2
Hltﬁl‘tei RESEARCH

EFRBEEESTTHCFRP/TI6A4VE E RIS HE SR FL
ITEZSHMm

S, ESE, AR E
(B FMERFMEHEIELFIR, G 330063 )

[#HZE ] KAwWaEi%it T CFRP/ k44 & EAPEHE N X, A kit b3 3R9E A%t B3, A A4 3L 42
EE REURE RGBT A B AR RS AR AL R . W wiXIb e ek EiE R R & RIR AR Z R AT A A
MG B AM A e THAT % B ARRAL, e B it A AR IS AR A4S L RSB G R, S T T R Ak
St R IR EATRIL e B A Fve . 4EE] CFRP/ 4k6-4 & B ATH B A A B S Ak e T A S #3% 2000r/min , 25
% 0.02mm/r.#Z¥E 0.15mm.

KRR R R A oMA; @ ok, FakE RELFESH; $ BAFMAL; Tt THH

Multi-Objective Optimization of Helical Milling Process for CFRP/Titanium Alloy
Stacks Based on Taguchi Grey Relational Analysis

GAO Yanfeng, PU Jingwei, FANG Xiang’en
( School of Aeronautical Manufacturing Engineering, Nanchang Hangkong University, Nanchang 330063, China )

[ABSTRACT] To improve the hole-making quality for CFRP/Ti6Al4V stacks and optimize the helical milling process
parameters, experiments were designed and implemented based on the Taguchi method. The spindle rotation speed, feed
rate and pitch were taken as the design variables in the experiments. The hole diameter error, surface roughness and
damage factor in the composite material layer were taken as the output indicators of the Taguchi model. Based on the
Taguchi experimental results, the grey relational analysis and principal components analysis were adopted to optimize
the helical milling process parameters. The influences of helical milling parameters on the signal noise ratios, principal
components and the grey correlation degrees of output indicators were analyzed. The experiment results show that the
optimal helical milling parameters are spindle speed 2000r/min, feed rate 0.02mm/r, and pitch 0.15mm.
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Table 1 Factors and levels chosen for Taguchi L,,(3%) design
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Fig.1 Schematic diagram of exit damage
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Table 2 Experiment results of taguchi L,,(3") design
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1

/mm

2y}
0.16
0.21

0.27

E/mm | R/um

0.0352 | 2.1820
0.0392 | 2.7827
0.0348 | 2.7800
0.1538 | 3.3133
0.1422 | 3.2657
0.0922 | 3.3153
0.2244 | 2.8623
0.2954 | 2.8673
0.2848 | 2.8397
0.1646 | 2.6680
0.1782 | 2.6733
0.1756 | 2.6857
0.3798 | 2.9240
0.3668 | 2.9207
0.3554 | 3.0177
0.5538 | 3.1447
0.5742 | 2.9980
0.5596 | 3.0790
0.1888 | 2.0677
0.1760 | 2.0967
0.1796 | 2.0453
0.5270 | 2.5463
0.5390 | 2.5376
0.5298 | 2.5613
0.6096 | 3.0277
0.5828 | 3.0650
0.5614 | 3.1330
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Table 3 ANOVA for aperture error

1

46019

60.08

78.36

8.089E-004 2 4.045E-004 012

20 3.417E-003 —

26

Adj R°=0.9125

Adeq Precision=21.60
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1.2420
1.1459
1.2003
1.1758
1.2020
1.2064
1.2293
1.1101
1.2944
1.1873
1.1444
1.2063
1.1989
1.1198
1.1615
1.1820
1.2087
1.0790
1.1800
1.1168
1.1680
1.1025
1.1201
1.1497
1.1603
1.1102
1.1936

P
<0.0001
<0.0001
<0.0001

0.8890
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Table 4 ANOVA for surface roughness

SRR -5 Al H %175 F P
FA 2.11 6 0.36 6.85 0.0005
0.86 2 0.43 8.42 0.0022
1.24 2 0.62 12.12 0.0004
2.314E-003 2 1.157E-003| 0.023 0.9777
W7 1.03 20 0.051 — —
A 3.13 26 — — —
R*=0.6728 Adj R*=0.5746 Adeq Precision=7.935

x5 WBRFHAESH
Table 5 ANOVA for damage factor

SRR S il B ¥y 7 P
it 0.030 6 50.77E-003 | 4.43 0.0053
0.014 2 7.094E-003 |  6.19 0.0081

2.698E-003 2 1.349E-003 1.18 0.3288

0.014 2 | 6.787E-003 | 5.92 0.0096
B2 0.023 20 | 1.147E-003 — —
S0 0.053 26 — — —
R*=0.5705 Adj R°=0.4416 Adeq Precision=7.618
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Table 6 SNR and sequences date of pre-processing

{5 Lk/dB oAb S B 7 )
e
E R, 2 E R, 2
1 | 28.841 | -8.9860 | —1.8850 | 1.0000 | 0.3505 0
2| 28.028 |-8.9050 | —1.1830 | 0.9669 | 0.3701 | 0.5740
3| 28775 | -8.8890 | —1.5870 | 0.9973 | 0.3740 | 0.2437
4 | 15782 | -10.425 | —1.4090 | 0.4683 | 0.0012 | 0.3892
5 16248 | —10.285 | —1.5990 | 0.4873 | 0.0352 | 0.2339
6 | 20256 | —10.430 | —1.6300 = 0.6505 0 0.2085
7 | 12490 | -9.1410 | —1.7930 | 0.3343 | 0.3129 | 0.0752
8 | 10.193 | -9.1620 | —0.9090 | 0.2407 | 0.3078 | 0.7980
9 | 10422 | -9.0660 | —1.0590 | 0.2501 | 0.3311 | 0.6754
10 | 15354 | —8.5690 | —1.4920 | 0.4509 | 0.4517 | 0.3213

11 14.624.5 | —8.5630 | —1.1720 | 0.4212 | 0.4532 | 0.5830

12 14.644 | —8.6770 | —1.6300 | 0.4220 | 0.4255 | 0.2085
13 8.3287 | —9.3210 | -1.5760 | 0.1648 | 0.2692 | 0.2527
14 8.4204 | —9.3210 | -0.9830 | 0.1686 | 0.2685 | 0.7375
15 8.7206 | —9.6040 | —1.3030 & 0.1808 | 0.2005 | 0.4759
16 4.9350 | —9.9580 | —1.4580 | 0.0267 | 0.1146 | 0.3491
17 4.6899 | —9.4850 | —1.6470 | 0.0167 | 0.2294 | 0.1946
18 4.8176 | -9.7710 | -0.6620 | 0.0219 | 0.1600 | 1.0000
19 14319 | —6.3100 = —1.4380 | 0.4087 | 1.0000 | 0.3655
20 14.787 | —6.4320 | —0.9600 | 0.4278 | 0.9704 | 0.7563
21 14.584 | —7.9760 @ —1.3490 | 0.4195 | 0.5956 | 0.4383
22 5.4098 | —8.1670 | —0.8480 | 0.0460 | 0.5493 | 0.8479
23 5.1578 | —8.0940 A —0.9860 | 0.0357 | 0.3728 | 0.7351
24 5.2893 | —8.2430 | —1.1230 | 0.0411 | 0.5308 | 0.5495
25 4.2802 | —9.6670 | —1.2960 | 0.0000 | 0.1852 | 0.4816
26 4.5921 | -9.7330 | —0.9090 | 0.0127 | 0.1692 | 0.7980
27 4.9793 | -10.052 | —1.8750 | 0.0285 | 0.0917 | 0.0082
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y(x, k), xj(k)):% .

oi max

Hop, A, =minminA (k) A, =maxmaxA4,(k), x* (k)

WS A5 A,k) WM ; & ho 350, HARE
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Table 7 Deviation sequences, grey relational coefficient and grey
relational grade

P VG S ES e,
a2 RHRE

1 | 0.0000 | 0.6495 | 1.0000 & 1.000 | 0.4350 | 0.3333 | 0.6475

do ¢

A1) | 42) | 443) E R,

2 | 0.0331 | 0.6299 | 0.4260 | 0.9379 | 0.4425 | 0.5400 | 0.7237
3 1 0.0027 | 0.9260 | 0.7563 | 0.9947 | 0.4441 | 0.3980 | 0.6781
4 | 0.5317 | 0.9988 | 0.6108 | 0.4846 | 0.3336 | 0.4501 | 0.4634
5 105127 | 0.9648 | 0.7661 | 0.4937 | 0.3413 | 0.3949 | 0.4398
6 | 0.3495 | 1.0000 | 0.7915 | 0.5886 | 0.3333 | 0.3872 | 0.4801
7 1 0.6657 | 0.6871 | 0.9248 | 0.4289 | 0.4212 | 0.3509 | 0.3891
8 1 0.7593 | 0.6922 | 0.2020 | 0.3971 | 0.4194 | 0.7123 | 0.5578
9 | 0.7499 | 0.6689 | 0.3246 | 0.4000 | 0.4278 | 0.6064 @ 0.5056
10 | 0.5491 | 0.5483 | 0.6787 | 0.4766 | 0.4770 | 0.4242 | 0.4450
11 | 0.5788 | 0.5468 | 0.4170 | 0.4635 | 0.4777 | 0.5453 | 0.5054
12 | 0.5780 | 0.5745 | 0.7915 | 0.4638 | 0.4653 | 0.3872 | 0.4249
13 | 0.8352 | 0.7308 | 0.7473 | 0.3745 | 0.4062 | 0.4009 | 0.3887
14 | 0.8314 | 0.7315 | 0.2625 | 0.3755 | 0.4060 | 0.6557 | 0.5186
15 | 0.8192 | 0.7885 | 0.5241 | 0.3790 | 0.3881 | 0.4882 | 0.4347
16 | 0.9733 | 0.8854 | 0.6509 | 0.3394 | 0.3609 | 0.4344 | 0.3882
17 | 0.9833 | 0.7706 | 0.8054 | 0.3383 | 0.3935 | 0.3830 | 0.3624
18 | 0.9781 | 0.8400 | 0.0000 | 0.3386 | 0.3731 | 1.0000 | 0.6756
19 | 0.5913 | 0.0000 | 0.6345 | 0.4582 | 1.0000 | 0.4409 | 0.4626
20 | 0.5722 | 0.0296 | 0.2437 | 0.4663 | 0.9441 | 0.6723 | 0.5826
21 | 0.5805 | 0.4044 | 0.5617 | 0.4628 | 0.5529 | 0.4709 | 0.4691
22 |1 0.9540 | 0.4507 | 0.1521 | 0.3439 | 0.5259 | 0.7668 | 0.5632
23 1 0.9643 | 0.6272 | 0.2649 | 0.3415 | 0.4436 | 0.6537 | 0.5026
24 | 0.9589 | 0.4692 | 0.4505 | 0.3427 | 0.5159 | 0.5260 | 0.4401
25 | 1.0000 | 0.8148 | 0.5184 | 0.3333 | 0.3803 | 0.4910 | 0.4146
26 | 0.9873 | 0.8308 | 0.2020 | 0.3362 | 0.3757 | 0.7123 | 0.5289
27 | 09715 | 0.9083 | 0.9918 | 0.3398 | 0.3550 | 0.3335 | 0.3370
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Table 8 Eigen values and explained variation for principal

components
ES Wiy FHE(E TR
1 1.3362 0.4454
2 1.0143 0.3381
3 0.6494 0.2165

R EHSHFERE

Table 9 Eigenvectors for principal components

i A bR il
B EM | B2 E | H3 ER
~0.6837 0.2844 0.6721
R, 0.1558 0.9566 -0.2463
0.7129 0.0637 0.6983
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Table 10 Mean effect response of grey relational grade

Hz
TR AR 4 it B 12} C
/ (rmin") / (mm-r") /mm
1 0.5428 0.5488 0.4625
2 0.4604 0.4701 0.5246
3 0.4779 0.4621 0.4939
4 0.0824 0.0866 0.0622
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Fig.2 SNR at different control levels of milling parameters for grey
relational grade
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Fig.3 Exit morphology of composite materials under the optimal parameters

5 #ig

U)%ﬁﬁm%&ﬁTa&mﬁAé%FMﬂ%
BRI, DA UE A IR AR i, LR A AR
(HfL1 m%ﬁ%ﬁﬁﬁf&%hl?ﬁ%ﬂ%@#ﬁ
M EEEIAES

(2) 7 W 356 1 LRl s A K (8 56 Bk & 32 i 4y
SHTXF B E MR R AR R I T T 2 B Ak e fa
T i R PR BR B 15 M EE L 32 o BOK (8 SG FE
B AT T BEHI S B0 R €6 15 B A 475 1 b 357 (g 17
(RIS, A5 H R 20 SRS W CFRP R €8, DG I B 5 Mt L 5%
M) fe S, LR ORI

(3) BEHI CFRP/ k& 4B 2 MR MR e
SR AN AB,C,, HX RN TS U244 2000r/min
5 0.02mm/r MEFE 0.15mm, XF I 18 & B AR e TS B
FLARIR 2 0.0392mm, 2 [ADHLEE 4 2.7827um, 6
PilRFR 1.1459,

& % x o

[1] #Ha, BE, @Ehﬂ & s SE AR AL AR T
R R AT (1], LR 5 A 3hik L 2015(3): 24-26, 35.

LI Chunqi, YIN Jun, FU Yucan, et al. Research status and trend
analysis of hole machining technology of aecronautic stacked materials[J].
Machine Building & Automation, 2015(3): 24-26, 35.

[2] BRIA, M5, #0 K . CFRP/TIGAI4V 2 H R IR i
EBEFLIRIR ST (7). HUMR TS5 3 | 2015(5): 103-106.

SHAN Yicai, HE Ning, YANG Yinfei. Experimental investigation
on orbital drilling of CFRP/Ti6Al4V stacks with big pitch[J]. Machinery
Design & Manufacture, 2015(5): 103-106.

(T#ZEH1027 )

20194E 55625 55 1410 - i WIEEE R 95



2
mﬁtﬁl RESEARCH

concentration factor of machined surfaces[J]. International Journal of
Fatigue, 2002, 24(9): 923-930.

[25] M%R  HE TRIEFT A ek 42 TiGAI4V BEHIIN T 38 i 58
HNEDTFE [D]. TFR3 - 114K, 2017.

YANG Dong. Milling induced surface integrity and its influence
on fatigue life of the titanium alloy Ti-6Al-4V[D]. Jinan: Shandong
University, 2017.

[26] AROLA D, WILLIAMS C L. Estimating the fatigue stress
concentration factor of machined surfaces[J]. International Journal of
Fatigue, 2002, 24(9): 923-930.

[27]  EEI . DR 2 Xk T, 3 8 vh 2R BRI 57 73 A il /3
Hr [7]. HUBGREE |, 2010, 32(1): 110-115.

ZHANG Gang. Effect of roughness on surface stress concentration factor
and fatigue life[J]. Journal of Mechanical Strength, 2010, 32(1): 110-115.

[28] NISHIDA S I, ZHOU C, HATTORI N, et al. Fatigue strength
improvement of notched structural steels with work hardening[J].
Materials Science and Engineering A, 2007, 468-470: 176-183.

[29] JOSEFSON B L, STIGH U, HIJELM H E. A nonlinear
kinematic hardening model for elastoplastic deformations in grey cast
iron[J]. Journal of Engineering Materials and Technology, 1995, 117(2):
145-150.

[30] XIE L, PALMER D, OTTO F, et al. Effect of surface
hardening technique and case depth on rolling contact fatigue behavior of
alloy steels[J]. Tribology Transactions, 2015, 58(2): 215-224.

[31] SUAREZA, VEIGAF, LOPEZLACALLE L N, et al. Effects
of ultrasonics—assisted face milling on surface integrity and fatigue life of
Ni—Alloy 718[J]. Journal of Materials Engineering & Performance, 2016,
25(11): 5076-5086.

[32] XEZE, VB, EVH, & . RIS g

FFATE E’Jﬁt%‘ﬂ ). T2, 2013, 34(6): 759-764.

LIU Yanchen, PANG Siqin, WANG Xibin, et al. Experimental study
on effect of surface integrity on high-strength steel fatigue life[J]. Acta
Armamentarii, 2013, 34(6): 759-764.

[33] HENRIKSEN E K. Residual stresses in machined surfaces
[J]. Journal of Applied Mechanics-Transactions of the ASME, 1951, 73:
69-76.

[34] CHOI Y. Influence of rake angel on surface integrity and
fatigue performance of machined surfaces[J]. International Journal of
Fatigue, 2017, 94: 81-88.

[35] SURESH S. Fatigue of materials[M]. Cambridge: Cambridge
University Press, 1998.

[36] JAVIDI A, RIEGER U, EICHLSEDER W. The effect of
machining on the surface integrity and fatigue life[J]. International
Journal of Fatigue, 2008, 30(10—11): 2050-2055.

[37] SASAHARA H. The effect on fatigue life of residual stress
and surface hardness resulting from different cutting conditions of 0.45%C
steel[J]. International Journal of Machine Tools & Manufacture, 2005,
45(2): 131-136.

[38] KAWAGOISHI N, CHEN Q, KONDO E, et al. Influence
of cubic boron nitride grinding on the fatigue strengths of carbon steels
and a nickel-base superalloy[J]. Journal of Materials Engineering and
Performance, 1999, 8(2): 152—158.

[39] SOUTO-LEBEL A, GUILLEMOT N, LARTIGUE C, et
al. Characterization and influence of defect size distribution induced by

ball-end finishing milling on fatigue life[J]. Procedia Engineering, 2011,

102 Al A - 201945624 51410

19(1):343-348.

[40] ROSS A S, MORROW J D. Cycle—dependent stress
relaxation of A-286 alloy[J]. Journal of Fluids Engineering, 1960, 82(3):
654-658.

[41] HOLZAPFEL H, SCHULZE V, VOHRINGER O, et al.
Residual stress relaxation in an AISI 4140 steel due to quasistatic and
cyclic loading at higher temperatures[J]. Materials Science & Engineering
A, 1998, 248(1-2): 9-18.

[42] KIM J C, CHEONG S K, NOGUCHI H. Residual stress
relaxation and low— and high—cycle fatigue behavior of shot—peened

medium—carbon steel[J]. International Journal of Fatigue, 2013, 56: 114—122.

WIAEE © 250, W, BRI, UF5E 07 0
T 5E 8, E-mail : lixun@buaa.edu.cn,

ERERTREHE I T A

(Vi % %)

( EHEFI5T )

(3] EEHs . XE CAPRHRIEBESL 8h 12 BE5E [D]. Kt - Kt
K, 2012,

WANG Haiyan. Staudy on dynamics in helical milling of difficult—
to—cut materials[D]. Tianjing: Tianjing University, 2012.

[4] HEGY, LI H, JINGY D. Helical milling of CFRP/Ti-6Al-4V
stacks with varying machining parameters[J]. Transactions of Tianjin
University, 2015, 21(1): 56-63.

[5] BliZR . CFRP/Ti-6A1-4V 5245 e L L B T 2 AL AL o
5% [D]. Kt RHER , 2012,

LU Cui. The optimization research on helical milling of CFRP/
Ti6Al4V stacks[D]. Tianjin: Tianjin University, 2012.

[6] KHAN Z A, KAMARUDDIN S, SIDDIQUEE A N. Feasibility
study of use of recycled high density polyethylene and multi response
optimization of injection moulding parameters using combined grey
relational and principal component analyses[J]. Materials & Design,
2010, 31(6): 2925-2931.

[7] DENG J L. Control problems of grey systems[J]. Systems &
Control Letters, 1982, 1(5): 288-294.

[8] AIH, PAN H. Research on application of grey relevance theory
in teaching evaluation[C]// 3rd International Conference on Education,
Management and Computing Technology (ICEMCT 2016). Paris: Atlantis
Press, 2016.

[9] okf, B, ZE305 . AL T RN BP M2 2N
BRECV B OB B B[], h BB |, 2012, 23(1): 51-54.

ZHANG Min, LI Xiangfeng, ZUO Dunwen. Forming quality
forecast for internal threads formed by cold extrusion based on principal
component analysis and neural networks[J]. China Mechanical
Engineering, 2012, 23(1): 51-54.

[10] LUHS, CHANG C K, HWANG N C, ET AL. Grey relational
analysis coupled with principal component analysis for optimization
design of the cutting parameters in high-speed end milling[J]. Journal of
Materials Processing Technology, 2009, 209(8): 3808-3817.

BIAERE: S EWE, 195 L RIS, BE5E )5 0 024 A 3L, E-mail:
gaoyf@nchu.edu.cn,

(Vi #£)



