 80 m/min, $0.2 mm it~ =2 V& F OfEEESEHE A D 12.5 mm/min
W2 L7, TRNEMEFHN OO0 Z i mo 7 7 v —F@EEIE 1 mm/min,

EYIHEIRE 1, 10 mm/min & L7=.

ABE LFHHI 2T W%, B OBRICHH S D AEE 512 L& WEEZ W THE
) AREEEMIESZRBIL TS, L LRSS, ZOHETHREENR ) A
RN L BEfE B 2R T D aREME N B 5. £ 2T, ZOMBEE RS 5720,
BLOGHIOREZ N F S 57010, TEASEMBEEZHINCE L a7 L
IYRLERF L. NEMEBOT LVIY XANX, VAT LAOFMEGED (),
(iv) IZ8BWT, Fl—LEANEAE AR LY 3 EFHIZTTV, 3 EIOfED
RE LT RAZ L Y /N SWETHIUE, 3EIOFEEEEZ TENENEE LT
WA, 7k, BREMIE, 33HOBEHE - KET T u—FREOEAERZE 6=0.1 um
ELTWA.

X 6.17 IV AT LEFHMEIT A 720D T a7 07 —F ¥ — MaRd. v
AT LG 0 7T AT, vV = e A Oae B EFRT S aw s
BRI AA T ol Inb~wra7al I 50800500 0HTE 28
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DEHTH L. RIERTIX, =E 2 ZEII#100~#105 £ TOFEFEZH . #100
~#102 (21X 3EIOFHANZ BT 5 LEDME I LTZBRD ZEh O FEAREAMRAFE SN D
#103 1% 3 [ DOFHAE D> & FEHE DO FHERE RAMRAFE S5 . #104 13#100~#102 O
FHHAE RO ER ZD BEEOEER A #105) LT ThH Z L2/l S b . 12
R0 BEELL T THIUTFHINIA T L, Tl ETHIUE, #104 73#105 LA
TeRhnETHRYIEL 3 BOFMEITo72. FHANE T4, TERIEAEM
IZ#103 L EBRICMER Lc 7 7 a—F Fik, 77 a—FHEIZS ) D EEZ 0
Bz

Table 6.3 Verification conditions of on-machine measurement system.

Tool Square end mill, Carbide (TiAIN-based coating)
00
4 blades 2 blades
Diameter ¢ 10 mm ¢ 0.2 mm
. S50C
Workpiece (75 mmx35 mmx15 mm)
Cutting speed V 80 m/min 12.5 m/min
(Spindle speed) (2560 min™) (20000 min™)
Approach speed F 4 1 mm/min
Cutting speed F 1, 10 mm/min
Depth of cut a, 10 pm 20 um
Approach direction Z - axis direction
AE sensor_ . Vice Workpiece
attachment position
Sampling frequency 3.9 MHz
AE amplification factor 60 dB
Threshold Vi 20mV,Vy 50 mVv Vi 20mV,Vy 55 mv
AE high-pass filter 100 kHz
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< Measure tool edge position >

Input
#105 ( Target standard deviation) =0.1

Measurement
Input
#100—First time measured value

Measurement
Input
#101 = Second time measured value

Measurement
Input
#102=Third time measured value

Calculate measured value average
and standard deviation

Input
#103=Measured value average
#104=Standard deviation

#104 =#105

Output
Tool length =Measured value average (#103) + Compensation value

C = O

Fig. 6.17 Flowchart of the program for evaluating the system.
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6.3.3 ERERPLIUEE

F 6.4 (T~ =2 T HITERAT STz T B NN E O ¥R AR A D — 151 %
AT X617 O e s T ALY, #100~#102 OEIX T ENLMEEZRT. Zh
OO £ 0 FHE SRR ZE#104 135X E L72fE# 105 D 0.1 ym LA FTH Y,
FHANCRIERN 2N E R oD, FIUSEFETH10 mm, 02 mm O KL
(2 & ORI T B A SANLE DR ZIT - 7223, A ROERTIE, TN TRELIE
WRANTH o2, VAT LEFHMET 27208 EL-7 077 A%, 7a—F
Y— MEY KRR L, TERAEFHINCE LT, MEt Lz 3 ) XA ERE R
WD,

Z D%, 6.4 DOTLH (A), (B) OFHA L7 FEAE#104 (A EME 2 I L,
YNAARS & 52 TFm 2 N L L7ofE R 4% 6.18, 6.19 (2757, ¢ 6.18, 6.19 I3
TNEN ¢10mm, ¢ 0.2mm OEBRFERTH L. KD (b), (¢ 1% (@) =T
P OBEZERS LOYARES ZRE LD THD. X618 D ¢ 10mm =2 R
IMZE LTS, SFENIRHC TRAZ B ESERTNL L2, TE (A) O
IE, UNHNEEOMTIENA LN, TE (B) OMTIL, &N O TIENE
BTE5. ZO0ZEEY, TH (A) OFBESIMLLIEZ EB83bn5.

Table 6.4 Machine coordinate values of tool cutting edge position obtained from

machining center.

Common variable Calculation item Measured value (um)
#100 measured value 1 -192729.1
#101 measured value 2 -192729.3
Tool (A) #102 measured value 3 -192729.2
#103 Measurement average -192729.2
#104 Standard deviation 0.082
#105 Target standard deviation 0.1
#100 measured value 1 -194166.4
#101 measured value 2 -194166.5
Tool (B) #102 measured value 3 -194166.4
#103 Measurement average -194166.4
#104 Standard deviation 0.047
#105 Target standard deviation 0.1
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(a) Surface of workpiece

Tool (B) &
/‘_,‘_J_’_}l__,\‘}r;\/\«,.\_,vw-’-’\pww— ""'L’ — 05 |,lm TOOI (A)

:
0.5 pm 0.2 mm

(b) Cutting surface level difference (1 mm / min)

POV .o MI‘NAHM/\V’

TWorkpiece surface
LA SO A e Ak

10 pm
Tool (B)
7 ~W*M‘L_""I\‘W\W'fvr\r"¢n Mt'-

(c) Depth of cut. (10 mm / min)

Fig. 6.18 Cutting surface level difference and depth of cut in ¢ 10 mm square end mill.
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Tool(C) Tool(B) Tool(A)

@: Surface step
Depth of cut
@: Surface step
Depth of cut

(a) Surface of workpiece.

Tool diameter 0.2 mm

D 19.92‘ pm 119.50pum
Tool (C) Tool (B) Tool (A)
N J

v
Cutting surface level difference 0.42 um

Tool diameter 0.2 mm/Burr

-t
I VL i
T b
@ 19.87 um 19.98um 19.66um
Tool (C) Tool (B) Tool (A)
N Y,

>
Cutting surface level difference 0.32 um

(b) Cutting surface level difference and depth of cut of different tools (1 mm/min).

Fig. 6.19 Cutting surface level difference and depth of cut in ¢ 0.2 mm square end mill.
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ZOWED 2 FHIOBEZE, 0.5um BETH -7, Tz, UHAAESIE, MITE
0um (ZxF LT L0um BETH VW RENA LI >7. 619 D ¢0.2mm =
Y RIMCELTL, 3ARDLTEEZHANWT, VAT L0 EIT>7=. 3 FHD
BEAEITR K 042um TH Y, UHAARESIL, IL-HE20um I L TOE@ LY
KR T05 um OFEENRLLNT-.

4 6.18, 6.19 DR LV, THEDOK/NIEHDL LT, 8D THROEKEL,
0.5 um Lol FHlO7T-DIZE BT o722y, RICE )RR THo7-. =
DBRFETEBRIMEH LIz~ = e 2O IR UATERDFEE (2 7w
+0.4pum) LT THY, FRHEHNE WD, BEEALENTWD T HFE
OFHT AT NI TEMOBEZE lum TH Y, AT 27 A2 EH L)
MERGE 7RI T2 FEBLCE 5. £, TERNEMEDOHIETH D ULIALESIZE
LTiE, BAEMEICX L THRATR 05um ORRETH 7. TEHAEAER, 3.2
fHioX (6.3) ICE > THIENAEETH D Z EMRbnoTz.

L7235 C, RUFECTHEEE L 72 AE Hifli & -l 7o i EEHI S 27 A DG 2 PER
MR &=, Aol Rt bicky, TEARMEOVEYEEZERTS 2 &
IR ER 2 2 O 72 TR AEACE R O EE O3 5 3HHT /L= U X L3R
b nz .

6.34 F&OH

AREBRCHESE L T2 AE £l 2 I e TAEB OB LEHIIS 27 Ak, TR
HNENLEOF M EZIT, 6.2 i CROAIEMZTEH L CGHMliA4T > 7=, KHiT
BONTRRITUTO LY THD.

(1) ¥ FEFIIS A F A 5(T 572007 75 Mo kv, TENEMBORTEES X
O LEMIEIZ LY TEAEMELZRD D Z ENTET.

(2) B2 n TEHMOM EFmEZEIIRAKTOS um 720, LIz~ =2 7
T O R UANLERDIFELL T O L e ofc. £, UBALRRE OFAZE
34905 yum TH Y, v AT AORKDOBEINED O KD IAHEMEIZ LV &k
JERMTINRTEDLZ ERbhrol.
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(3) RV AT LOFHMIZ LY, Y AT LOFMMEREZZ & T, FHlloT =
U RN E N R D

(4) $RE LM EEHAI> 27 A%, &FE AE 5572 & AE -l 3T A — & %
TEY, ZOEFE~Y= 72U ZICRVATLZ T, TROEESLTA
IR D70 &2 K5 - filfH LT DL Bl -0 REICERIZIB N T,
Z D AE G/ N T A —H G, B M, BIHLRIED RG24 LT D,
L=l oC, 8 1 BOM LGS AT BRI AR T2 &4
AHEE V2D,

6.4 ERIEDE-HOIET7 IO—FDRE

641 B ®

6.2 fiii, 6.3 filCkV, WELIE LT AT 2ORMEZ REZ. LinL
NG, R AT LD TLERNEAEFHINCBWCIE, LEZHHIMICHEM S5
ZEITRY, VAT ABEROBENDEL, YHIEDNKD. FRlo~vi =78 X
DO HIHISE OB, T OMLEE TR E > TE Y, WBAEOB SN LZD
B D RIHEITHE Ly,

AREITIE, B EFHS 2T L0 e 5 FEAKIZT T, SIHPE % F/NRIZH
LHZEEHME LT, T/ —F HEZEELREFZ1To72. LTEOTY rn—F
ELT, HERFMBIRN ZEAEMOART T« T Ta—FIZLDENENDS
HBIZOWTHGE L2, TNENOT 7 a—F FikiC X 2 EfamiEo AE F5 0
IEE - fRHT IS L OMEHIA ~ DEERIR & DB Z DUV TR L7z,

6.4.2 REEBRAE

TR AT AE, 6.2 FHiDOK 6.3 THEMH L7 LEHIS 27 A% FHuv o, il
RIRS 2 h/DRICT D 72012, TERNEFHOT 7o —Fo)iEs LT, X6.20
(R T 2 ODHEERELENENFEREZTT . X6.20 (a) 1%, XZ#h5m~n
BRNC L 27 7 —F, X6.20 (b) [ZHHIA I8 L Z2WALE T Z 712 0.1
um LA I, X @il 57 6752 5 KA 7 7o —F U, 8k U7 i U LB ARk S 4,
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P25 £ CEMEEZ RV IRT AT v 7 T —F O NEERL TS, ZOT
Tua—FlL, FAETITSTLLDOELEFRILETHD.

EBRSLMEAEEK 651079, THIZo10 mmoxTy RINVEHATS. 22T,
R 7 —FIC XD AEE, BEFWICE D LR 7o —F O R CHHl
HRISEDOERNRHOK 80 ms 2B [ET 5. X620 (@) (TR 7Fm—F
DAL, ZEihFmE~y =2 72 X OR/MESIETH S 0.1 um, X #ilihm %
RIS E OB MY T 2800 L &t Lot S oEETHDH. T 7
—FIHE T2 X #hJ7m OfEEE Lok, 10, 80, 100ms (ZFHXYJ 2 HHEEIC AT L
7=, 7ok, HEEE LB X OMEAMEILT Yo —FEE L ICHBE L TIREL T
4. 7T7u—F@E 1, 10, 50, 100 mm/min & L, ZnFh 3[BT HOMHIEET
5. WHIR X, BUNe YRR 28129 5720, T v THLER % i L 7= S50C % H
L7z, 728, WHIM OB FH S Ralx 2.9nm Tho7=. RIS 6.2 o
d10mm Oy RINVEFHLZE X ER—FMHE L.

«— ——Step

"7 0.lum
Z vy ZY
Vix x
(@) Inclination angle approach. (b) Step approach.

Fig. 6.20 Method of tool approach.
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Table 6.5 Experimental conditions for inclination angle approach and step approach.

Tool ¢ 10 mm, Square end mill, Four blades
Workpiece S50C (85 mmx35 mmx15 mm)
Cutting speed V 80 m/min (2560 min™)
Approach speed F 4 1, 10, 50, 2100 mm/min

Z - axis direction
XZ - axis direction inclination angle
Approach direction Angle corresponding to Fig.6.20(a) L
(L = Distance corresponding to 10, 80, 150 ms)
Z - axis direction step

AEsensor

- Vice
attachment position
Sampling period 3.9 MHz
AE amplification factor 60dB
AE high-pass filter High-pass : 100 kHz

6.43 EBRERPIUEER

#661%, 7R —FHEOENNILLIERT e —F AT T T m—
FOMHIMEROBMIES TH L. KO DIZHEET F'r—F (90°) DL =
DRI HIBFL LTz, ZOVAT AL VERT Ve —FBLRAT v 7T
Tu—FTh, NEMEFHRZIUGTE . £66 L0, HEY Ve —FizBn
T, SRR SIIEROAEIZED LT, 1FE-EOMHEE /R L. X621 ICKE
777k Llebozrd. K621 (@) 1%, |H, B, A7y 7S e—F
DT RTERFELESDT, (b) [FHEMES 0~07 um EFTELERLE LD TH
5. X621 k0, HET e —FOENRET 70 —F L0 MRS RN EL
BT ENbND., Fin, HET Tu—FL, T —FHEICEDLT,
—EDEER LIz, R 7o —FI X AEMESIL, 77 n —F il ECERHA
FEIZRED 5T, L2y, T DHE035um Thotz, AT v T
0—F T, v~ =7 ZOE/NMNEEED 0.1 um OFEES & 7o 7z,
BR 7 7 v —F I K DURARGE S L, BRI 6.20 DR L 2 K& < +h
(FERFELNC /2D, HAERSIT/NE< 2D, L& 80 ms IZHIY 35 X il
HoOEEEE Lcsa, BE T LEOSEMBES T 0.1 um BREIZRD. EHIC
150 ms |2 LGSR EN/NS < 25720, BRSNS 251X Th
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Do LWL, HEDBESHNTHS THUIAAREIIRITE AL EED L)
7o, 2, v~ =7 U ZREAREEERET XA I 7I2L56DT
bHLEZOND. ZOEARMEZORBEIZHONWTIE, K622 IR d 7T 7 r—
FHEDENI LD AEEE LV L5,

X 6.22 (a) 1HfEAT 7 7 —F B 10 mm/min, Li=80ms |[ZFHY 7 5 i, {H
AR 05° D AEESTHD. X622 (b) XD HICTEET 7' 1 —F TH
L2 AEfEHERT. 622 (@), (b) OEIBIZAE B E A~ MEHET
HY, AXUMEFIX, AEJREEZLE Lo " —FE50, RELTL
SVMEZ X &I hansg. 2L T, AU MEEN 1Ims UL ERHE LT-
BRI~y = TR A NEIARMEE & LTRIHL, TEHMEIELiR#ET 5. L
N5 T, K622 (b) OEET 7 u—F T, TEOUYINHAEEIPEEI IR
it U, Bk & RRFICRE 2 AEG S, v~ =07 23 <IELA
HMEBEMANENTND., 202, |ET 7o —F ORI IL, ERARES
BIIZBNWTIELDE 03D, HIHROENCL D bDERD.

X 6.21 (a) DMK 7'v—F TIL, HEPESCNTH D70, BT T
BYI AN X D8I~/ NS <, AERHOIREL /NS, 2 LT, %
DOEITE BT, TREUNHNOER, S>FVUHIENKRE< Y, AEfEEH
REL D, ZOEEZARVMEBRHEE LI LEWEEBZ D EELALE
FELTREEND. 20k, HRT 7a—F T, 41X MEEORHIE
N, v~ =272 MeamH TETICEHE SR ORI 2T 520
-7z,

LrL7ens, BET Ve —FOEMEI T 1.5 um ThH o723, R 7

—FIZ LD THALAEORENE, 77 v —F @I 5P EfE S 0.35
um &R E <, FEEOUIHIGRECORHUN ATRE/R =D AN TH 5.

6.2 Hi Tk 7z L DA LFHHIS 27 M2 T D EROGILEIL, 60
Ui T2 TEEB X OEERBRE O ZIT> TS Z EnD, BHIM -
m25 0.1lmmOESE LTS, BIxIE, 05°OHEAITT e —F3 5 & Z il
FA01mm O L X, X HFAIZIZELZ 11.5mm 07 7 a—F HiEnNsLE L
2%, ZDTOFEEOILELY TIE, R EZ RSB0 6 MMM L 2~U D
NWRANA FZNDT I a—FIZEET L5 ERSTVEFERNTHS. 771
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Table 6.6 Contact depth of the workpiece surface of inclination angle approach and

step approach with approach speed change.

Time to feed in the . .
X-axis direction | Vertical Inclination Step
('?Tﬁ)rfvrr%)ir?;hspeed ) 0 10 80 150 -
100 Inclination angle (°) Q0 0.34 0.04 0.02 0
Contact depth (pm) 77.3 0.5 0.2 - 0.1
- Inclination angle (°) 90 0.7 0.1 0.05 -
Contact depth (um) 40.9 0.6 0.1 0.3 -
10 Inclination angle (°) Q0 3.44 0.44 0.23 -
Contact depth (pum) 10.2 0.4 0.4 0.3 -
1 Inclination angle (°) Q0 34.4 4.4 2.3 -
Contact depth (pum) 14 0.5 0.3 04 -
50 r 07

45 =
0.6 L=10ms _|
40 / /.\.
05

e El
= £
5 30 g o4 x
g 25  Vertical approach 2] 03 &gomsj\
€ 20 (Z axis direction approach) - ‘g \
o
© 15 © 02 L=80ms — ¢
10
+ A B
5 i Inclined approach @ Step approach 0.1 Step approach *
0 N H 0.0 I | I | I | I |
0 20 40 60 80 100 0 20 40 60 80 100
Apprroach speed F,, (mm/min) Apprroach speed F,, (mm/min)
(a) All approaches. (b) Inclination angle approach

and step approach.

Fig. 6.21 Relationship between contact depth and approach direction.
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Event signal 5
I I N N ' >
g
t =
Al |k =
£
5+
5
i
0
‘ Interrdpt signal
> 1 A
) | ., AEsignal
2 / waveform
=0 ; " ‘ w '
5 / otp oy
L 1 <—>
< 100ms
Tool contact D

Time, ms
(@) Inclination angle approach (approach speed 10 mm/min, Lt=78 ms).

Event signal

B

£ ||l

Event amplitude, V

AL
Tool contact ™

|

7 Interrupt signal

1 AE signal
>
& waveform
=]
>
=0
o
e
3]
< 100ms
-1 atp i >

Time, ms

(b) Z-axis direction approach (approach speed 10 mm/min).

Fig. 6.22 AE signal waveform at the approach direction difference.
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B EEHAIS 27 A0 FERIZINT T, ML L7ZFHII AT A2BW T, GIHPE
HR/NRICIMA S Z L AR L LT, #HIM~OEMT 71 —F FIEIZONT
BEt Lz, 77 a—F HEE LT Ve —F L AT v ST e —FI2L D
B2 R AT, REICHELNIEHERITIUTOLEEY TH 5.

(D) BEELEZV AT LAZAWT, BRI o —FBLOAT v 7 77 —FIC
LD TERNEMEBOFHNTLZENTE, 267 e —FITAEHTH
HZ Enbhrol.

(2) BT 7'r—FTix, HRMEE, KV IEEICHE R, SRS 3
¥)T035um THY, BMET I —FDIUARELxoT=. AT v T
02— T, BEESSN01lum THY, RARICMAD Z ENTET.

6.5 #&

ARETHE, BIRE CTOMEEZIT T, AEHIFZ AW~y =07 X ok
FEHS AT AOEEZITY, AEEHORIEIZE Y 2T LADISEMRE M
ERE LI, F£i2, By RIVORNEMEOFIZITY, 5.2 fi TRl
WIEEZ M, TNZho TRETH LT OUARES & 5 2 THHEIM Z T L
7o, ZOOMLEHOEERB LRI ZHET 52 L TAEEFTE MW~y =
T2 ORI AT A EFMEI LT, 612, ERbO=O0 TET 7o —
FomFEre LT, TEASMEZFHTIEICAEC LV AT LDOENICL DY)
HIEDRS 207 27 7Fn—F HiEEZRE LR Lz, KETHLIZHE
RIIUTOEBY THS.

(1) WEE LA R AT H2KD, ¢10 mm, ¢02mm O RI /LD
REZ, 77 a—FHEICBRZ < AE Hifft 2 -V Tl 925 2 L3¢
X, AEGEBEZEAREEL LT, v~V =0 7B A~ANLTLEZEILT
T, TOLIEMBAICI Y B LEEMEORI B LT L DX O
T E D AT LAOfEHEM, AL RET.
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(2) BELFHAS AT DITBWT, v = 7 X OFIEIROENRRIL, X,
Zghdiz 8oms BECThH 7. £io, VAT LAEKOENEL, T u—F
AL L HREIRAfRICH Y, T e —F @A L mm/min #0145 Z &2, 0.78
um OFNEGTI AT LEEROBNNEL D Z LR TE .

(3) B LRI AT AL, RELEZE LI WEEBAT-ERe~r =7k #IZ
WViAteZ & T, TROEFIERTREZHIES R E4FHE - HIHT 227 A
Lo TS, #3, 5 EOUHIREDEAIZINT, LEVELBATE
B, UHIRREORE Z MR L T\ 5728, BE L7 G AT A
X, LCEREEFHILIMZOIEPREBEOBEGRIC HIEHETH 5.

(4) ¥ EEHRIS 27 S &2 TEREAEOFHAITIX, $e 2 T AR O Lk
TR KTOS um 720, HHLI-~Y =072 2O IR LALE DD
FELLTOEE 7eo7c. Fiz, UHARRI DFRZEITR K05 pym TH Y, ¥
AT LOBAROBEIEN BROTAHEMIC XV SHEERM LA TE .

B) ELIEVAT AZHNT, T e —FTBLORT v 7 - T a—F|C
£ 2 TEFNEMEOFHAATAE T, BMRES #5/NRICINZ 5 Z LN TE,
INoOT Fu—FHIEOFYMEEZR L.

(6) #EmmiZ TRLD, @, OI%, AE iz A7z TR O L3 27
DMLV B AT ZIENTED. @, ®ICo0TEL, #E 1), 2 &
DK EEHIS 2T AOEEN, AR A R Lz, @O LimEZEIZB VT,
WE (4) L RTOo5um LA FROFHRL AT DL ED S AT Lk
FCxl, @, @220 TIE, #5 Q) XLV, FHEOERMBRLY, M
L72BE EEHS 2T MdA P av A B AHETH L. LER-T, KV AT
MIRE LT=O~@DFEARMREZ /-3 L 208 TE, BUROFHIT AT A
EVEMNTHD.
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1) HECERNEBMREE S ¥ —, T Ly 7 AV AT ARASH WA Z L=
71z XD NC TAEEI I A &~ A X AiskEE <7 %A &, (2016), p.36.

2) AEHEG: B O~ v =0 7 v 2B B A v~ v LRI, B,
Vol.58, No.4, (2010), pp.35-37.
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7.1 KHAROHEER

Kim L TIE, AE 8l 2 72 S2BREEE 2 T, BRI L aaiE o Eks BN
TEFHET DX A YT FLEIC K 2 EERE X OWie Ol 2 R &
Loy RINTEICK A~y =0 v 20T EARMEBEOKRE 2R, B
FEETEADINLIZ 3BV, BIARREEOEER & U TN LR OZEFE 21T\, ZENN
THHZHE S D AEE 5 L OISR OB LTz, 7, ~v =7k
ZIMTIZENTIE, LEEREE AEEFOBRIEIZ OV TR Lz, 61T, +
VU T RUZIZEBWNT, AE Hidlita WL EEHRIS AT A A RS LR - iR
RELTC. ZORER, AWM THLNTMERRIZLLTO LB THD.

%1 BT, iR EI N7 LRSI E R TR Th 5 LERNEMEFH O
7 7t AFHA EYIEIREDOER O A 7 u v AFHINCES 2 H T, BED
FHHS 2T A ORES 22T 7. TEFEAEF & EIHREOEHR O — > D
FHUZFREE T DV AT LAOEBNRDOND Z & ZiR~, AE B2 il Tdh
D LWL, ARBFFEO B Z#R L.

52 T CIX, BRI TRE O FEHIIN IS B\ T AE Bt & Fv 7z T A & gl
M OBEfRFRANC X 2 B IGEE I O L ORI O GIHNREE DR AT > 7.
ZORER, B/ TUBARES 10 nm TH A Y2 FTE & BHIM OBk % B
T&, AE Hiffiz 7= T A & BHIM OBl OIS #iH 2 Gl L. 2ok
M S BIHIRI O AE 557> i) 72 O Wise ) 22 I R M BLEE S T,
ZDEWVIT LV HHIM OB OHERET 2 2 Tz, £, AEEHD
W L0, TERNE L HAB OORIfEE @ElE S) 2N 2 & AEE 5
TR LEMNT 5 Z & PR T .

LLEX Y, EIMTIRETOBMBINN AR TH Y, TIEEROMER 25 AT
THNEMBORBIZAEZTH Y, GIHNREOEE O FHEME S & 5.
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53 EIL, BRERERICBOTRUNITANC IS T 2 UIHNREE DR 21772 5 72
DIZ, YA EZEE L7 &0 AEE T2 Lz, AE B2 UMK B DR
WO bDw o4& LTOF R ONT O 21T - 7. FOREE, GIHI41:
& AE FEEOBIRIZIW T, UIHNREE, UNAZIE S 36 KL ORE 0 3 E ORI
W, AE EBMEITRE L e oT. GIHNEEEICEAT 5 FEM T ORER LY, EA
WriEk 2B 1T 2 O T Az kL X & AE EMEIZERR H 5 Z LN o7, AE
JRIETES> AE SEEJEBEEOBIEIC LY, ZEUHIRED & %1%, AEEEIZZT L
X5 B2, REEZREIENRRED & XX AE 15 B O BN 72N AR L E IS
R0, RN AE BRI SN2, 2o ik, LEWEEZRAWS Z Lk
DEIHMRREEO B AT TE D BRI

LLEE D, AE EAiTIZ K 2 BIHRAE DB IS K OBIHIIR A& oD B4 o]k X vl 6
ThHEWNZD.

FHATETE, MBMLO7 74 2MTICBN TV =07 2128k 5 AE #
fiff 2 PV T2 TH LG HIM OBl L 2 BISHPA OBt 21T > 72, 2 ORER,
¢ 10 mm Dz K IV TEISNE AL, JEKAMLOZTNZNOEIHITZUIB b
5F, GHAZIRS 0.1 pm THEHIM OFME RN TE /2. ¢ 02mm O/ME=L R
IVTHEAMITITENT, YHARRES 0.1 um THHAIR O fih 2 T & 7.
R—bm RIVTH, BMRUNAZESHK 40 nm T AE [E 525 2 &2
TETo. BRI OBRHA LR E W, 7300 6 RUIRRE A K & W7 03 UIHI Y1
O AE G5 ORMBEN RN L3 bhoTle. 2O Lid, H2, 3 OUHEE
L AE TIIEORER LA L 72 o7, AE Hiffi 2 JIu 7o TR L el o B fili
O i P 2 e L7

ULy, EEOMTEREE FICBNT, AE HifZ Ty FI B IOWR
—bT 2 N L L BHIM OB X0, TARROBVE TS 2 & A T2 RS
RF OB 72 TROIRNO A INEOFHUNCA N TH D LN 5.

%5 5 T, AE Bdlr2FH LIZRBREER L~y =7 22V,

AT L AR (SUS304) DA =7y RI)LOMEMLE SR L, TAED
PEFEIRRE DGR 2 3 A T, — B2 N L ORI H <5 T HEEEE, UIEI 16
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L OWHIA O BT S & AE B2 OBRZ G Uiz, ZOfEE, T HEEREE
O E & HITHIHI T8 L OWHIM O L I S 1338325 2%, AE E2hEIX
FIEE LW ERbhoTz. LinLaenn, AEFEFEFICLEVWEZREL T
AE BHEL TR T2 2 L2 XL 0, EREREE CIX L RERNHEITT 5 & AE FHK
HIEIME 2R Lz, T OIS, AE G5 OEREMNT 217\, T EEEFEIE
a2 &, TEREOHIZ L P ~OBMERE 20, EF OTHNMEE
F 0 BARERE S A2 D AE EEBRRIN SN OBEN L 25 2 ERbino
7. SOICEERENEIT L, HIMICERE L7200 < 03 S LRI & HE DL
D& X, ERHOTHMRKEEL Y & &R 2 5T AE G503 R S D
ENLL 72D Z ERbhoTlz.

U EXY, AEEEEE4S LT, AE FHECORBEEENT 21T 9 2 & T, BIHDIR
REDBE OHIWINSFIEE L 720, AE BAIIC K 0 T HEFEIRAEA A4 5 2 &3 F]
REL W2 5. AEE 5O REMEEMATICEE L Cix, TEEMEOHEMLEY <0
BRI CEXDDT, FFEDT 4 VH & AWTTRERELHR T 25 lHetE
DI R Tz

¥ 6 FlX, AE Hiffiz AW~y =27 X O ERHIIS AT A AL,
THENFALEOF R ZITV, VAT LAOFM - BFE L2, T OREE, A EFHH
AT LAOREERIZEY, 10 mm, ¢02mm DO RINVLDOKRKEE, 77—
FRHEEIZBAMRZR < AE B2 W THEEfR N+ 2 Z LT, AER & HNIASL
FErl LT, v =Ty I~AN L LEZEIESELNTE . 20 L X5
RN KO BRI L BAREOR S B L NE L DX OMBIZ LY VAT ADfF
TR, AR a 7o, A Lo BEHIIS R 7 AT, #fhZ A L T o fF
ETD2ETOVRTLAOENEHDZ LN, ZOBNIIT 7o —F il
JE L WFIBfRICH Y, T e —FEN 1 mm/min OEEINT 5 L1, 0.78 pm
DEEGTY AT LAREOBNENRE L o7z, ZOERIZI Y @FERFHI
(LTI IR 8

VL EOiERE S L, BEFHIY 27 22 X 5 T E NN E OFH O R %
Totz. TORER, s TEMOMIEESETRKTOS um &0, FHL
Tev v =0 72 2O IR UNERDEELL T O L e oo, £z, UHARIE
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D ERSE N TN TE -, AE Hidfi 2 W8 B3RS 27 0%, ERbEhT
WHEHAIS AT A KV SRR e TEAGAMEOFHINEBR TE . 61T, #E
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trZ T, TRHOEIESCTERHIES 2 E2FHE - HIlT 2 AT A E72o T
5. #3, SEOUHIREOEMRTH, LEWEEZBA-ESICLY, MToR
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T5 1 EORULEEAMEREZMZT L 2N TE, BUROFHAIL 2T & X 0 EBAL
ThHZ EERLTE.

oM, TERNEAEZFHT2EICAE T D AT AOEIIC X 0 #ibE
RS aP$27 7 n—FHEOBF Lz, ZORE, BRT 7rn—FEBXIT
AT T T TR —FIZLY, FHIMIC L CERERT Ve —F L0 iR &
INELTHZENTE, THu—F HEORSMEEZ R LT,

PLE, ARWFECIX, TR, INLERE, MERE, MIRRIHTENEN
DIEF T AE Hiffi a2 AWV CTHE LRI AT AR R T 520 0MEE2EDL 2 &
NTCE N EICE LT, SR Lk & — O LS\ T, I
TIFREICBI L TUE, EHIR E 7 T4 ZARIZOWTRE L7, BIHIEIS L LT, 4]
IStk & AE S5 0 BfRI L OV BEEEERS ICRE S D AEE B I HOWTHRE L
. ZOZE XY, AEHIFIE, YIHIIMTOZEEAEOFERTIEATED VL
5. LIERo T, FFEICEWTLEALNEZHO Y 7 a ' Z5HA & GIERK
ROBEHDOA 7 av ZGHIOMEEEZH T 5 AE Btz W72 TAEM O -
FHAIS AT MIANTHH Z ENRS iz, S HICTRENEAEFHICE L T
%, FERAES T D EHABERR OF G B L. EoFHI 2 EEL L 72,
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AWFEIZEB W TIE, AE 8ilia W CTII TIEEETIIERIR & 7 T A4 ARIC0,
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SEIRIC B9 5 AE Bifli 2 W7o RRGE L. — iR 72 TAEREMR C & a3 AHE B3+
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v H DL G TALIZ KD EEIIBAT L TS, 2072, 2 b DO LAE
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WLE TR T80, BEF ORI AT A CIHRRAENELTLE 5. A EFHAI 2T
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XD, SBRITZEIN TR T, AE Sl a W7o EEHIS 27 A0 R %
RTEDN D D .

T FINVTEOERIRREOERIZHB W TIE, SUS304 D= R IV T EDOM
M LTOMIETH Y, S BITMOITIE TRIZEWTHREEZED 5 LE N H
L. MREOERIZBWTIT AEF FIZ LEWEAZRRE LT, LREESARL
TEUHNCE L TREDHEEIT- 722, ZOLEVEOBREICEHLTH EoR
FEDET 20N O0DOT =452 LIZRETLHMEHDH. ZOLEVED
REICI, 4 £ TOMLIERE T —ZIWE L, FRefb a7z TOERICE Y iATe
L CREMEEEEHEDL L AREIZRDTHA ).
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