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P Y REE . LT YEIRI G4 B2, 5% m FRU A4 1) ) 2

WAL T =HE. SACE SRR, gk 1 s

RO 1 3RAF I 17 TPt o) il 28 2 Bl G il 7y
W 2, Hrps 13~17 4 EE PO R, HT
H BRI R T

F 3 2 A I S HALG, AR L) 12
K ¥ T700 SR HETCLR A A8 & AT R Bl s, 26 1)
B, IR 12 K 1) T700 5804 16 I 3L 85 4T 4k ¥ Jifa
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#* 1 Box-Behnken &itEZ5KTER

PERE, MTTREE R C/C EEMEIE J1%21ERE. R Table 1 Design factors and levels by Box-Behnken
AR T A ) shas P RE R oK, AR C/C B bk Desion factors Levels
37 B 0 B DR T L B 3 R VR A ) T o 1
GO 3 AN S B e AR IR, Mg 2R X,: Needling density/pin-cm™ 8 12 16
EHE—2 B 1 gem p AR, T rp B o) 2% B (X X>: Needling depth/mm 10 13 16
(8] 4 8~16 %l /em?, %L HIEREEX A M 10~16 mm, MG X;: Non-woven density/g'm™ 50 100 150
5 BEX ] 4 50~150 g/m?, % ] Design-expert 45
x2 HRSHRITRRREER
Table 2 Needling parameters and the corresponding experimental results
X/ X/ X/ Tensile Bending Shear Compression Prefgrm Rgtio of
No. . 2 2 strength/ strength/ strength/ strength/ density/ tensile/shear
purem mm gm MPa MPa MPa MPa gem” strength
1 8 10 100 113.00 98.66 14.30 143.36 0.37 7.90
2 16 10 100 80.06 145.42 15.15 166.56 0.40 5.28
3 8 16 100 70.96 111.8 10.87 177.32 0.36 6.53
4 16 16 100 45.34 68.2 10.65 179.80 0.39 4.26
5 8 13 50 70.80 119.68 10.46 174.00 0.42 6.77
6 16 13 50 69.44 158.8 16.82 206.8 0.39 4.13
7 8 13 150 79.44 110.6 8.56 120.55 0.39 9.28
8 16 13 150 62.12 83.70 9.19 159.16 0.40 6.76
9 12 10 50 119.00 81.94 11.90 151.60 0.42 10.00
10 12 16 50 61.46 124.72 14.13 175.80 0.42 4.35
11 12 10 150 86.72 151.40 14.93 148.20 0.39 5.81
12 12 16 150 73.90 82.90 10.67 123.75 0.41 6.93
13 12 13 100 117.00 119.00 19.44 163.00 0.42 6.02
14 12 13 100 124.00 130.00 21.52 168.00 0.42 5.76
15 12 13 100 100.00 116.94 18.32 155.60 0.42 5.46
16 12 13 100 107.00 125.00 19.12 161.80 0.42 5.6
17 12 13 100 101.00 105.00 18.24 158.00 0.42 5.54
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Fig.1 Schematic diagram of the tensile sample

PrARFE RS S TR WK 1, AREEBK S 50
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4% Box-Behnken Bl 3R 1 — i W AR 2 7 R 1)
ﬁiﬁyg:

Y =4, +i,b’,.X[ +iﬁﬁx,x[ +§2: i pxx, (D

i=1 j=i+l
A, Y RN H bR B MR B A R R By
h IR RE By WA HAE I R E X A MAI A
[Alt, H Design-expert F 48X 3 2 Hds 3 M 3k 14
PURsREE Yo\ PUEREE Yo\ PUBTUIREE Vs PUR S0 iR
JE Yy TURIARAARSES BE Ysy Pihyom i 5 Husy o) o B2 H e
Yo SE A TUMERE 3 MR CEFR X BEHRR
FE Xon WO JRTHI S BE X350 BOAH S 1 e B ASE 28 AT 53 ) 4 s
H @)~ =k 2 AL VTR
Y;=—121.39167+33.05875X,+10.06667X,+0.48097 X5+
0.15250X,X,—0.019950.X, X3+0.074533X,X;—1.47750X,* —
0.98000X,>—6.28400x107°X;> (2)
Yo=—672.93550+37.11537X;+67.90600X,+3.13094.X; —
1.88250.X,.X,—0.082525X, X5 —0.18547X,X;—0.16291.X,>
—1.17350X,+6.45400x107* X;> 3)
Y3=—100.98828+7.42079.X,+8.06322X,+0.51789.X; —
0.022292.X,X,—7.16250x10°X;.X;—0.010817X,X; —0.25736
X2—0.27419X,>—1.58110x107 X3 (4)
Y,;=—50.24833—7.65802.X,+29.41458X,+1.09858X; —
0.43167X,X,+7.26250x 107X, X3—0.081083X,X3+0.64906

X,2—0.54500X,"—2.61500x 107 X3’ (5)

Ys=+0.021819+0.031979X,+0.043903X, — 1.58917x
10°X5+8.33333x107° X, X5+5.50000x 10X, X3+3.16667x10”
XoX;—1.55469x107X,>—1.84722x107X,>+1.95000% 10°X5°

(6)

Y¢=+36.55358 —0.63310X; —2.01550X,—0.21322.X5+
7.29167x107 X, X,+1.50000% 107X, X5+0.011283X,X;5+8.7
1875x107X,*+0.019667X,°+3.67800x10* X5 (7)
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Table 3 Variance analysis

Source F value FP-value R-Squared Adj
-Squared

Tensile strength 9.13 0.0041 0.9215 0.8205

Bending strength ~ 3.01 0.0802 0.7946 0.5305

Shear strength 6.73 0.0100 0.8963 0.7631

Compression 5 15 0210 0.8688  0.7001
strength

Preform density ~ 3.70 0.0491 0.8264 0.6032
Ratio of

tensile/shear 4.28 0.0342 0.8462 0.6484

strength
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Table 4 Optimization results of single response target

x5 ZBEMEREERX

Table S Optimization requirements of multiple response

. .. Needling Needling Non-woven targets
No. Response target Optlvrzilzlztlon density/ depth/  density/
- pinem mm £m Tensile Bending  Shear Compression Preform
Tens1le Max 123.29 11.7 10 79.82 Response
1 str;:/lnpg;h/ Min 30.54 16 16 50 strength  strength  strength strength density
Bending  Max 147.61 16 10 150 Target Max Max Max Max Max
2 strength/ .
Mpa  Min 2435 16 16 150 Weights 1 0.2 1 0.5 0.5
3 Shear strength/ Max 19.62 12.59  12.36 93.03 I . N s .
MPa  Min 393 16 16 150 Importance
Compression Max 203.32 16 16 50
strength/MPa Min 12227 10.39 16 150 *6 ZEMMEEEMHLER
s grefqzn} Max 0.43 11.5 12.57 50 Table 6 Comprehensive optimization results of multiple
ensity, .
gom™ Min 0.36 8 10 150 response targets
Ratio of  Max 10.40 8 10 50 Tensile Bending Sh c on Pref
: ensile Bending ear CompressionPreform
6 temsile/shear 50 s 16 50 Xl X/

strength

P79 B Ak B B KA 123.29 MPa; 2445FRIE R 12.59
Bf/em?. AFHIRREE N 12.36 mm H MG R 93.0
g/m® i, P VISR IA B KAH 19.62 MPa; 44|l
BRER 16 Bl/em®s BHHIGREEN 16 mm I, HIN HiH
SRIE . YU SR . PUBY USRS Oh B ME, Xt
TR B R R B WU R I, P ) A HAE
T B AT GEBT AT Jg 2 BEAN A R ke 32 AR .
XPTERR C/C AR R, b o BRI B D) A
SRS 0 =) 2P Re H bR, 536 5 Boe b
LM N H AR RS AE, A Rk 6 fior, L
Prbrad B R PUBy U SRAE 2 T H bR 025 A E R
118.27 MPa 1 19.22 MPa, X} W&l % B . &1 MR
WA 6 T %55 8 0 S0 E 11,9 %F/em®s 11.36 mm. 100 g/m?;
PUbraREE . PUES MR . BUBT VISR« PUH e 0 S T

A

[Y]=[r, v, v, v, YS]T; [X]=[x, X, X, XX, XX, XX, X} X X§];

X3

) , strength/strength/strength/  strength/  density/

pin'cm™ mm g'm’ s
MPa MPa  MPa MPa g-em’

11.91 11.3693.59 118.27 - 19.22 - -
12.18 11.6890.55 116.49 121.84 19.41 160.88 0.42

AR FE LRGN S R, EHRIZ R 1218 4
fem® EFRVERE R 11.68 mm HLIWRTEI% R 90.55
g/m® i, T AR S BERTIL 0.42 g/lem®, #1H) C/C B
BMRLES Ty AR, AN PR RIS 116.49
MPa, H1%5 M58 ik 121.84 MPa, HiBi ¥R A 19.41
MPa, JiH:4i58 ik 160.88 MPa.
2.4 fREPILE R

MR BB aR e vy P ihism g v, Pisid)
SRIE Yiy DURGRMRSE Yoo TR Vs 2555 i
BEAY ) R 7 R, AT ARG DL 40 B 5 R

[r]=[4] [x ]+ [B] (8)

T

B:[-l.zlxlo2 -6.73x10* -1.01x10*> -50.2 2.18x10'2]T

[33.1 10.1 4.81x10" 1.53x10" 2.00x107  7.45x107 -1.48 9.80x10"  -6.28x107 |
37.1 67.9 3.13 -1.88 -8.25x107  -1.85x10"  -1.63x10"  -1.17 6.45x10™
A=|742 8.06 518x10" -223x10%  -7.16x10°  -1.08x10>  -2.57x10"  -2.74x10"  -1.58x107
-7.66 294 1.10 4.32x10"  7.26x107 -8.11x10%  6.49x10" -5.45x10" -2.62x107
_3.20><10’2 4.39x10* -1.59x10° 8.33x10° 5.50%x107 3.17x10° -1.55%10°  -1.85x10°  1.95x10°

A (8) FITIIGS SE B A B SR 1 H b i WA e
LU HE B YRR FARIA N 25K I BE A e 24,
L5 SEIMEDN BEREAT IR IE . R 7 ATLUA Y, B 1

TR RE « W AT B 43 I B 12 %T/em® 10 mm. 50 g/m’

B, HURSRAE . PR . TIPS T AR A T
WRZEANT 2%, BT V)5 E 55 A i S RO AR AT 0] 1%
ZE A 15.8%5 22.91%, LA T A fx 2L 5
C/IC EAEMESI T 2ol iRz, MAAHREREX.
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Table 7 Verification results of design and prediction
Needling  Needling  Non-woven Tensile Bending Shear Compression  Preform
Verification item  density/ depth/ density/ strength/  strength/  strength/ strength/ density/
pin~cm'2 mm g-m'2 MPa MPa MPa MPa g~cm'3
Prediction of 119 81.94 11.9 151.60 0.415 Actual
erformances 12 10 50 117.16 100.71 13.78 151.37 0.413 Predicted
P 1.55% 22.91% 15.80% 0.15% 0.48% Error
Design of 8.00 10 100 113 98.66 14.30 143.36 0.371 Actual
needling 8.72 10.00 99.6 113 97.75 14.33 143.36 0.386 Desion
parameters 8.74 10.01 100 113 98.21 14.38 143.36 0.386 &
<9.25% <0.1% <0.4% 0 <0.86% <0.56% 0 <4.04% Error

BEils B . AR RIRBE L G T R A il 12 4
fem®. 10 mm. 50 g/m?® i, HURIARAEE . PUESHGRE
PUBT DI S . U4 o B o TOUH A40  25 8E S A 43 )
24 113 MPa.98.66 MPa. 14.30 MPa. 143.36 MPa. 0.371
glem®, CLICAE N1 B AR, w7 3R73 P9 ALAH I (18] ) 2
B A oA, IR () — 25 A & T 1 fi Ft )
B, WFECSTIAE, ) R BB R <9.25%, Tl
AR R % B I R 25 <4.04%, HREIMERZE<
1%, S0 E T Wi AR 7R g R A v R Tl v mp S, RN
JLREME B0 S LT il C/C A MR Z H bR )24 M R
SRR B S A R R

3 & 18

1) I o 7 0 T 92 A e OB PR R R S 8
C/C A MR 2 H ARt e AR G e WA A, £H3fil C/C 52
AMRH PR REE  PUBT VIR . PURAT R . R T
AR AR FE L U 5 FE 55 B D) 8 5 LA % i) AR 2R 1)
FYEACE P /N 0,05, HARHERECTE 7 fisl K
T 0.82, BAL TR L5 S MME W& R BE R, T LA A
Hu N TR C/C AR B2 H bR RE BT 5 T .

2) o H bR LA g5 R R, B N
11.7 BF/em® IR FE 4 10 mm H. /9 G 11 %5 FE 2 79.82
g/m® I, PURrSRBEIA #d K 123.29 MPa; 4] il %
N 12.59 F/em®. EF IR 12.36 mm L9 fify ] 2
J¥ 4 93.0 g/m® IS, PUBY R Ik 55 K AE 19.62 MPa.

3) ZANW N H AR IR g5 SRR, B
12.18 %F/em®. £HHIVREE A 11.68 mm. [ i 1H %5 5 4
90.55 g/m? i, 35 T ) 44k A 5 AT IA 0.42 g/em’®, &T
il C/IC TAMEHLES D) RedetE, JLPihrom ik
F| 116.49 MPa. $i 2 s fEiA %) 121.84 MPa. $18Y D)
SRPEIAE] 19.41 MPa. HUH 450 % 15 £ 160.88 MPa.
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Response Surface Models on the Needling Processing Parameters and the Multiple
Mechanical Performances of C/C Composites

Zheng Jinhuang', Wang Yi*, Li Hejun', Cui Hong'”, Deng Hailiang®, Yin Zhongyi’, Zhang Xiaohu®, Wang Kunjie®
(1. State Key Laboratory of Solidification Processing, Northwestern Polytechnical University, Xi’an 710072, China)
(2. Xi’an Aerospace Composite Research Institute, Xi’an 710025, China)

Abstract: The mathematical models on the needling processing parameters and the multiple mechanical performances of needling C/C
composites were established based on response surface methodology by the Design-expert system. The results show that the response
surface models of tensile strength, shear strength, tensile strength and shear strength ratio, compression strength and preform density have
high fitting degree, P of which is less than 0.05 and R-Squared of which is higher than 0.82. These response surface models are able to
design and predict the needling processing parameters and the mechanical performances of needling C/C composites with reasonable
accuracy. The comprehensive optimization results of multiple response targets of needling C/C composites show that when the needling
density is 12.18 Pin/cm?, the needling depth is 11.68 mm and the non-woven density is 90.55 g/m’, the comprehensive mechanical
performances of needling C/C composites are the best. At this point, the tensile strength is 116.49 MPa, the bending strength is 121.48
MPa, the shear strength is 19.41 MPa, the compression strength is 160.88 MPa, and the preform density is 0.42 g/cm’.

Key words: needling perform; C/C composites; mechanical performances; response surface methodology; model
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