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Abstract: Based on the composites winding molding process, the response surface methodology was used to design
the wet winding molding test. Taking the interlayer shear strength and porosity of the winding products as the key
performance indexes, the multivariate regression prediction model of winding tension, the gap between squeezer
rollers and winding speed on the performance of winding products was established based on the experimental
results, and the accuracy of the regression model was verified. Combining the regression model and Morris method
for ranking the sensitivity of different winding product performance characterization parameters to each process
parameter, the relative stability intervals of each process parameter were obtained and the validity of sensitivity
analysis through the winding molding test was verified. Taking the large interlayer shear strength and small porosity
of the winding products as the target, the dedication rate of interlayer shear strength is 60.9% and the dedication
rate of porosity is 39.1% through the principal component analysis, and the optimal solution set of the process para-

meters is obtained by using the NSGA-II algorithm: The winding tension is 65.1 N, the gap between squeezer rollers is
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0.12 mm, and the winding speed is 0.17 m/s. The interlayer shear strength of the winding product is 54.4 MPa, the

porosity is 1.24%, and the fiber volume fraction is 74.13vol%.

Keywords: composite material; fiber winding; interlayer shear strength; porosity; fiber volume fraction; NSGA-

IT algorithm; multi-objective parameter optimization
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Fig.1 Schematic of naval ordnance laboratory (NOL) ring dimensions
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Fig.2 NOL ring specimen acquisition
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Table1 Horizontal table of parameters of composite wet

winding process
Level t/N v/(m-s™) d/mm
-1 20 0.1 0.05
0 50 0.25 0.1
1 80 0.4 0.15

Notes: t—Winding tension; d—Gap between squeezer rollers;
v—Winding speed.

AR RIS R P, BRIBCR R TS 4
o 20 28 1 it 9 T HE AT AR 22 57 0 WRAEJE 58 )l R i
FEh R 4E IR B A9 45 G RO B2, th TPk fE—
fle W s T2 A TEREY, A5 S EUE B R A
PR IR AT P B Bk A 7 4 55 k22 1) )2 1) Al
W, B R R e Ah, A R AR
M TR B L RSCA R ERIN, 2 AR N

FETE—E W ALBR, X 48 28 i il 19 ) 2= PR RE 7= AR R
Flggm, FEBGLEP R ESY R,
PR, A Sk 43 20 B 1) & 1) )25 8] B D7) 58 B2 A0 AL Bt
RAE N VA JH S PR RR 1 RAE S HL, I XA [H
T A BOT 4 S8 5 i 21 e AR R Bk 47

48 [ A% GB/T 1458—20081"", 745> NOL ¥
Fm Y3 O BT VA AE, BA T A SHON
3 /1> NOL ¥f ok Bt 9 A3 B ik 47 48 B2 85 V)i 50
I 5 8 23 1 1 2 ) B9 V) ik B . AR 4 = AR GB/T
3365—2008"" [ Bl & , 7F 7~ NOL ¥f 42 [ Y] Bt
3AIUE MM, 4 T 2240\ 21~ NOL 3 ik
Bs ANAHE, A B AR S B o S R
23\ R SUS000 HL T 5 f B8 % 4 2 il b 119 L B
LT A R Bt TR . R H R
T 28 26 1] b FL B SR 5 4 2 AR 2 B BRMG anE 3
& 4 fif s, FIH Tmage-J % UL 4% 98 17 ) AL 3
B8 AL B, T gE SR S AL PR R S A
B

3 LR AL SR

Fig.3 Photomicrographs for observing the porosity of winding products
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Fig.4 Photomicrographs for observation of fiber volume fraction of

entangled products
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Table 2 NOL ring winding test design and test results 30.17955d+0.02325tv+ (3)

t/N v/(m-s™") d/mm 7s/MPa CV/% V¢ /% CV/% Vi/vol% CV/%

80 0.4 0.1 38.11 1.72 154 1.88 7571 0.38
50 0.25 0.1 52.64 023 23 058 7571 0.18
50 0.4 0.05 41.98 1.14 3.52 254 7736 0.59
20 0.4 0.1 30.12 1.63 3.73 1.82 62.74 0.84
80 0.1 0.1 50.71 052 04 0.64 75.15 0.54
20 0.1 0.1 3542 098 2.84 0.29 62.60 0.45
20 0.25 0.15 32.14 1.04 262 138 61.24 1.12
50 0.1 0.15 4582 0.58 0.38 0.28 67.24 0.95
50 0.25 0.1 5489 038 23 0.68 73.23 0.22
80 0.25 0.05 4799 0.88 238 242 77.68 037
50 0.4 0.15 4865 0.64 14 133 69.83 0.57
50 0.1 0.05 48.27 0.79 294 092 73.03 1.22
50 0.25 0.1 51.98 031 22 0.61 7346 0.31
80 0.25 0.15 48.04 138 0.27 095 75.06 1.34
50 0.25 0.1 53.09 045 24 042 7198 0.19
50 0.25 0.1 51.7 028 21 059 7255 0.25
20 0.25 0.05 33.14 0.81 4.28 035 6591 1.04

Notes: s —Interlayer shear strength;Vc—Porosity; Vr—Fiber
volume fraction; CV—Coefficient of variation.
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Fig.5 Residual normal probability distribution diagram of predictive model
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Fig.7 Compare the predicted value with the actual value
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Fig. 8 Average sensitivity coefficient of interlayer shear strength to

process parameters
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Fig.9 Variation of sensitivity coefficients of interlayer shear strength to

process parameters
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Table 3 Relative stability intervals for process parameters based on interlayer shear strengths

Range of interlayer shear

Parm Interval Range of process parameter strength variation/MPa Magnitude of change/MPa
. Stable [55N, 75 N] [51.5, 53.8] 2.3
Sensitive [20N, 40 N] [39.8, 51.2] 11.4
Stable [0.08 mm, 0.12 mm)] [52.1,52.8] 0.7
d Sensitive [0.05 mm, 0.09 mm] [47.7, 52.6] 4.9
’ Stable [0.1m/s, 0.22 m/s] [51.1,52.9] 1.8
Sensitive [0.28 m/s, 0.4 m/s] [46.2, 52.2] 6.0
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Table 4 Relative stability intervals of process parameters
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Fig. 10 Average sensitivity coefficient of porosity to process parameters
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Table 5 Relative stability intervals of process parameters
based on fiber volume fraction

Range of Range of fiber = Magnitude
Parm Interval process volume fraction of change/
parameter variation/% %
Stable [50 N, 80 N] [74.4,76.5] 2.1
! Sensitive [20 N, 50 N] [63.6, 74.4] 10.8
Stable  [0.05mm, 0.1 mm)] [74.4, 75.8] 1.4
d Sensitive [0.1 mm, 0.15 mm)] [70.2, 74.4] 4.2
; Stable  [0.1 m/s, 0.25m/s] [73.8, 74.4] 0.6
Sensitive [0.25m/s, 0.4 m/s] [74.4,75.7] 1.3
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Fig. 14 Average sensitivity of process parameters
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Table 6 Single-objective process parameter optimization

Characterization Optimum
t/N d/mm v/(ms') Vi/vol% P

parameter value

TS 61 0.09 0.2 74.97 56.6 MPa

Ve 48 0.15 0.12 65.76 0.01%

o s 5 R H AR a R AT LB, =

B 35 0 Fe A o 0 f] A S B 1 A BB R AE S 40
S b, T ZESEGE T L, RIBRESR T
B 0 R ), T R RS, AT
BIEANFRIES N E M, W A e # 5k,
AT Z Hbri T 23501k .

EEXT LB Z HARfL Ak a8, 48305 A NSGA-
I AL B P92 NSGA-TT 38 vk B 4 — UL
PR 51 HE T HE Sl HE S R AR A H A
3 S e HE P A R — A T iz S 0 A 0t 4%
A S AT B HE P TR B Sl 4, il S A AR
ZikT P

Mcix x5, 2@ = P
{ Vi, je{1,2,3,---,n}and i # j (6)

XI>Xp>X3> > Xy,
Kb PRHAEKIES; MBUFRE: QN FRIES
W] B g AR R T

NSGA-TI 2 A AR A 15 FiRl ) 1 e vtk
LA POP J& 147 AE 32 Be HE 3 A4 B 1 5545 2
PSR Gen=1; SR J5 X R REUEAT B R - 28 X -AE 57
B4R R WA R RE POP_n; #5355 S AU FR B POP
5 R POP_n 45 15 47 3E 32 Bl HE e A0 BF
JEVEAE, 38 HIRS 5 SR m& L 08 00 75 A A A BT i AR
TR POP; f5J5 Fl st e ABUR A R IRE(H, 45
AN it ) B A 0 R - 5 ST S AR, A T gk
5 . NSGA-II L - 28 LA R ks
gt Bk oS, HAR R Z A 7E T8 13 73R e
HEP RN SR T S A A0, SRS B 1 ik
PRUE T ARRE PSR 2R, FE 0 DR 5 58 s ORIE
75 AR RE IS AT S R I HE S R 7



- 5630 -

EEMRER

Start
.
Initializing populations: POP
.

Undominated sorting and congestion calculation

’ Selection-crossover-mutation ‘
:
Generation of offspring populations: POPiﬂ

I
‘ Merging of populations ‘
I
Undominated sorting and congestion calculam
I
’ Elite retention strategy ‘
i
’ Generation of new populations: POP ‘

End

Gen=Gen+1

POP—Populations
K15 NSAG-II 5k fe A
Fig. 15 NSAG-II algorithm flowchart

DL NSGA-IT 5535 % i 325 48 58 1. 2 S 5k A7
e, BICARZRE N 0.3, FhEER/N N 200, AL
AR 300, 38 2 pR AR IR 22 O 107, i NSGA-
MDA RSB E K 16 rax . FEERT
300 K JE, AR 57 AR SRR .

1.8

* Pareto solutions
1.6 +

¥

]
14 | f
12 | f;
1.0 **

08 | 2

Porosity/%
»*

0.6 o>
04 t * ¥

02 | *k****
**

0 & L L L L
50 51 52 53 54 55
Interlayer shear strenth/MPa
K16 3T NSGA-I H kA mdE
Fig. 16 Optimal solution set based on NSGA-II algorithm

M A a] LA H, 242 (8 8T )5 B A F)
50.42 MPa J&i, #4kzix) )2 E 55 U)ee i ietk, &

ol RH 7 1) FL B R e AL f R W 3 R, S EUTRIAAE
Pareto i L fiff £ 45 21 48 15 A~ R AE 2 2R B 35 3
IR . B, AR A W A A e — 4
I IE W 5 o AN ORI FE U e i, e
MRIESE B ZEG TR, RIS RIESEUW 5P
Mol A o A3 A BT i R — el ORI R A AR
ZICR T FEICR, 2423 R R 4E
25 [ 2 Je e E i, HoA% O SR AR 2 A AN TR
& A Bk LR X A e A K A . RS
Brad FE b, THIE PR A8 bR 2 ] 09 A OC M R AU dR
B B0 A A R0 B 43 ik o, 1E T AR AT AH 1 RE
SRR o 3 W53 53 B ik 00 B A A5 R AT L A,
SCHERPES ) AR SORNFHSR . B A R 7
F7R o

R7T EHSANER

Table 7 Results of principal component analysis

Principal component

Principal component  Eigenvalue contribution ratio/%
TS 1.2176 60.9

Ve 0.7824 39.1

Total - 100

MR 3 B 4343 A A5 H 14 )2 18] 55 1) 5 5 5 FL B
A RS BTERR T R ALE 4 R 0.6 5 0.4,
255 NSGA-II W AT Y fi 48, 45 113 & T NSGA-II 5
FRA RN Z Btk TESHA A%k 8
FT7R o

%8 ET NSGA-N 5EMHTHIMENSERRULER
Table 8 Multi-objective optimization results based on
NSGA-II with principal component analysis

t/N d/mm  v/(ms™) Vi/% 7s/MPa Vel%
65.1 0.12 0.17 74.13 54.4 1.24
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Table9 Comparison of theoretical and actual values of
interlayer shear strength

IS /MPa Relative
No. #/N d/mm v/(ms') ——
Predict Actual error/%
1 65.1 0.12 0.17 54.4 56.5 3.8
2 65.1 0.12 0.17 54.4 53.2 2.2
3 65.1 0.12 0.17 54.4 55.6 2.2
4 65.1 0.12 0.17 54.4 53.4 1.8
5 65.1 0.12 0.17 54.4 55.3 1.7

F10 FLBEEMEIE S SSARMEXTEE
Table 10 Comparison of theoretical and actual values of
porosity

Porosity/% Relati
No. /N d/mm v/(ms") cative

Predict Actual error/%

1 65.1 0.12 0.17 1.24 1.32 6.5
2 65.1 0.12 0.17 1.24 1.21 2.4
3 65.1 0.12 0.17 1.24 1.22 1.6
4 65.1 0.12 0.17 1.24 1.15 7.3
5 65.1 0.12 0.17 1.24 1.28 3.2

F11 FRERSHNEILE S SSARMEXTEE
Table 11 Comparison of theoretical and actual values of
fiber volume fraction

No. /N d/mm v/(ms™) Vilvol%e  Relative
Predict Actual €170r/%

1 65.1 0.12 0.17 74.13 73.28 1.1

2 65.1 0.12 0.17 74.13 74.8 0.9

3 65.1 0.12 0.17 74.13 75.09 1.3

4 65.1 0.12 0.17 74.13 75.88 2.4

5 65.1 0.12 0.17 74.13 74.64 0.7
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