N%ES . TG506 FH4855:10363
® @ NFF % $:2220120102

Anhui Polytechnic University

T FMiEX

B H _RAESSMREFLIAE

B TH IR
it X £ & Eil
i 5 W Tk (BIHED)
28 (Ed) MU L42
R A E MBI RIS

WXL AN, 2025 F 5 4 20 H




N
N

2

HAARAD: 10363

s =

¥ = 2220120102

=
Y
-+

R AT 4E 2 A PRk L6 SN TR BT 7T

EXPERIMENTAL AND PROCESSING MECHANISM RESEARCH ON
HOLE-MAKING OF CFRP

SNAEN (R Y Tk

8 3 2. JrkAE CRHERD
3 A PLB TR

Wt 7T 5 T PUBR T e FER

WA utHRY: 202545 H 13 &



ZHIERFFMAIR IR L4 SRR

ARNFBEFEH]: AR AARTERE, SEHM™EEN rEHA MR, RANES
IS, ANZREAT AT AR PSR . BRSO CURE ARSI - A 24N, A
WA FEMILE N N Da R R aBEE S R b S SOR AR . 18 SONA AR
HEEE, HXERNERTT, e R RS RS R AR K,

SRR S L yg\&
H #H: 2025 £ 5 H 20 H



ZWIRERFFAIRMNERFINH

PRI SR A T RARA R IR . (AR SCIRE , AR O B I 1 [
FAT RN VBN U IE SR ST R B AN TR, VIR SO A PR B ] o A NS Z2 18
TRER AT UK A S AR SR 2 AR il o N R i N AT R PR EA TR R, AT ISR S B
248 B Bl 4 5 S A T BUORAF A G A 22 A28 0

fra O, f£ AR e i AR S

KL ET
Fii @.
SN \
s Tash: 2 s 79 4]

H#H. 2025 £ 5 H 20 H HH#H. 2025 £ 5 H 20 H



i N 4 e R VAT

BT E APTRIHITLIATE B TH R 5

w2

BRAT USG5 a3 2 B MORH(CFRP) DR H BT R A TR 8 T 12k
R AR R AR VERE, B 2 TAEHUR . E S B R
GU, EbTHEAS B SRR BRI AL LR A
SR RN o EEA TR RN T, X7 CFRP BN L&
FIIR 303 R K FRRARR o i 5 et i 2 6 ) 0 ) LA SR i B 1 SRk
B, RER SR AURIR i LI L, HaOR R BIEREATE MR
5 E R S QU ) e R T FEANUR Jee KT, 2 2 i e BE I S AR AN
32 A5 VA T) 5 AR DR B RBOR Al J 2 — o ASSCEEAS AL N 2%
PE NI 7 CRRP AR FT, 704 1 AN F LS L7 % n L
VERERISZM . T EEWEFCA AR -

(1) ASCRH TG TRGfIFL . SRR TR 20| LA A ik
TR L= L5, 20 T ARFEZSEESE T PCD H LT AAM
2K 7 B CFRP ilfL 0 A%k BE A2 o

(2) KL AT T AN TR 45 RN S A AR T, AR TR R
I ve ENTRX CFRP HilfLYERERI MR . 2 RR M, ML 4T
B L, R SRR AR 74 A 1 L R A 5] ) B wir T T ) U7
Fidho

(3) XFELa M ¥ AFIRIILSHEEAT T, AL G TR A A R E) T4
Xt CERP il LI RERI MR . SRR, AR TAE S T4h, KA



i N 4 e R VAT

P TRl A R LN DAL BRI A, ] FLI R o W e ROR
Ehf

(4) ASCHAFEIZEAT T CFRP il LR 145 RdtAT 7 itig, o
T AR R ) L RE RS2, D skBL CFRP (1) 24 e ot i L it
T —ENZ%.

KA BREER SR, HL, BAERSD, KRS, PCD JIA,
DIHI 77



i N 4 e R VAT

EXPERIMENTAL AND PROCESSING MECHANISM
RESEARCH ON HOLE-MAKING OF CFRP

ABSTRACT

Carbon fibre-reinforced polymer (CFRP) composites have gained
significant popularity in a variety of fields, including aerospace, military,
and scientific research due to their exceptional properties, such as their
ability to exhibit superior corrosion resistance and a low coefficient of
thermal expansion. However, their inherent anisotropic and
heterogeneous characteristics frequently result in deleterious machining
defects, including burrs and delamination, during the manufacturing
process. These defects can have a substantial impact on the quality and
efficiency of the machining process. The necessity for high-end
equipment components to meet increasingly stringent accuracy and
quality standards has been well-documented. Achieving efficient and
damage-free hole-making processes is of paramount importance in the
context of China's scientific progress, particularly in the field of
aerospace research. This issue represents a significant technical challenge
that demands immediate attention from academia and the aviation
equipment industry. In this paper, CFRP experiments were conducted

under various hole-making conditions, and the impacts of different
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process parameters and methods on machining performance were
systematically analyzed. The primary research contents are summarized
as follows:

(1) In this paper, three drilling methods, traditional dry drilling,
carbon dioxide low-temperature cooling and ultrasonic vibration dry
drilling, were used to analyze the influence of PCD conventional tools
and texture tools on the processing performance of CFRP drilling under
different parameters.

(2) A comparative analysis is also conducted on the influence of feed
rate and spindle speed on CFRP hole-making performance between
traditional dry drilling and cryogenic cooling drilling. The results
indicated that, in comparison with traditional dry drilling, carbon dioxide
cryogenic cooling drilling can effectively suppress chip adhesion on the
tool rake face.

(3) The impact of conventional dry drilling and ultrasonic vibration
dry drilling on the performance of CFRP was examined and analysed
under various hole-making parameters. The findings indicate that
ultrasonic dry drilling can effectively suppress the formation of burrs at
the hole's entrance when compared with traditional dry drilling.
Additionally, ultrasonic dry drilling demonstrates a superior capacity to
disrupt the process of hole making.

This paper presents an in-depth discussion of the results obtained

I\
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from drilling experiments conducted on CFRP under varying conditions.
It systematically analyzes the impact of multiple factors on hole-making
performance and offers valuable insights for achieving high-efficiency

and high-quality machining of CFRP materials.

KEY WORDS: carbon fiber reinforced polymer, hole-making, ultrasonic

vibration, cryogenic cooling, PCD tools, cutting forces
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(2) 1E 4o BRI 8 K L LB RO B AN I 44 R 18T PCD
T LSBT A 11 FLAN PCD 400 71 L — SRR A H 1L, SR
PCD ##J) B F4libI FLAE 05 A AR LN O B AR R T I AR 22, ALt A o
FI R P S 0 o R RS O L L b FL S U R RS B4 1 T, R
T PCD ##LJJ A THIFLA PCD 44 J) B —EALBHIRIR A EIFL, R PCD
HRTT GRS H0 BT AL O LA SE NG B e B, HIRTR 2B,
FLN P4k P 2 T B TR 4 T3S, BT A

(3) TEREYIEIZ B R AL KAk 4 R P SR A T, ST
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Bt FLA L, SRAMRIR A 20 FLRES A R AR T B It iV s &4, S J) A
GIPAN LRk v

(4) FERE FIVIHIZ B A R 3t 45 18 B B R A 25 1F R, SRR S8 T4l
FLARATF 5L Py BEE T ) I L AR R 78 AT 23 A SE AT BRI 5] AEARIR A A SRR
HPA R SLAHLE, FUBER M I 1 B SR 4RI, TR R T B2 2T 4R 1 57T,
ML RIS, B R R R 2 SRR

(5) fEMFIVIAIZH HAL KR oA 26 AF T, AT PCD W MJTA — 5
MRRAG IR 201 FLAT PCD 2k J)H — S AL BRI # A 1 L, KA PCD HMJT A
TRt FLIRAF AR THRE BE B /) o SEM BURZE IR KW, SR PCD ] A4
LTS R ALEE R A, SLARIRE NS, Y22 D
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43 CFRP #1%} PCD JJEBAEHIFLIRIE

AT BN B SEE X CFRP AL, 23 AT JRAEAL G T EE A TR 2
PCD JJHMIFLIRIR B 7T, ORI LR S BRI A RE 7%, 3 — 242
= CFRP [ fLACR MBI E . AR A T8 264, 737K H PCD % #iJJ
HA PCD 2K J) BB AT 4 52 G R EAT BIIAL, AN S N P= A= D 7
ANHEARRST LN IES K& ) B R R G G OLEAT 700, W58 03 e AN A AL
J7i55%F CFRP Ak FL A4 B Fr 52 B A o

4.1 AEH#HBETBEHIFLIALE

AZHARI R, FE 4R n=8000 r/min, H5iFLIASE a;=4 mm, &GRS B
4 0.02 mm/z. 0.03 mm/z. 0.04 mm/z. 0.05 mm/z.
4.1.1 AEIFIFLAER TR DS

(1) LA JI B4 RIYIE 7

Kl 4-1 Y TabIfLaEE T, PCD HAL T HEAN PCD 4Ky JJ HX CFRP A1
FLI R A= A R VI T e IR AT 2R

600 - o ppp

500

O.OIZO O.OIZS 0.0I30 O.OISS 0.0I40 O.OI45 O.CIrSO
T U5t 25 B (mm/z)
Kl 4-1 F T AR 20 T) 25
MULE T LU MTE 1, £ TS T, BER NSRRI, PCD %)
FLFLIEFE A = A S VI 0 KN 3R 214.79 N 356.45 N 450.64 N 443.35
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N, PCD £y 7] Bl fLid A2 o = AL VI HI 71 K773 i) 0 236.67 N 409.74 N,
506.99 N. 577.68 N. #H#:T PCD £ty J) K, R PCD H#JJ A e fLid #5
FEAE BB TTE S BIBRR T 9.24%. 13.01%. 11.11%. 23.25%. 58w, £T
BigAE N, BEERVGEA RN, PCD R ] AL AR = A e D) i
TAKT PCD i) A

(2) HEIRBX TR S350

K 4-2 A A TR LA T R T Fe AR 2k, AULIE T BLE
BEE AR A RS B3N, PCD AT Bl LA AR v A 1 S D 343 5
214.79 N. 356.45 N. 450.64 N. 443.35 N, /T4l fLid #2 o 7= A= s ) il 7
43918 326.90 N. 393.83 N. 473.25 N. 592.12 N. M Ti#EH 145, THiHIFL
REFE A R DT S35 BRI T 34.29%. 9.49%. 4.78%. 25.12%. 455K,
FRECT M TR SL, SR PCD %] RSl il L T AR 2 B A FLad A% o
A RS VIE T

600

—e—  DDP
UDDP

550

500 |
Z 450 b
£
R 400 b
S

=
;:[% 350

300

230

200

0.020 0.025 0.030 0.035 0.040 0.045 0.050

25 i (mm/z)
&1 4-2 T BT T L 7 T
(3) AR AL T BT UIE] F1 5 m
Kl 4-3 Nl IRBNE & PCD U4 T) B4 T, CFRP Ak FLid 2 b= A 1)
BN B 7B 28
ML DA, fEEE TR T, MESAES RN, PCD HH
JI R FLIE R A= A B U1 7343 9908 326.90 N 393.83 N.473.25 N.592.12 N,
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PCD 2t JJ B il FLid R v = A= 1L DD 7070730 79 213.39 N 340.62 N.473.32 N
517.95 N. g4 R or, A%, MHET PCD HMJJ A, XM PCD
YU T HL A PR, T DL 2 PR AL R = AR R U 7, BLRDIE) )
KFEAIK 34.72%.

600 s~ yUDDP A
—e— UDDTP

550 , ~

500

98]

<

<
T

o

n

<o
T

[\

]

(=]
T

0.020 0.025 0.030 0.035 0.040 0.045 0.050
B4 B (mm/z)

B 4-3 H)H R TR AT S T R S T
(4) T8 58 A0 230 T B YTE /7 852
K 4-4 73 PCD ZUR JJHMIFLIEAT T, 73 3R FH TR R85 il ) Lo A
PR B VTHI 712 A 26

600

—=—  DDTP
—e—  UDDTP

550

500 |

(8]

=

<
T

o]

wn

<
T

[\

o]

<
T

0.020 0.025 0.030 0.035 0.040 0.045 0.050
R4 & (mm/z)

K 4-4 230 J] BRI T B AR S T4
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MILE R LLEWTE H, 75 PCD U JJEMIFLIN TA4F F, RATF4hHAL
FEH P2 A L ) 1343 538 236.67 N 409.74 N, 506.99 N. 577.68 N, 7T
B FLAE R H = A RS DD 7743 7008 213.39 N 340.62 N 473.32 N 517.95 N.
EiREEREIR, 1E PCD S JI BtIFLAME T, BT T4, SRR A T4
FEAE B TTE S BIBRIK T 9.84%. 16.87%. 6.64%. 10.34%, AR, w7~
Al AT LA 208 AR o) L A v 7 2R R A DD 77
412 FINOERRS REXIRE

] 4-5 ATEMRFEHIFLSHOERM T, RAA RS 7 b FLERE N D H
BRSSP

5000 | [C DDP

EZ7Z DDTP

4500 | B3 tpoe

£  UDDTP
4000 Fr— § ] ] §§ oo §§ 2]
? oSl Z %! owee!
ooy 5] 5%l
%% % oo
3500 | 1200 55 3
— 354 5] X
0] % [
E <X 50 botsd
P5d] 5] %l
= L %2 SR 5
= 3000 K] o o
< i o
N~
Boded Joge! K]
i 2500 | %ol 5] 5ol
[ oo ]
g o (< 505
R o 5]
2000 boSed 0] X
K04 < [0
< o %% 5]
folek 5] 5%
X 0 2
1500 <] 9%9% 5%
Pl %] K]
3 5
% b4

1000 29 2 2
< % <
] 9% ]
03! Hoted 2%
o X %
500 | bo%ed Pysed 2505
ot ) 55
ol XX 255
5] b5 bitel
ool ] el %

0
0.015 0.020 0.025 0.030 0.035 0.040 0.045 0.050 0.055

5 U538 45 (mm/z)
[ 4-5 AT R F AL AR
ML AT LB T E B, A RG4S M 0.02 mmiz 341 %)] 0.05 mm/z,
TE5 24, K H PCD M B il FL 1AL B AR R SF K77 51l 4 4015.0 pm . 4019.6
um. 4022.1 pm. 4021.1 um, PCD 24 7] Bl FLIFL B AR R RN 0 3991.1
um. 4015.5 ym. 4001.5 um. 4017.9 pm. EFEF THi%6E T, PCD & J]HHl
FLIFLE AR R~ RN 50 4132.2 pm. 4111.0 pm. 4144.7 ym., 4142.5 ym, PCD
UK T] B A FLRFLELAR R SF R/N4 A 4091.3 pm. 4111.1 um. 4093.9 um. 4124.7
pmo
WG FiREEHY 3.0.2 AR ZE ARG AT LT E ARSI R IO
BN R, WK 4-6 . S8 RKY], AL HSERAWIER, £
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ikt T, PCD WAL AL AR X R Z 707 0.38%. 0.49%. 0.55%.
0.53%, PCD 2t JJ H Al FLII FLAS AR % 22 73 791 9 0.22%. 0.39%. 0.04%. 0.45%.
T PCD TR HIFL, KA PCD 4k ) H Hl LA FLAR AN 1% 2 5 Al PRAR 1
0.16%. 0.10%. 0.51%. 0.08%.

TEFE 7S T8 2644, PCD 5 ¥ EL i LA FLAR AR XS 1% 2 3 7114 3.31%-2.78%-
3.62%. 3.56%, PCD 2344 JJ HL il fL A FLAS AR XS 1% 2 73 704 2.28% 2.78% . 2.35%
3.12%. AHET PCD ##JJH A T4 HI4L, KA PCD 4k JJH /T4 il
IFLAR R R ZE 4 BIFFAR T 1.03%. 0%. 1.27%. 0.44%.

4.5
—e— DDP
—=— DDIP
4.0 - UDDP
—e— UDDTP
35F
_30F
S
<25k
E i’
‘j;’ 2v0 _
=
1.5F

1.0

0.5+ k—f.//,—ﬂ;\i/‘l
0.0 1 1 1 | 1 1
0.020 0025 0030 0035 0040 0.045  0.050

A i (mm/z)

] 46 RIFIFL T 3 F AL R 2
413 EMFLAOLKERR S

Kl 4-7 NLEMFIHIFLS SR, AL 77 LS FLN AR R T )0 5
TS . M 4-7 WTLLE Y, RS T4l LI, FLN AR B SR T B R 2
HRSFMXT R, il 4-7(a) (D). RAHBATEHIFLEE T, FLAOLER
HZEARBABRER, REAXEHE, WK 4-7(c). d)Fx.

Kl 4-8 NLEMFIFIALSESRAT T, RAARSIFLIT Xl FL S FLN H A T
MBkFEE . K 4-8 FTLLEMTHIE H, K PCD H 7] A filfLERAF I FLA H &b
AR Z WRUNER]. RS EE, NSRRI ER 2, WK 4-8(a)-
(b)Y, KH PCD 2ty )] HAIFLIRAF AL H AL R AN B RIAE b, HAL
AN HERTRE DG, R EELE, WK 4-8(c). (d)Fx.
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(a) DDP (b) DDTP

(c) UDDP (d) UDDTP
Kl 4-7 A[RIGIFLIT 2R FLN AN 2 WS

s o -

(c) DDTP (d) UDDTP
Kl 4-8 AL R LA AR RO T 5

EIREE SRR, MBS TR L, KA A Rs) T8 £L R LA 2l
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i FLIE R LN ABOR BRI =4 . AHECT PCD L) B, ] PCD 4k 7)
FLHIFL AT LA 2R m AL 1 AR 3R T =
4.1.4 PCD J]ERFREFMERAR

] 4-9 ATEAR RIS EI ZHOR AT R, R A F HIFL 7 27U IS 3451 PCD
JIEHG I SEM . M ICEIRVEE H, ASFSHIFL 2T ) H R A2 E 3
R, IWE 4-9(a) (0)rI &, TESUGT) BEMIFL&AE T, AHX T8 — T4k
HfL, RHABE RIS, B TREMNOTIRL L 31, B 4-9(c).
(AFTEH, EERITREET, REATHHGETREmMEEN A ETZ
ARG VIR £F gt 22, HRSPAOEAG, MR A RS T4HIALG, J1 AR H B
LY 2 SEAHRPOI, HR PRI /N BiRgE R, T HLa&H T, M
BUTALR T4, A T RAA WG R8O, AEmFLd AR e 15 21 2 22 W 245 50
Aoy, RS IREEY)E IR

(c) DDP (d) UDDP
K 4-9 ARFEHIFLIT 2 TR R E 4 1

4.2 AEFEEER T8 EHFLiALE
ARG, MRS E NN 0.02 mmiz, HiFLIRFE ap=4 mm, FhHhE
& n 435125 5000 r/min. 8000 r/min. 11000 r/min. 14000 r/min.
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421 T EHFLGR TR S5

K 4-10 NGRS R 0.02 mm/z, T RIFGHEETIE R &N, UAAH
il FL 7 A FLIE R R = AR R DT AR th 26

MU AT LB B (15 Y, B 32 il 433 A 5000 r/min 383 i £ 14000 r/min,
AFEIHIFLT 2T 72 A AR 7 Py 25 2 R K PR 3 o 3 DR A 7 B s
b8 A O, )RS AR 8] B AR it [R) 3G 0, A2 3
Ko {EMET PCD UK JJ A T46H1FL. PCD % # ) H A T-444L. PCD 4i#4
JIEE TG HFLIX =Morskit, KM PCD % #L) B4 fLd FEh =4 /)
YT F 0 S A

DDP
DDTP
UDDP
UDDTP

450

Thes

o]

n

(]
T

200

150 1 1 | 1 1
4000 6000 8000 10000 12000 14000

E 53 (r/miin)
4-10 AN[RVEEH AR T A1 A1 AR A 2
] 4-11 HTEAN R EHh 5k B e R LS B E AN, 43 5R A PCD
JIHAFEEHIFLA PCD 4k 7] B4k FLF Fp 7 2UFE fl L 2 = AR s bl
A2k o K 4-12 SATEANIR] 5 1 B e LS EE R &4 T, 4071k A PCD
TR E TR PCD F R B A R LR R 7 sUZE LI R = A 1 )
HIl 77748t it 2k
MK 4-11, K 4-12 FTLLEIE H, ETHF T, BB R E A g
#8490, PCD T B FLIE R A = A= I ) 0K/ 93004 168.96 N 221.94 N,
286.19 N. 361.12 N, XH] PCD 2y ] Al FLid A2 b A K PIHI J1 KA 73330
230.26 N. 288.37 N. 310.12 N. 422.69 N.
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450
—=— DDP

400 - —e— DDTP

B 50 L

BYIH ) F(N)
g g2

200
150 1 | 1 I 1
4000 6000 8000 10000 12000 14000
FHAE I (r/min)

B 4-11 TR R HET R MG TR

450 —=— DDP

SATIHI T FL(N)

(] W) (¥8)

3 = =
\

\

—a—  UDDP

400

200

150 1 1 1 1 1
4000 6000 8000 10000 12000 14000

i HEIE (r/min)

B 4-12 F T EEAE N T TR = T4
4-13 JUAEANR] e ik H e il LS R 260 1, 205K PCD
JVEE R TR LA PCD 2k ) Ll 75 1k 1l L A7 2GFE il LI R = AR
SVIHI AR G 2. & 4-14 NEARR Ehhed R ERFILSBMFERG T, o
K HI PCD 4k ] Bl FLAN PCD ) JJ B 75 il FL P A7 s0AE i FLad

s RSE P SNl A S AL S

MK 4-13. & 4-14 WTLUTEMT A Y, AR TR T, BEE R )

AWt N, PCD &M ] B il FLid 2 vh = A2 RV 1 KN 51 265.46 N 267.52
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N. 341.71 N. 448.17 N, PCD Zi#yJ] H | FLitF2 A r= A )l 11 KNG 3N
195.61 N. 265.53 N. 328.34 N. 412.17 N..

—v— UDDTP
400
z
[ 350 +
R
i
= 300 |
o
250 +
200
4000 6000 8000 10000 12000 14000
T HhE% # (r/min)
K] 4-13 AN R T) R
450
—e— DDTP
s00L O UDDTP
Z 350
LQ&
R
300 F
=
A
250
200 +
4000 6000 8000 10000 12000 14000

2l 38 (r/min)
K] 4-14 ST R THE RS T4
A FaR AR g R B, MECT PCD 43K ) B T-45 | FL A1 PCD # 7] 2t
L, K PCD # ) E 85 6L A= D0 77 0 R B, s 4-11. & 4-12
Fow, SlFLEFE s B Ul oy BIREAR T 7.72%~26.62%- 16.25%~36.35%. TLi#
TSR N, AHECT PCD WML R, KA PCD 4k 7] Al FLAEA R AR L

TREH = AEWITIE) 7, o 4-13 Firow, YIEI 153 B F#AK T 26.31%.0.71%-.3.91%.
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8.03%. KU TIEBIALEAE T, MAECT T4, A6 LR b A
IR A s RasE, e 4-14 FoR.
422 FINOBERRS RAEXTIR

4-15 J AR [ HIFLSHOERAET , RA A R 1AL HIFLIS LR RS X EL
UL R LB A S Bl 3 il A 5000 r/min #8510 E] 14000 r/min, 75 T445%
T, KA PCD ¥ ] R HIFLIRF AL B RS KN30 08 4027.6 pm. 4024.9
um, 4035.1 pm. 4035.3 um, PCD 2 7] Bl FLIRAHIFLE R R KN R8
4000.2 pm+ 4021.6 pm. 4000.1 um. 4006.1 pm. 7E#EAST45%M4 T, XM PCD
LT E LIRS B FLE AR RS R/ J3 08 4126.5 pm, 4135.2 pm. 4120.8 pm.
4136.7 um, PCD 2 7] Bl FLIRTF L EAZ R KN30 4104.0 pm., 4115.1
um. 4097.7 pm. 4111.9 pm.

WG FIREEFT 3.0.2 spoH R 2 A S(E-1) AT LT E AR FFIFLT R ILAE
BHAMMIR Z U TR 4-1 PR F T 3K 4-1 Bn g o] IS, fE TR,
T PCD TR, SR PCD 24 JJ Bl FL3RAF I FLAT AR N 1R 22 3 il FEAIK 1
0.69%. 0.08%. 0.88%. 0.73%. (L~ TH55MF T, HET PCD WM IIE, X
F PCD 4 7] il FLERAF (R AR X 1% 22 43 I FEAIK T 0.56%+ 1.00%. 0.58%..0.62% -

5000 | IO DbbP
L [ZZ] DDTP
4500 F UDDP
| B UDDTP
T s -
- [TTT7 < pesdssse]
4000 = S
batetadl g Bseecd
e g P
Y b2
B e By
5] Bz
oo e
XXX Eeded]
E C550] Recsosed
= 25 b
aatele!
= 3000 S 35
5 Raetady
Nl <55 e
P £ i
2500 + ] st
o itatetady
Saseteds R
e [Re0]
| 0eed Bessesd
y atoteds gsrete!
%y poo]
2000 + 05050 Bz
0 P&
<] Feded]
5500 [
] St
5] b
0 B4
1 5 00 B 255054) B
5ee pessessd
0525054] b
[ 3 £3ss
oo e
XX Feded]
1 00 0 B tolotedd (e3egele!
&
0 B3]
250] R
2505 By
s B2
B 25002 B2
500 oo B
e B
I ] Retetedi
e B
0 I 4 5853 g B2 L 1
» -
F il % 3% (r/min)

K 4-15 AT ERTE
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* 4-1 LR ERIRZ MR ZE

-t DDP DDTP UDDP UDDTP
i Hit X HiE bS] HiE FHX HiE HHXS
iHimin R R R RE RE R RE R
/pm 1% /pm 1% /pum 1% /pum 1%
5000 27.6 0.69 0.2 0 126.5 3.16 104.0 2.60

8000 24.9 0.62 21.6 0.54 135.2 3.38 115.1 2.88

11000 35.1 0.88 0.1 0 120.8 3.02 97.7 2.44

14000 35.3 0.88 6.1 0.15 136.7 3.42 111.9 2.80

FiRgE REW, AR S, ARG TFHT, EHEEE G K
St FLERA LB R T B S AN 2 o AR T AR GE T4l AL, SR B T4
HILSHEILEER TR, ETE%N T, HET PCD #MJE, RH
PCD 24 JJ Bl FLAE I A A PEARALAR A XA 22, FEARINYE Ry 0.08%-0.88%. 7E
FEFE TR AT, AHECT PCD LI, SR PCD 4k JJ B A FLAR AR 5% 72
1 XU 0.56%-1.00% .

423 EMAAOLKER SRS

K 4-16 AAAFEIHIFLSEOERME T, 43 HIR A T4 A P Al L5 SR AL
INELEGS =521

>4 CFRP J& T St A4 s i AT RL, Sl FLE AR Al & = A Bl 43 B 55 L
B MIE 4-16 WTUABRE H, EARMRIE KM T, RAA S 6 CFRP
MORHBEAT IS0, FraRR LN DR RS A Z AR, AN DR SHE
R A BAETEHIFLAME T, FLNORGFERZ R, WK 4-16(). (9)
Fizs. B TREHIILAAM T, BARFLA Dbt &= A B, (H2 B3 1 s 2 A
XY, HER RS a5, wE 4-16(F). (h).

K 4-17 A EHIFLSERA T, RARFEHIFLT XA LN DA R T
MIESE . W EIFT A EE 1, EARSIFLT T, FLARAN AR [ B s A4 AH
EAK, (HAHET PCD HHJJE, RA PCD 4 JI A#IfLE, FLA 4K
Ji R i R
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T TR

= " [

K 4-16 TS T4 26 0F T AL I Ab 2 3 A
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(c) UDDP ) (3 uDDTP
B 417 RIEFITL TR F LA OB 5

4.2.4 PCD JJERFREMERR

T 4-18 REMFEHIFLSECEAT T, KA RS 7 X FL5 PCD JJHE
T 6% SEM Bl MG R DIBR E i, BT J] R IR E B LV S R 45,
{EAREE T PCD # #L 7) E 5L, SH PCD 23y 7) H i L5 71 B e T f ) il 6 45
WM %, Gl 4-18(b). (d)FTm.

K 4-19 AHEHIFLSESRAE T, AREEFLT X EIFLS PCD JIR IG5
SEM K&, HKEl 4-19 i 5K 4-18 H{RFF—— X .

MIEERT LIS T B AN [ AL 07 2R J) R R T A B R 1Y) e R 4
i, MK 4-19(a). (b)FTLAEMIIAE H, 1ERH PCD 4k JJ Bl L&A T, AH
BT, SR AR TR LG )RR V) e R4 R, HR TR 454
At S AL R LE ) B BT T .
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TM3000-1998 H D151x30 2mm TM3000-1996 H D151x30 2mm

(2) DDP (b) DDTP

TM3000-1997 H D151x30 2mm TM3000-1999 H D15.1x30 2mm

(c) UDDP (d) UDDTP

(c) DDP (d) UDDP
K 4-19 JJ KRB e st

54



i N 4 e R VAT

M 4-19(c). (d)rTLAIEMTIIE H, #E PCD W MTJ RN, KA Tl
Ja TV ERTTTHAAAE KRB IFR S, D AERZ IRV eT iz, HEF4E22r)
UK, MBCT TRGHIAL, 8 T L7 B AR (R 45 & b, £F 422
FGTEEN, DIRISEIN7E 0 o

FIREEREEW], MECTH TR EIAL, A TR LA, IR
WIR IR LY B, ANy s, BUIE S, F4e2e Wiy, R
SN o X DR G ) FLIE AR T, 2T 4 22 AR e B IS D B4R FAA
MR AETCAR, R B 1) FI AT KM T (72T 4E 22 S AR WA, 7S T4l A
gl fLALAE AN — M IRs), (15— MRS AR kb S U)H], fefs (e it
DB RS, IF H R R W E RO .

4.3 FIFLHIBIHS T4

M 4-1, 4-2, 4-10 /T LLE Y, EAFBES BN E FHEE AT, KA
PCD ¥ ) B b fLid A2 b = A VI B TR B o AT T4, RS
T AT LA R LN H AR T O BRI 1 7= A (W8] 4-7. 4-16), B B i
JE AR (P 4-9. 4-19). P 4-5. K 4-6. 18 4-15 1% 4-1 v LLEH, £
BEL EAUANF] SRR E S, PCD L) BT A AL B LN 1 B4R 1 Y
VG 435919 4015.0 pm~4022.1 um. 4024.9 um~4035.3 pm, FLAEAH R % 2 A HL
{ELEFE 43 5 A 0.38%~0.55%. 0.62%~0.88%, PCD 2 JJ B T-45HIFLAA 2 FLA
1 B4R B 75 Bl 23 59 3991.1 um~4017.9 pm. 4000.1 um~4021.6 pm, FLAEHH
Xof 5% 2 A EUAR ¥ B 43 531 M 0.04%~0.45%. 0%~0.54%, PCD % #i JJ Bt 7 T4k i)
AR HFLN O BABUETEE 2> 7N 4111.0 pm~4144.7 um, FLAEAHXT 1R 2 (B
{EL G 43 5N 2.78%~3.62%. 3.02%~3.42%, PCD 2 J) #0744 H 7L 15 21 1)
LN D EABUEEE 4 58 4091.3 um~4124.7 um, FLARAH X 2 O EBUE Y5 4
Ay 2.28%~3.12%. 2.44%~2.88%, ZiHREW], AHECTFHGHILL, SRR 5
HFL B BN D B RS K, A8 T PCD ##JJ A fiI4l, R PCD 44 7]
HAE00 A BRARFLRMINHRE 2, HALN DAL BERE R A5 58 40 (28 T B3 (0 P 4-8.
4-17). MECTHE=MEFLNE, THIE 4 PCD 43 J] RAERIFLIE AR it &
PR, FLNHEAFE T EWRE, MEERD, HAN PSR RHIES
I, REFREBOCHE . EARBIILAMT, MUIHT. FURRSE TEHZER . M

55



i N 4 e R VAT

XFRZE SN TALER 18 5 0 an T -

THEFILIAAE T, TR 4ER SAP R I SRR B, LR A 1
DIHIFAABE S8 A BB, S EOIN T IR AR EEA T s, 51K B ask 2k
PR AT, AT AT B A FLI R b = A e i) A%, s Tl — A
YA Tt R AR B — A W g TR AR, A b T 5 T T BE A,
A48 J90 T DX 35 L FEE AR TR ke 10 T A B0, gt I DX g A R AL R R
Z2, Wi B0k R i SLIE AR A 2R B DT TR AR, (B A TR R] DA 2
HIFLN AR B4, B RAFIWTE RCR, AR5+, CFRP
R FEA Y 3 mm, Jir DA FLa A b 0 -T2 1) RO g TR AR R e, 7 2 O BE 4%
PAIXT R, MRS BRI, AHECT PCD WL R TFHhHIL, RS T4
PCD LTI HAE— R b2 BN TIX IR L, 15 CFRP FARH ALK
RARFE, W B FLIERE o= AR D) AR B K

FETBEBRRAT T, TIHR M S AME ] DU A7 L A = AR N DT
] DL R b o B BE S b i AR, 38 T A 1) 208 1 B R /N A A
2931 B AFEMIALIS R R T 3545 SEAF IR T B B, FLN AR 3R B e 15
31, et mT CAREARFLAR AR AT SR 22 o WA L5 ohh7, M T M RLRIAL, 40
A TT B FL 2R NI EE R, — AR B AT BT RN T X S i s P, {4
WO TIX IR R AL 22, W0 3 B LA A 7 25 D) ) A K

4.4 KENEE

A BRI AT BT, D HIEAR RSB LA E LT, R PCD
LTI E TRl PCD UM JJ A T4 4L PCD % B ) Bl 5 T4 4L PCD
21K ) BT T4l L 4 A7 0 CFRP FFJR T i FLIR B, 7E AR R EI I 240 F
S FLIEFE R BT« FLN I EAR RS RARGR 25 . T AR T B 45 A AL
P BE T S5 B R T BRIEHEAT T 40 HT, S 13HH DL R 45k

(1) FEAR[FIELA BB 1 s 4 N, M TG Ta L, T
AT DAAT IR FLN AR B A P2 A, 5545 SR 0 RS A /b, 3 FLTT LA
VR MR RS, LT 42 RS nse 7y, B RIFHIWTE SR, H2
FE -4l 2 B FLIG B AR B R, FLEAIRHR ZE (K

(2) fEMAE TEIZZMT, MEHSERAWIEM, HKT PCD HJJA,

56



i N 4 e R VAT

K PCD 434 J] B AT A R AR FLI 2 = AR AR DT D0 B K R
34.72%; BEE LA A WIE N, 5T PCD M) AL, R PCD 2
JIBAEAF I T 18 K AR 26.31%

(3) 7£ PCD ZU4TIHBIFLIEMT T, BEEHLS EIARIEM, MRTE%ET
B, SRR R R DA AR L R A B YT AT R DT T B R B
X 16.87%.

(4) (EANTF) k4 B AN [F] R AN A6 T, AT PCD W LI AHIAL, R
FI PCD 4k JJ B LR LARAF BRI AL DT i, g sl LR B, i
FUAR T B i B Wi HE -

(5) H#LT PCD ##TIE, FH PCD 4l 71 H A FLEE W A R R AR AL A X
W, EARFEMAELMET, FLEMXHEZER KRR T 1.27%, 7EAH I %
T, FLARAERRZE R KPR T 1.00%.

57



i N 4 e R VAT

H58E FiL5RE

5.1 £ 24

ISR 4 T A MR TN G, 0 R AR G TR AL . SRR ARIR
A ENTEEHIFL - 75 4R sh s B8k L = o 206 Fe AT ) FL IR A 7 . 7EANIH]
Mm AL R, G R T E L AR DL SR AR S, IR NTER
DIBIALEE, 23 M AR ZH00 8k B f LY ERE s o A rh, 224Xt fLid
FEHRIIVIEI 7. FLAN DAL EAR RS R 28 . FLN T bR 11 R % N B BRI
JI BT F G5 A5 7 AT AT, SRR N FE MM R, FExd AR FA L2
AT AR AN HT, IXX TS CFRP MPEHW & 2. miliE . B TR A
—EMNZHEE L AW EETIELERIT:

1. 20K PCD WHL VI A T4 FL. PCD ¥ JJH SRR A AT
Hith| LA PCD 2384 J) B ALK IR A 20T 85 61 L =P 7% CFRP M EHEEAT
LS, EHFLIE R ol SO B TR . SR RN, B AL AT AN R
FLITER I SLIE RE RS2, BRI

(1) REGLE R R, EILEHASEIRFE BT, SRR A
B R, AT ARG TR AL, R AR AR A 50 Il FL R B 4T A 411K )
AT VB RSB0, fm 7 ITRRIE SRR, (H2 kS AL FLEER
HIL T W R AL YEWT R, TERL VA2 AR 4El b, I 7 RCREUN R, WiE R
WE ISR M RO R, MR TG AL, ARIRAH AT
I FLIL AR IR A R VI BE K

() EHEHASEBREE—BUNKMT, LS EEARIR, BT
T 20 AL, R G dlfLRE A RS R E, Pk D H
P RS BN B VT, AL R AR e VRS AT, SRS AL N BE 2R T T
SEUT, L P9 BE R THIIT i 5 A U TR0 43 A1 B P A R 14150

Q) EHEVIHISEIIRIF—BUK M T, SRR R, BT H
EFFEIALIT, SR PCD 8 R ELARIR /A 505 ) FLLE BRI g 77 T ) 2%
REEE, BANOEEE ML HE, FLEMHRRZERN, FLAM4E

58



i N 4 e R VAT

(Y T o 2 B SO, B

2. SR PCD H AT A T4#5HI4L. PCD 24U J] A T-45#14L. PCD % M
JIREE A TEHIFL. PCD 2t J B T4l FLIU R 7R %S CFRP A4 RHZEAT i
FLARZS, eI FLIFE @ o A R b g . SRR, AT TS [ L 50
SFHIFLIEE RIS, FE LR

(1) R RFRY, I EH LSO IR R — B HA SRR 14 k4 F B
RN, AR TR G TR L, R PR 75 IR 34 B4k 1) AL mT DA R AL
AN FIRE BRI = A, AL BRI AR B sk, 9 BT DU RG] ) B 2R i g
g, (LTt e (RN A, B RIFIIWT G BOR, (8 75 5 i ]
FLHEAR AR, FLARHEN R 2 K

(2) A TEHIILAAE T, HEHASEIRREE—8, SR EL A=
B RN, ARECT PCD R R, KA PCD 43 7J H il L AE A 24 A il AL
AR AERIYIEI AT, VIR JT 8K BEAIS 34.72%.

() EHEHIALSEIRIF— B HAL SR B G 45 B B P A T
HETH A PCD JIE, RF PCD 434 JJE AT LA &k b Ui BE #2, 7T DASRAS 5
TSN EBE, BN LA RZE, LA R 2 R KPEAIK T 1.27%.

52 fIRRE

AR SCAEAS A L7 SRS (5] ) L S AR R BT 4 51 S MORLEAT T 1 4LIR 5%
BEIE, BARBUE T — IS R, (E2 d1 T CFRP FPBHS I FLI 5 24 L i
WA AR R R LA B N BE D1 TR, T LAAS SO T AR A it — 20 52 36 A4 o,
EEAFEUT LA

(1) EASCRY T, FTRA PCD 41K IR RS9 — 40, ALk
TR FE T AR L] B R Rt e, 5 S TE AT AT 2 AR AR . 4 A
HRAIT 2 RST R /IN ) ZR TT PR A 23 7 o T FL I B O B

(2) EASCARIEA FHIFLRIITFE R, KA T A UBORAE A H &, 5
SETE 5 AT LA FH 2 Pl 5 46 1 BT S0 BE X CFRP Sl FLIE RE IR, /)07 R R4
H M S A T T AIAT 9 R 00 TR R 2 S, R s FLPE e % B I T T
St .

() EASCHIFLIAI I R, 2% Sy 8 ) BRSSO H % T 21w 4T

59



i N 4 e R VAT

M, HCRHIRIZRTA N 0 JE1 PCD BLJIJI R, J5 AT 58 AT 25 FEAN R R L S5 44 1Y)
TVRAANF S RFAE ) TR CERP il SLRFE R LB A 734, S 7] B4 4L
FE S A TR AL AT B T IR IR S REIE TE AR o

60



i N 4 e R VAT

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

B2 SRR

MORYE, 6, Exk, & EE&MEHINTEELaE NN 5 & REH ]
ML TAEHK, 2019, 55(03): 1-17.

FIBIL, KREE, L0, 55 ARLYET7 A A B 4E0G m i 5 25 2 56
BHITEI 1R[], FRAM R T Z, 2020, 50(06): 31-40.

ERT, SR, ARYEI. DR ARG 0n S S A R HI R A ) B FT0]. SeAs
B g TR AR, 2023, 44(02): 241-246+252.

BRTC, AR, EARE. BT 4EE MR THoR3E R[], HUR TR
i, 2023, 59(19): 348-374.

ARPRT:, 22X, sk, 2. CFRP e’ b 5 il B i e o Fe 4 ) B 2R 7 52
Rt Fe[I]. AL MR R 224k, 2019, 45(08): 1613-1621.

FTRAR, ohE R, BILHE, 55, BRET4EE e MBIt B sl R 5 R %
i FLadk R3], AUBR AR %3, 2023, 59(20): 401-435.

Fafi, FMEH, KK, & BEMEHE WIS TR NP G482 64
¥}, 2018, 35(01): 3-5.

Aamir M, Tolouei-Rad M, Giasin K, et al. Recent advances in drilling of carbon
fiber-reinforced polymers for aerospace applications: a review[J]. The
International Journal of Advanced Manufacturing Technology, 2019, 105(5-6):
2289-2308.

B gRtE, W/NF, 75K, %5 CFRP il FLI0 Tk Be Al FLH AR BT 5 i3 [J].
MUl & 1F 5 1lid, 2021, (08): 79-82.

[10] Luo B, Li Y, Zhang K, et al. A novel prediction model for thrust force and torque

in drilling interface region of CFRP/Ti stacks[J]. The International Journal of

Advanced Manufacturing Technology, 2015, 81(9-12): 1497-1508.

[11] Gaugel S, Sripathy P, Haeger A, et al. A comparative study on tool wear and

laminate damage in drilling of carbon-fiber reinforced polymers (CFRP)[J].

Composite Structures, 2016, 155: 173-183.

[12] ST, HEMG, 238, 5. HE 2R 4N an R SRR A IR sh ik Bhoin THEoR

61



i N 4 e R VAT

ZEIR[I]. FIMHEA, 2019, 48(01): 305-319.

[13] ZFk, R&GEs, sKorom, 55 WO TRREF 4R o8 5 AR L HAERT TR
AN (FF ) [3]. B0, 2024, 51(04): 9-30.

[14] % K. BREF4EE S A RHBEHI /Wt 78 S & i & 0 A [D]. 22 v T
K, 2018.

[15] A3 fim. B £ e 1 o A IR 2k 52 S R0 RLRS Bl SR ia 0 FU it e [3]. M fhili& ok,
2022, 65(22): 24-33.

[16] ZF¥, Ak, Ml 55 CFRP Ea Rl ks & L7 B b L
[J]. FHittR T2, 2019, 49(06): 19-25+32.

[17] Wang H J, Sun J, Li J F, et al. Evaluation of cutting force and cutting temperature
in milling carbon fiber-reinforced polymer composites[J]. International Journal
of Advanced Manufacturing Technology, 2016, 82(9-12): 1517-1525.

[18] *Rih, BISCH, FRA, 5. Wedbis s in Lk 482 S ARt stk 5 e 22 [0).
fii 4% 244, 2024, 45(13): 114-138.

[19] A G5, W4R4T, £ XL, 5. CFRP HilfLIN THARMW Fdt e 5 K e ).
Az ARL2E 3R, 2019, 39(6): 32-45.

[20] i&X 15, BT 4E R S A RVNLBSHI DM T Z S HALD]. TR ZRIEKEE,
2017.

[21] Phig e, ey, BhoCRE. A 4ER S AR SR H AT R[] 4R S
K1k, 2005, (4): 30-32.

[22] 3K BT, BREF4E S & AP EHCFRP) S HIIN THARMIBTFT[D]. dbat: batHi s
LR K, 1998.

[23] Won M S, Dharan C K H. Chisel Edge and Pilot Hole Effects in Drilling
Composite Laminates[J]. Journal of Manufacturing Science & Engineering, 2002,
124(2): 242-247.

[24] Guo D M, Wen Q, Gao H, et al. Prediction of the cutting forces generated in the
drilling of carbon-fibre-reinforced plastic composites using a twist drill[J].
Proceedings of the Institution of Mechanical Engineers Part B Journal of

Engineering Manufacture, 2011, 226(1): 28-42.

62



i N 4 e R VAT

[25] Zealizs, 75K, XU, %5 CFRP —yRVIHIIN L1 A LR SR B AT 7t
[J]. Tk R T2, 2024, 54(04): 93-102.

[26] BT X, ZEMBR, MRecte, & =Pkl CFRP B SLAIx L[], T/
KR T2, 2019, 49(1): 68-71.

[27] 7& 5 Mk, B LT 4E3g o 55 A B INLETHI T Z RS2 g it 78 [D]. Me/RVE: g /R
E Tk K27, 2019.

[28] Z=M1d, A5G, #2, . CFRP JZ[EEqHI th D L3 & 2 2B it
[J] WL T2 2441, 2025(http://kns.cnki.net/kcms/detail/11.2187.TH.20250325.1
718.032.html.)

[29] M7tk BRET4E B S04 RH End MG T 7 [D]. W WiFg R, 2014,

[30] 2 R, B2l 4E 52 & APRVRS HIl 4l A 7 L J) B BE S K Be ik 7T [D]. m At 7S
HE TR, 2013.

[31] Wang H Y, Qin X D, Li H, et al. Analysis of cutting forces in helical milling of
carbon fiber—reinforced plastics[J]. Proceedings of the Institution of Mechanical
Engineers, Part B:Journal of Engineering Manufacture, 2013, 227(1): 62-74.

[32] Raj D S, Karunamoorthy L. A new and comprehensive characterisation of tool
wear in CFRP drilling using micro-geometry and topography studies on the
cutting edge[J]. Journal of Manufacturing Processes, 2018, 32: 839-856.

[33] Eifgts, T/%, #Ha, 55 BT REEIEN CFRP HURHEEHE LA 7 /) AR
[J]. MU TRE2E4R, 2025, 61(07): 245-258.

[34] Fi3CR, TR, =74, % ST MQL HIBREF 4k & A bRl i FLER T o & & )
J1RE[I]. REFAR, 2023, 52(5): 235-246.

[35] 5K1RIE, TEM, ki, & BREF4ENG smm g JE B A AR A s B KT 5 FL N
Tige s 7E[J]. Win T 545, 2014, (02): 21-24.

[36] Kumar R, Agrawal P K, Singh I. Fabrication of micro holes in CFRP laminates
using EDM[J]. Journal of Manufacturing Processes, 2018, 31: 859-866.

[37] Li M, Li S, Yang X, et al. Fiber laser cutting of CFRP laminates with single-and
multi-pass strategy:A feasibility study[J]. Optics & Laser Technology, 2018, 107:
443-453.

[38] Ouyang W T, Jiao J K, Xu Z F, et al. Experimental Study on CFRP Drilling with
63


http://kns.cnki.net/kcms/detail/11.2187.TH.20250325.1718.032.html
http://kns.cnki.net/kcms/detail/11.2187.TH.20250325.1718.032.html

i N 4 e R VAT

the Picosecond Laser “Double Rotation” Cutting Technique[J]. Optics & Laser
Technology, 2021, 142: 107238.

[39] Li M, Huang M, Yang X, et al. Experimental study on hole quality and its impact
on tensile behavior following pure and abrasive waterjet cutting of plain woven
CFRP laminates[J]. The International Journal of Advanced Manufacturing
Technology, 2018, 99(9): 2481-2490.

[40] iR, CIE E&HP R FLIRA 05 NI 5 - D55 5U[D]. K KEHE T
K, 2014.

[41] Al s, Z=M5RE, DRHT X, %5 CFRP il FLikFE A dh i) 77 H 38 B 4% 145 5 R s
IHEFC[I]. WLMR 55K, 2024, 43(03): 474-482.

[42] Kumar D, Gururaja S, Jawahir | S. Machinability and surface integrity of
adhesively bonded Ti/CFRP/Ti hybrid composite laminates under dry and
cryogenic conditions[J]. Journal of Manufacturing Processes, 2020, 58:
1075-1087.

[43] W, PR, 0T, S5 — Mol A B OKE SR CFRP #hHIJT %
[J]. E&MR#R, 2022, 39(03): 1044-1054.

[44] Rodrguez A, Calleja A, Delacallel N L, et al. Drilling of CFRP-Ti6Al4V Stacks
Using CO,-Cryogenic Cooling[J].Journal of Manufacturing Processes, 2021, 64:
58-66.

[45] RN, FRAE, EBTtE, 55 A AL M EHRRYL T2 R[] THRH
A, 2022, 56(06): 47-51.

[46] Cao L H, Wang F B, Sun L. Milling hole characteristic of cryogenic cooling for
carbon fiber reinforced composite based on laminated material structure[J]. The
International Journal of Advanced Manufacturing Technology, 2025, 138(3):
1-14.

[47] YinJ W, Wang X S, Zhou Q L, et al. Determination of optimal temperature range
and prediction of tool life to ensure hole quality during continuous drilling of
CFRP composites[J]. Journal of Manufacturing Processes, 2025, 141:
1535-1550.

[48] Koklu U, Morkavuk S. Cryogenic drilling of carbon fiber-reinforced composite
64



i N 4 e R VAT

(CFRP)[J]. Surface Review and Letters, 2019, 26(09): 11.

[49] Xia T, Kaynak Y, Arvin C, et al. Cryogenic cooling-induced process performance
and surface integrity in drilling CFRP composite material[J]. The International
Journal of Advanced Manufacturing Technology, 2016, 82(1-4): 605-616.

[50] 052, BRT4E S G AP RMIKIR S H I 7T [D]. W#HE: W K452, 2019.

[51] Rodriguez I, Arrazola P J, Cuesta M, et al. Improving Surface Integrity when
Drilling CFRPS and Ti-6Al-4V Using Sustainable Lubricated Liquid Carbon
Dioxide[J]. Chinese Journal of Aeronautics, 2023, 36(7): 129-146.

[52] Sk, 32, NG, MRV FINTTRET 4 2 A AR I 2 1 5¢ B L 2 ma [J].
FHEA, 2019, 48(10): 64-71.

[53] JEA#F 7). CFRP ‘il A WG 77 L iR Ri ] 5 a2 60 )P Ll B 0 L ot L 5 & P 5 i
BFL[D]. Ki%E: KIEAHE K, 2023.

[54] Prakash A J, Wook H P. Experimental investigation of the minimization of uncut
fiber length in bidirectional CFRP drilling[J]. Journal of Mechanical Science and
Technology, 2023, 37(12): 6173-6180.

[65] Z& M9, GEEMRIR VS &0 T EAEMR AT 4R 02 B & A R £L b B9 N FH [D]. VR FH:
TLRH TR, 2024.

[56] Su C J, Cheng X, Li Y, et al. Low Temperature Assisted Small Hole Fabrications
on Carbon Fiber Reinforced Polymer[J]. Iranian Journal of Science and
Technology, Transactions of Mechanical Engineering, 2023, 47(4): 2211-2223.

[57] XI&fL, Mrzik, BoRE, 5. e U9 i Eu fL[I]. L
H A, 2020, (04): 61-65.

[58] Makhdum F, Jennings T L, Roy A, et al. Cutting forces in ultrasonically assisted
drilling of carbon fibre-reinforced plastics[J]. Journal of Physics: Conference
Series, 2012, 382(1): 012019-012019.

[59] Won S J, Li C P, Park K M, et al. The exit hole Burr generation of CFRP with
ultrasonic vibration[J]. Journal of the Korean Society of Manufacturing Process
Engineers, 2017, 16(1): 134-140.

[60] Cong W L, Pei Z J, Deines T W, et al. Rotary ultrasonic machining of CFRP/Ti

stacks using variable feedrate[J]. Composites Part B:Engineering, 2013, 52:
65



i N 4 e R VAT

303-310.

[61] Liu J, Zhang D, Qin L, et al. Feasibility study of the rotary ultrasonic elliptical
machining of carbon fiber reinforced plastics (CFRP)[J]. International Journal of
Machine Tools & Manufacture, 2012, 53(1): 141-150.

[62] Zhou Z Y, Feng Y, Xu W W, et al. Experimental study on longitudinal-torsional
ultrasonic vibration drilling of carbon fiber—reinforced plastics/titanium alloy
stacks[J]. The International Journal of Advanced Manufacturing Technology,
2022, 124(1-2): 527-543.

[63] B4k, BRAERE, MR, 55 T mROiien) CRRP (RSiRsh4H Bk H
R[] 2 &M BAAR, 2025(https://doi.org/10.13801/j.cnki.fhclxb.20250328.
003).

[64] Wang X, Jiao F, Zhang X, et al. The hole entrance damage in longitudinal
torsional ultrasonic helical milling of CFRP composites[J]. Machining Science
and Technology, 2022, 26(4): 619-639.

[65] FE A, Tk, #BA, & WAE™ T800 BreF4tE &Rkl FLAFIEL]. At
ZRPELER, 2023, 43(03): 94-104.

[66] FROL, X, KK, 55 T@B3h7 R IR Hre) CFRP A ikshjf Bhig
ek AL R ALHI[I]. Flbk TAE2E4R, 2021, 57(01): 199-209.

[67] Ma G F, Kang R K, Yin S, et al. Effect of amplitude ratios on hole quality in
longitudinal-torsional coupled ultrasonic-assisted drilling of CFRP composites[J].
The International Journal of Advanced Manufacturing Technology, 2022, 122(7):
2911-2926.

[68] Wu C Q, Gao G L, Li H N, et al. Effects of machining conditions on the hole
wall delamination in both conventional and ultrasonic-assisted CFRP drilling[J].
The International Journal of Advanced Manufacturing Technology, 2019, 104(5):
2301-2315.

[69] Phadnis VV A, Roy A, Silberschmidt V V. A finite element model of ultrasonically
assisted drilling in carbon/epoxy composites[J]. Procedia CIRP, 2013, 8:141-146.

[70] ZF¥5, L%, K3, 55. CFRP S IR E B AL G ELE AR 0]. b

66


https://doi.org/10.13801/j.cnki.fhclxb.20250328.003
https://doi.org/10.13801/j.cnki.fhclxb.20250328.003

i N 4 e R VAT

FAL AR R 2E 244, 2020, 46(01): 229-240.

[71] Geng D X, Teng Y D, Liu YH, et al. Experimental study on drilling load and hole
quality during rotary ultrasonic helical machining of small-diameter CFRP
holes[J]. Journal of Materials Processing Technology, 2018, 270: 195-205.

[72] Zhu F X, Zhang H W, Hu K J, et al. A comparative investigation on surface
quality of CFRP laminates between rotary drilling and rotary ultrasonic-assisted
drilling[J]. Composite Structures, 2025, 358: 118964-118964.

[73] M, 9. B AN CHORBE D] RIEHOR, 2020, 49(04): 161-172.

[74] Igbal A, Zhao G L, Zaini J, et al. CFRP Drilling under Throttle and Evaporative
Cryogenic Cooling and Micro-Lubrication[J]. Composite Structures, 2021, 267:
113916.

[75] Shi Q, Li L, He N, et al. Experimental Study in High Speed Milling of Titanium
Alloy TC21[J]. The International Journal of Advanced Manufacturing
Technology, 2013, 64(1): 49-54.

[76] Ishbilir O, Ghassemieh E. Delamination and wear in drilling of carbon-fiber
reinforced plastic composites using multilayer TiAIN/TiN PVD-coated tungsten
carbide tools[J]. Journal of Reinforced Plastics and Composites, 2012, 31(10):
717-727.

[77] Cao S, Li Y, Zhang K, et al. Investigation of CFRP dam-ages induced by the
interface high temperature and mixed tool wear mechanism in drilling of
thin-walled CFRP/Ti stacks[J]. Composite Structures, 2023, 323.

[78] Wang B, Wang YF, Zhao H, et al. CFRPs drilling: com-parison among holes
produced by different drilling strate-gies[J]. Procedia CIRP, 2019, 79: 325-330.

[79] Domingo R, Agustina B, Mari1'n M M. An analysis of the forces in the cryogenic
peripheral milling of compo-sites reinforced with carbon fiber[J]. Procedia
Manufacturing, 2019, 41: 423-429.

[80] Nagaraj A, Uysal A, Jawahir | S, et al. An investigation of process performance
when drilling carbon fiber rein-forced polymer (CFRP) composite under dry,
cryogenic and MQL environments[J]. Procedia Manufacturing, 2020, 43:

551-558.
67



i N 4 e R VAT

[81] Nagaraj A, Uysal A, Gururaja S, et al. Analysis of sur-face integrity in drilling
carbon fiber reinforced polymer composite material under various
cooling/lubricating conditions[J]. Journal of Manufacturing Processes, 2022, 82:
124-137.

[82] Agrawal C, Khanna N, Pimenov D Y, et al. Experimen-tal investigation on the
effect of dry and multi-jet cryo-genic cooling on the machinability and hole
accuracy of CFRP composites[J]. Journal of Materials Research and Technology,
2022, 18: 1772-1783.

[83] Basmaci G, Yoruk A, Koklu U, et al. Impact of Cryogenic Condition and Drill
Diameter on Drilling Performance of CFRP[J]. Applied Sciences, 2017, 7(7):
667.

[84] Zou F, Dang J Q, WangX F, et al. Performance and Mechanism Evaluation
during Milling of CFRP Laminates under Cryogenic-Based Conditions[J].
Composite Structures, 2021, 277: 114578.

[85] Nagaraj A, Uysal A, Jawahir 1. An Investigation of Process Performance when
Drilling Carbon Fiber Reinforced Polymer (CFRP) Composite under Dry,
Cryogenic and MQL Environments[J]. Procedia Manufacturing, 2020, 43:
551-558.

[86] Zadafiya K, Bandhu D, Kumari S, et al. Recent Trends in Drilling of Carbon
Fiber Reinforced Polymers (CFRPS): A State-of-the-Art Review[J]. Journal of
Manufacturing Processes, 2021, 69: 47-68.

[87] FAa, BURM, Bi¥RIG, 5. CFRP EAMEMEHI /1. IR KR IZ0 75 ir
[J]. HUBR T RE2A4R, 2018, 54(03): 186-195.

[88]Chetan A, Navneet K, Yu D P, et al. Experimental investigationon the effect of dry
and multi-jet cryogenic cooling on the machinability and holeaccuracy of CFRP
composites[J]. Journal of Materials Research and Technology, 2022, 18:
1772-1783.

[8O1¥F &I, i, 1L, & I TAS Rz b B RS & m T 7E[]. o E R
F AR}, 2022, 52(06): 829-853.

68



i N 4 e R VAT

[9015KAF /&, XU, 8 75 4R BN 4 Bh i L3R T 4 i) e FURr et st s e [9). SR T2
K, 2019, 48(05): 259-274.

[9115K [, RRAZEL, XIEE, & @A RN HI B AR ZRR[I]. HUR TR 4R,
2017, 53(19): 33-44.

[92)2F 5, X &, FLEdh, 5. SUMAGRTITOLAG BT 2B A Tt e [0].
FE TR, 2021, 34(06): 59-73.

[93VX LT, BRI, XUEf, 5. HET RSB S8 B 2 M RE T 728t J
[J]. BEE=24R, 2022, 42(01): 202-224.

[9415BYL, 45, 5, 5. T TR B4 AR Kohn T Reaf 508 i [3]. Ml
PR FE 2448, 2021, 57(13): 172-200.

[95V 7518, ARWels, 257, RIMAM I T] B Mt e BR 5E E [J]. R A,
2016, 45(09): 170-181.

69



i N 4 e R VAT

BUE = F A AAE SRR R S 5 H

— RERWX

[1] 75K4, Eul, Rk, & me4eEatRl PCD JTEARIR AT 20l AL
I FC[I]. RIMBAR, 2024, 53(14): 157-163. (El, FIfi—1E, AN ZAE)

[2] £, 7Rk, buisds, 5. 4R SarpE A w0+ E
#k1, 2025, 39(03): 65-70. (CSCD, A AN—1F)

[3] SuY S, Zhu Y'Y, Wang C, et al. Investigation on effect of cryogenic cooling
on the hole-making of CFRP with conventional PCD tool and textured PCD tool[J].
Proc IMechE Part B: J Engineering Manufacture, 2024. (SCI, A& A\ =1F)
= RUEH

[1] 75K, EUL, ARadve, 55 —FE A RS A 07 4 230 203k 7] AOBE
FRIER) . (S29)  CIi—1E, AN/
=. SR B

[1] 228 v 56 P A RE T 58 B R T H <3G b4 il 3 B & <ot 7 4 B AR D )
FARAR A I H LT 9T (2022 AH040134), 2022.9-2024, 5.

[2] 288 B i 70 S5 01 AR H - CHLRR 21 4E 5 s i iR 3 2 S bR R
R 7 ) FL B H R WE & B B (2022a05020006), 2022.1-2024.12, 5.

[3] 8 g 35 T e s R FH 2% 3 A 14D v 2 B I T D BB AR AT (HX-2024-09-006),
2024.5-2027.5, %45,

70



i N 4 e R VAT

25

TR, FMGE =N A AR EA) S 381048 2022 4E 9 NI
JFEEmt TG 5 AKIBPIIAE A, WRIAKIE I (B4, BB BIRE 28 3 IR % 1
Yot o [B1 & X B ), ALY 18 SO R HERURIFER 5 R T 918 SO IR ) 21
PEZIEAA RIS Ot . —BRAE R, /B, KA, £
BT DU R, BUIRE T AR Z BB AT .

B, RN T IMIR KL BB SR V) R DAAS PRI 38
W, WEEBNAIR BT, WER B BN SRR, ™ IR 2 B AU
12 AR AR 2 N AR TT 1] o CA9 0T — WG A A B AN, 22D
(K151 556 FATAT « LA RFRIR ST A, B AN IR — 38— 3 ) 35 P &

IR S ROIX = WA SR, B 17— REFITE &5 H, 1647 211 /1
202 (ol anAl, FEsE T IRBEAT A A,

bR, FIBE) R0 BERRN LA, s RIHMA
BH%, TR, RERPIT ORI, WHeEH CHEARNER, #ie
iy T, RERW L. FAELR, ZHCLIRWE T, ~BRIEAHER TR
IFLEERK, At b A IAs .

TARBOREEH, BT IR AISCEE . ARITRARN SRR TR R B AR,
AR ZER I AR B SR IR o A 23R SRR, W05 8 2 4 3k
RRMRE, ORBEAE TR, (HEKIAZK MBI F AT ST ENRRELE 15 5
B IRAL AR R TTHI SCRF o RAT S B S, FOlfr N7 1A AN
g R I A R B HIAT 2E
IR G B o ANESCHRHE ELINH SRS, A8 0.1%0%L
PEARTH IR BR ORI R L, AAME AR W E BRSO ER AL
I TCHT PUBR B B ey, AL RBETL T . AR L,
FE IR 2 mx RAR AR, DA/ ERE, AREHIRTAT .

e, o G URE S F A BRI FU e A PR 2 7] AE A e 12
PR3 Bl

N

71






	摘 要
	ABSTRACT
	目录
	插图清单
	插表清单
	第1章  绪 论
	1.1 课题研究背景及意义
	1.2 国内外研究现状
	1.2.1 CFRP材料常规制孔研究
	1.2.2 CFRP材料低温制孔研究
	1.2.3 CFRP材料超声制孔研究
	1.2.4 课题研究现状总结及目的

	1.3 本文研究内容

	第2章  CFRP材料制孔思路及试验设计
	2.1 制孔思路分析
	2.2 制孔方案设计
	2.3 试验参数设计
	2.4 制孔加工设备
	2.5 制孔刀具设计
	2.6 本章小结

	第3章  CFRP材料PCD刀具低温制孔试验
	3.1 不同进给速度下干式和低温制孔试验
	3.1.1 不同制孔方式下的切削力分析
	3.1.2 不同条件下孔径尺寸及相对误差
	3.1.3 不同制孔条件下刀具表面黏结
	3.1.4 孔壁内部形貌及表面缺陷分析

	3.2 不同主轴转速下干式和低温制孔试验
	3.2.1 制孔过程切削力分析
	3.2.2 入口尺寸及误差分析
	3.2.3 入口处表面形貌分析
	3.2.4 孔内壁表面形貌分析
	3.2.5 刀具的表面黏结分析

	3.3 制孔机理讨论和分析
	3.4 本章小结

	第4章  CFRP材料PCD刀具超声制孔试验
	4.1 不同进给量下超声制孔试验
	4.1.1 不同制孔方式下切削力分析
	4.1.2 孔入口直径尺寸及相对误差
	4.1.3 复材孔入口处表面形貌分析
	4.1.4 PCD刀具的表面黏结状况

	4.2 不同主轴转速下超声制孔试验
	4.2.1 不同制孔方式下切削力分析
	4.2.2 孔入口直径尺寸及相对误差
	4.2.3 复材孔入口处表面形貌分析
	4.2.4 PCD刀具的表面黏结状况

	4.3 制孔机理讨论和分析
	4.4 本章小结

	第5章  结论与展望
	5.1 全文总结
	5.2 研究展望

	参考文献
	攻读硕士学位期间取得的成果及参与的项目
	致 谢

