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 1  Box-Behnken !"#$%&'  

Table 1  Design factors and levels by Box-Behnken  

Levels 

Design factors 

-1 0 1 

X

1

: Needling density/pin·cm

-2

 8 12 16 

X

2

: Needling depth/mm 10 13 16 

X

3

: Non-woven density/g·m

-2

 50 100 150 
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Table 2  Needling parameters and the corresponding experimental results  

No. 

X

1

/

 

pin·cm

-2

 

X

2

/

 

mm 

X

3

/

 

g·m

-2

 

Tensile 

strength/ 

MPa 

Bending 

strength/ 

MPa 

Shear 

strength/ 

MPa 

Compression 

strength/ 

MPa 

Preform 

density/  

g·cm

-3

 

Ratio of 

tensile/shear 

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 
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2
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3
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1

X

2

u0.019950X

1

X

3
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2

X

3

u1.47750X

1

2

u
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2

2
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- 3

X

3
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Y

2
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1
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2
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3
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8 P0�d 0.05���n�lm��e%É���8

©´0×d 0.82�yz���Ø��æØ���º°

�3���5yt�êë���������¿eÐ

b�þÐ®��g����¿eÐbÆp�ØLÀÂ

8°Ðb���lm278 P=0.0802��d 0.05~0.10
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0×d 0.5�yzÀÂ�8°Ðb���§H�º°J
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Õ7�g�áâ ÑÒ�ã=äåL: 4 @e�HÐ

bÑÒ�=Õ�ò�(»���;°@ 11.7�/cm

2

4

��±°@ 10 mm�²³ª;°@ 79.82 g/m

2

��À 

 

 3  12�3  

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 

strength 

5.15 0.0210 0.8688 0.7001 

Preform density  3.70 0.0491 0.8264 0.6032 

Ratio of 

tensile/shear 

strength 

4.28 0.0342 0.8462 0.6484 

130 

50 

6 

1
5
 

1
0
 

R
4
6
.
2
5
 

25 
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Table 4  Optimization results of single response target 

No. Response target 

Optimization 

value 

Needling 

density/ 

pin·cm

-2

 

Needling 

depth/ 

mm 

Non-woven 

density/ 

g·m

-2

 

Max 123.29 11.7 10 79.82 

1 

Tensile 

strength/ 

MPa 

Min 30.54 16 16 50 

Max 147.61 16 10 150 

2 

Bending 

strength/ 

MPa 

Min 24.35 16 16 150 

Max 19.62 12.59 12.36 93.03 

3 

Shear strength/ 

MPa 

Min 3.93 16 16 150 

Max 203.32 16 16 50 

4 

Compression 

strength/MPa 

Min 122.27 10.39 16 150 

Max 0.43 11.5 12.57 50 

5 

Preform 

density/ 

g·cm

-3

 

Min 0.36 8 10 150 

Max 10.40 8 10 50 

6 

Ratio of  

tensile/shear 

strength 

Min 2.71 16 16 50 

 

Á8°}�ã×� 123.29 MPa·���;°@ 12.59

�/cm

2

4��±°@ 12.36 mm �²³ª;°@ 93.0 

g/m

2

��ÀÃÄ8°}�ã×� 19.62 MPa·���

;°@ 16 �/cm

2

4��±°@ 16 mm ��ÉbÀÁ

8°4ÀÂ�8°4ÀÃÄ8°�@ã�����î

d��;°���±°4�3������
qNc

 :���+,¿.ñ2g��þÐ�� NcL 

¿d�� C/C %�[\�ÀÁ8°´ÀÃÄ8°

�ª\�����¥.ñ2gÑÒ�F: 56�ÀÁ8

°<ÐbÑÒ�=Õäå�=Õ�ò9: 6;<�(»

ÀÁ8°´ÀÃÄ8° 2 ýÐbÑÒ�Ç�=Õ�@

118.27 MPa´ 19.22 MPa�¿b��;°4��±°4

²³ª;°.V4 11.9�/cm

2

411.36 mm4100 g/m

2

·

ÀÁ8°4ÀÂ�8°4ÀÃÄ8°4ÀjÅ8°-� 
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Table 5  Optimization requirements of multiple response  

targets  

Response 

Tensile 

strength 

Bending 

strength 

Shear 

strength 

Compression 

strength 

Preform 

density  

Target Max Max Max Max Max 

Weights 1 0.2 1 0.5 0.5 

Importance ***** *** ***** **** **** 
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Table 6  Comprehensive optimization results of multiple 

response targets 

X

1

/ 

pin·cm

-2

 

X

2

/ 

mm 

X

3

/ 

g·m

-2

 

Tensile 

strength/ 

MPa 

Bending 

strength/ 

MPa 

Shear 

strength/ 

MPa 

Compression 

strength/ 

MPa 

Preform 

density/ 

g·cm

-3

 

11.91 11.36 93.59 118.27 - 19.22 - - 

12.18 11.68 90.55 116.49 121.84 19.41 160.88 0.42 

 

	

;°Ç�=Õ�ò:z���;°@ 12.18 �

/cm

2

4��±°@ 11.68 mm �²³ª;°@ 90.55 

g/m

2

���	

;°5} 0.42 g/cm

3

��� C/C %

�[\Ç�.ñ2gã��ÉbÀÁ8°} 116.49 

MPa�ÀÂ�8°} 121.84 MPa�ÀÃÄ8°} 19.41 

MPa�ÀjÅ8°} 160.88 MPaL 

2.4  ������ 

��â��ÀÁ8° Y

1

4ÀÂ�8° Y

2

4ÀÃÄ

8° Y

3

4ÀjÅ8° Y

4

4�	

;° Y

5

<eÐb

����&©º�5y��y���©º¨ 

[ ] [ ] [ ] [ ]BXAY +⋅=

                     �8� 

¶»¨ 

[ ] [ ]

T

YYYYYY

54321

=

·

[ ]

T

2 2 2

1 2 3 1 2 1 3 2 3 1 2 3

X X X X X X X X X X X X X

 

=

 

· 

2 2 2 -2

-1.21 10 -6.73 10 -1.01 10 -50.2 2.18 10

T

B

 

= × × × ×

 

 

-1 -1 -2 -2 -1 -3

-2 -1 -1 -

33.1          10.1     4.81 10 1.53 10 -2.00 10 7.45 10 -1.48             -9.80 10 -6.28 10

37.1          67.9     3.13             -1.88             -8.25 10 -1.85 10 -1.63 10 -1.17      6.45 10

A

× × × × × ×

× × × ×

=

4

-1 -2 -3 -2 -1 -1 -3

-1 -3 -2 -1 -1 -3

-2

7.42          8.06     5.18 10 -2.23 10 -7.16 10 -1.08 10 -2.57 10 -2.74 10 -1.58 10

-7.66          29.4     1.10             -4.32 10 7.26 10 -8.11 10 6.49 10 -5.45 10 -2.62 10

3.20 10     

× × × × × × ×

× × × × × ×

×

-2 -3 -5 -5 -5 -3 -3 -6

 4.39 10    -1.59 10 8.33 10 5.50 10 3.17 10 -1.55 10 -1.85 10 1.95 10

 

 

 

 

 

 

 

× × × × × × × ×

 

 

 

 

î¶�8�5�Ø����������ÑÒÐb2g�

y-��67�ï�ÑÒÐb¥Ý���������

�æØ�¿tÆp� Lú: 75y������;°4

��±°4²³ª;°.V4 12�/cm

2

410 mm450 g/m

2

��ÀÁ8°4ÀjÅ8°4�	

;°�Ø�É¿

E��d 2%�ÀÃÄ8°�ÀÂ�8°�Ø�É¿E

�.V@ 15.8%� 22.91%�(É¿d�	
-(]8

C/C%�[\��#$;)��E��¡)*� ��L 
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Table 7  Verification results of design and prediction 

Verification item 

Needling 

density/ 

pin·cm

-2

 

Needling 

depth/ 

mm 

Non-woven 

density/ 

g·m

-2

 

Tensile 

strength/ 

MPa 

Bending 

strength/ 

MPa 

Shear 

strength/ 

MPa 

Compression 

strength/ 

MPa 

Preform 

density/ 

g·cm

-3

 

 

   119 81.94 11.9 151.60 0.415 Actual 

12 10 50 117.16 100.71 13.78 151.37 0.413 Predicted 

Prediction of 

performances 

   1.55% 22.91% 15.80% 0.15% 0.48% Error 

8.00 10 100 113 98.66 14.30 143.36 0.371 Actual 

8.72 10.00 99.6 113 97.75 14.33 143.36 0.386 

Design of 

needling 

parameters 8.74 10.01 100 113 98.21 14.38 143.36 0.386 

Design 

 9.25% 0.1% 0.4% 0 0.86% 0.56% 0 4.04% Error 
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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

2

, the needling depth is 11.68 mm and the non-woven density is 90.55 g/m

2

, 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

3

.  

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