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A Study on the Optimization of Ply Angles for Composite Tube

using Design of Experiments

Byong-Ug Park*, Yu-Deok Seo*, Hyun-Jung Kim* Sung-Kie Youn**, Seung-Hoon Lee***,
Deog-Gyu Lee***, Eung-Shik Lee*** and Su-Young Chang***

ABSTRACT

Composite has become one of the most frequently used material for a tube of
satellite camera due to its attractive characteristics. However, laminated composites can
be weakened by delamination which comes from interlaminar stress. Such failure
mode cause structural instability of the camera as well as degradation of optical
quality. Therefore composite tube should be robust in delamination. Also, composite
tube should have high stiffness, sufficient high natural frequency and small coefficient
of thermal expansion.

The design procedures presented in this paper are based on design of experiments.
The experiments for mechanical analysis are designed by the tables of orthogonal arrays.
In order to manipulate the various mechanical properties systematically, multiple-attribute
decision makingMMADM) is employed. Through analysis of variance and F-test, the
critical design variables which have dominant influences on mechanical performance are
determined. Finally improved ply angles for composite tube are determined.
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Fig. 1. Component of stress

Table 1. Material properties and ply thickness
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= F7A= 22mme|t. CFRP9 As8HF= Table 2. Max. stresses of L1 in thermal
Table 10 YelWity Z2]3 CFRPE 2 xo]HhA] elastic analysis
(orthotropic)o]iL 53] 23 WX F4 ,
(transversely isotropic on 2-3 plane)°| 2= 2] Von-mises | Int.Normal Int.Shear
1), = B=ao. (Pa) (Pa) (Pa)

L1 | 4.643x10" | 1.919x10* | 8.459x10°

By =Ey, Gy = Gy, vy = 1y

N
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630 MRS R PEF Y] ol E - ol8TF - o8 - AFY WA @At
HS Algsle] HEHor A WHEEs 24 3 Table 4. Table of orthogonal arrays for
o} experiment
A1l o A (S : Symmetry, A : Anti-Symmetry)
41 MACIX MH (Y : Yes, N :No)
AFAGH AR AR FTRe HAA &
A AEo] Wo| AHEHE ZEl 0°, +45°, 90° n:’:tr:r AlB|aBlc|D|E|F|a
o =X =0 )\q o] = ﬂEo Z
Z]_j. 71:1;7H }L}_,]io]:i}iﬂjﬂ o}%ou; ‘/LG i 1 90| S N Y 0 0 0 0
° == v =0 =M, AT 2 N |A|Y 0 [9 | 0O |9 |90
WA A, Bl A) =9 AxE AA Y. Fig. 3 01 s Y 0 01945 0
49} o] AT 115 F 7Ied 59 A=e A 4 | o |A[NJ]O/[9]90][-45] 9
A= dAstRen, 59 AEHE HAadde 5 O |A| N|9O |9 (|45 O 0
= a7 YalA 0ok 90°2 AR erAT:. BolAE 6 | 0S| Y [9]0[45]090 ]9
AE A% wyow shed Fol tatel 0y 7 {90 AL Y |90]90]-45]45] 0
9 ougg gos ARSt £ Ak w0 (NS I N0 0 od5iods ] 9
8o BaAAE A5 AT A & 9 oo A L 30 LE BB b
o uX= AolZlS} BOlAF 7+ 15 Al Guro] 9 10 190 [ S| N [90 |[-45] 90| O |45
= - - ° = M 11 O | A| N |90 | 45| O |-45]| 45
g 7HAska, UHA AAE 7Y weFge 12 01 sl Y lal=4] o045 /-45
FAEAT AQIASE BJAA HY] wEAES 13]0[s| Y] 0][-45]-45]90] 45
AxBIAZ AT ©] AAEL Table 39 14 | 0O |A| N| O [45]-45] 0 |-45
el dxol 271X B97F EAlstE 29Fe 15 |90 | S| N | O [-45[45|-45] 45
A A o1 &}o] o} 169N [A] Y | 0 [45]45]45|-45
deiA 5 o) Ze] velMe Fig o 4sk ¢ | IZ ] ALY L4510 1010 L4
o] Ao ﬂ_zﬁoﬂﬁlﬂ%a C, D E F G oAz 1819 [ S| N |[45]9 | 0 | 90 |-45
aPSA o] AABE 0°, 45, 0°F A o DL ALN 4510 190145 |45
pozo] A7 le}i 19 5h90h 20 O | S| VY | 45|90 |90 |-45]|-45
T =4 = M T 21 O | S| VY |-45|190 |45 | O | 45
42 MNueldE =ty 22 | 0O |A| N |-45| 0 | 45| 90 |45
23 |90 [ S| N |-45]| 90 |-45]| 45 | 45
AwHdRE Awse] 8= o] 8std W 24 |90 | A| Y |-45] 0 |-45|-45|-45
9 Iﬂiﬂr%é H*i}o}oi él‘ﬁ%%—r% 714 25 190 | S| N |-45]1 45|90 |90 | O
3 = g2z HA° = AdA o - _
BANE 452 74] ]X} 57H 2 T 74] A 3 28 | 0 | A| N |45]-45] 0 | 45 | %0
. . 29 O |A| N |45 |-45(-45|90 | O
Table 3. Design variables 3010 ST Y 45145 =251 0 | 90
Parameter Design variables S1 |90 | A Y 1451745145 ]-45] O
32 90| S| N |[45| 45|45 | 45| 90
A 0°, 90°
B Symmetry, Anti-Symmetry M7 AAEERT, BE AANAE FAl9 29
AxB Yes, No b Auwigxe  HA: AREE 187
C. - G 0°, +45° 90° (1x3+3x5=18)°]t}. Z1ef A L,,(2") 8 HAuujIdx
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A7 4 Qe AAYS YEpdth sl 43 Table 5. £ value of interlaminar stresses
M= & F dxe] T FHEYAd HaA = and eigenvalue
A, C, DA, 3 Aol dsix= A, B, F
o Z)Z e A= oJ P
?jx}, LAl EH"_HHL A, C DIAT 4 8 | |ntNormal | Int.Shear Eigenvalue
FE e AR Agen meter
ojs} o] AAATL oW HYeE BAWZL A 5.456 2.917 14.946
2 Sh=rpel et a2 sl WiE FadAst o B 0.763 4.260 0.000
27 "ok wek 3 QY AANSTE EF Ad9st AxB 0.054 2778 0.054
2t S FH Ao 3 7] JAAF Al WA
o] mamaz wauo] 91X @] WTo] 2o C 4.333 1.802 4,932
Al s ARk 2ol olelgol EAt D | 1804 | 086 | 268/
ol# 3t olxeS | dsty] 9lsiA MADMHES E 0.640 2.850 0.363
=qdste] 3709 SRS ] 3 AdEsE, E 0.353 0.205 0.217
AHAEFE ZFo5 W} shte weXE ¥ F 0.956 3.071_ 0.895
dste] Fo HA ®FE 245
4.4 MADM Table 6. F, value for relative closeness
MADMS AAEA 7He AUy FTam Ratio of relative important
(relative importance)S AAA7F BAA st (Int.Normal : Int.Shear : Eigen value)
Aol tig HUEAE v AL E ol At F
(super criterion)©. 2 F3FToZH HAETAE - 0
9d &4 JAAAHEAR WHEste Wielth A 5.094
2 Ao e gasded e F7AE 393 B 3.141
7F71%<9]  TOPSIS  (techinque for  order AxB 1.190
preference by similarity to ideal solution)#t o2 C 3.105
Tt @A HA AAEAR w3 U FH D 1.343
A S Tk TOPSISE HA e o443 E 2.022
(ideal solution)ZH-E= 7} 7H7hal who] i} F 0.157
(negative ideal solution)ZFE & 7} Hojok G 1.238
gohe =225 EH AFodE Zlolth oFaet wk
oldE  wAA  aEse  AdH 2HE S w ageae sdzes 1 £HsYs
(relative closeness)& AF&3lP, 1 2 091 1 = quowje Ay o552 112 45
/\}2191 %k%L 7Ht. 0°] 071%%—?%} ‘%Ol*&xjfﬂ Q. 1 ool 2R vYE F ¥ wE 7
A5l 71ga, 19 7SS o dEd A = nagade AFA Aoz AzE & 9
1 73 5 ao =
e o S T AR HEEE ) mgen. aan asasse 989 WA
ARl e el B Aol oF 100Hz ol Fe] e 7AW A% P2
; 2 QHgAde] HARHY Wio T SHEGE F
i 252 WA HAsAY. Fig. 55 3 S8
S~ ToE HE 2o wet Zdd ZH= o
5 — § BAEA 2 RAYS £ Aol 31
2 S s8] Ay 2857t Z271E5E 7 AAY
20 e = Rikel 949 oz $d% A% ¥ & 9
2 e b webA A 2R E disiA 9FE de
I . AAE AU off +83 K& 7eo® W
of 3ty At Fax H7} 6:61Y W FES
’ 2:2:1 331 441 551 661 771 881 ‘{'\—%6}%7] HH'E_O“ o]% 7]%2§ Oéso]:a%] 99]\"12_
AAE AHFEATE Table 62 Ay FLE7}
Fig. 5. Graph of F| value for relative closeness  6:6:1¢ wWj¢] 2} Q1o that F-74 ZAzjolt}
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Table 7. Relative closeness with respect to
parameter A

Table 10. Relative closeness with respect to
parameter D

Level 90° 0° Level 0° 90° 45° -45°

0.9246 | 0.6729 | 0.9162 | 0.6521 0.9246 | 0.4237 | 0.1324 | 0.5923

0.4237 | 0.7930 | 0.7668 | 0.6403 0.9162 | 0.7668 | 0.7931 | 0.7961

0.5842 | 0.7073 | 0.5554 | 0.7919 0.8867 | 0.5554 | 0.8117 | 0.7908

Relative | 0.4298 | 0.4957 | 0.8867 | 0.9222 Relative | 0.4298 | 0.5842 | 0.7904 | 0.8772
Closeness | 0.1324 | 0.8474 | 0.7931 | 0.8175 Closeness | 0.6729 | 0.7930 | 0.8474 | 0.7176
0.5923 | 0.7176 | 0.7961 | 0.8062 0.6521 | 0.6403 | 0.8175 | 0.8062

0.8772 | 0.9795 | 0.7908 | 0.8905 0.9222 | 0.7919 | 0.8439 | 0.8905

0.7904 | 0.8236 | 0.8117 | 0.8439 0.4957 | 0.7073 | 0.8236 | 0.9795

Average 0.6745 0.7926 Average | 0.7376 | 0.6578 | 0.7325 | 0.8063

Table 8. Relative closeness
parameter B

with respect to

Level

Symmetry

Anti-Symmetry

Table 11. Relative closeness with respect to
parameter E

0.9246

0.7930

0.4237

0.6729

0.9162

0.6403

0.7668

0.6521

Relative

0.8867

0.7919

0.5554

0.9222

0.4298

0.7073

0.5842

0.4957

Closenes

0.5923

0.8474

0.1324

0.7176

S

0.7961

0.8175

0.7931

0.8062

0.7908

0.8439

0.8117

0.8905

0.8772

0.8236

0.7904

0.9795

Average

0.7799

0.6872

Level

Oo

90°

45°

—-45°

Relative
Closeness

0.9246

0.9162

0.5554

0.5842

0.4237

0.7668

0.8867

0.4298

0.7931

0.1324

0.8772

0.7908

0.7961

0.5923

0.7904

0.8117

0.6729

0.6521

0.7919

0.7073

0.7930

0.6403

0.9222

0.4957

0.8175

0.8474

0.9795

0.8905

0.8062

0.7176

0.8236

0.8439

Average

0.7534

0.6581

0.8284

0.6942

Table 9. Relative closeness
parameter C

with respect to

Level 0° 90° 45° -45°

0.9246 | 0.5554 | 0.6729 | 0.7919

0.4237 | 0.8867 | 0.7930 | 0.9222

0.9162 | 0.5842 | 0.6521 | 0.7073

Relative | 0.7668 | 0.4298 | 0.6403 | 0.4957

Closeness | 0.7908 | 0.1324 | 0.8905 | 0.8474

0.8117 | 0.5923 | 0.8439 | 0.7176

0.8772 | 0.7931 | 0.9795 | 0.8175

0.7904 | 0.7961 | 0.8236 | 0.8062

Average | 0.7877 | 0.5963 | 0.7870 | 0.7632
2 A% A, B, C D, E GUAE 4FY Sle <

A= ARANT, 7 AR AoH 2R =

Table 12. Relative closeness with respect to
parameter G

Level

Oo

90°

45°

-45°

0.9246

0.4237

0.1324

0.5923

0.9162

0.7668

0.7931

0.7961

0.5554

0.8867

0.7908

0.8117

Relative

0.5842

0.4298

0.8772

0.7904

Closeness

0.8474

0.7176

0.6729

0.7930

0.8175

0.8062

0.6521

0.6403

0.8905

0.8439

0.7919

0.9222

0.9795

0.8236

0.7073

0.4957

Average

0.8144

0.7123

0.6772

0.7302
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3 MRS ARy HF S 2FsA
Q1o that WEXE Table 79014 Table 127} X
et A9 0°d ), B A F &2
W CE 0°, DE 45°, EE 45°, G= 0°Y o 3t
o] 7} FA JErdt

A" AAE Ag UHA /AR A=E
AARst7] 98k Table 137 o] FIUAE
0°,+45°, 90°2 W3} A|AZFAXN F7HEA HA S

Table 13. Table for

extra experiment

A B C D E F G
T1 0° Sym 09 -459 459 909 0°
T2 0% Sym 09 -459 459 0% 07
T3 07 Sym 09 -45°9 459 459 07
T4 0% Sym 09 -45°9 459 459 07
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Table 14. Results of extra experiment z 7|
Int.Normal Int.Shear Eigenvalue
(Pa) (Pa) (H2) B ATE FRFTSFATYKARY THE
T1 | 1.715x10" | 7.341x10° 115.990 ARG 35 A|AEEIFNAAIG ] o5t
T2 | 2.759x10" | 1.531x10° 107.570 A A= A=
T3 | 2.003x10* 1.606x10° 105.600
T4 | 2234x10" | 1.088x10° 105.630 023
L1 | 1.919x10" | 8459x10° 88.373
2] 0 213 O X “HBFT 2= oIFEO
3k, 1 A= Table 140 JERISITH b el=, j;gl’ °l oy o e
AFS BHE Tigto] =71e8 9 7 gAES = E‘:]?‘Sl' E3A 5 A% AAY, I35
N FA e RE3 =53, Vol. 11, pp. 536 ~ 540,

WMol N BF Aol Hold AL & F 9
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HE =249 Ty 2
3’4‘ 7]%9] a%‘@i(Ll)idr %_Zl_ %\_;g'%gj‘_‘g: 2) P. W. Hsu and C. T. Herakovich, “Edge
106%, =7+ ADLH L 132% 7459, 1§ Effects in Angle-Ply Composite Laminates”,
AES=E 313% Z7batdt) Journal of Composite Materials, Vol. 11, No. 4,
422-428, 1977.
v.d = 3) N. J. Pagano and R. B. Pipes,
“Interlaminar Stress in Composite Laminates
E AFgAEe AFAIHE o83t AFY Under Uniform Axial Extension”, Journal of
A FHele B A BAEQ X AL TEAA] Composite Material, Vol. 4, pp. 538-548, 1970.
7= ATE FIAY. HF EFAY F2 1 4) Hibbitt, K. and Sorensen, Inc., “ABAQUS
I 2=2l HF: B9 ddo] He F1HsHY Theory Manual”, Version 5.8, 1998.
H43}, 52 15Tl s 45 Ft VE 5) HA4d, dANAIAEYE, WA AL,
= 248 2ga AMEE HHEALSS A 1995,
Alstal 71 AAIREe] JRA Wete Al sk 6) A, olvte], %4, wE$, “metvE
AAGE AL 71Ee] A HIEiA HI wage ojgdt gy G Rl HAHAA
T FALEL 106%, T AE-EHLS 13.2% 8, #=8TLF83|4, Vol 36, No. 3, pp.
# if}o o, ARAeTE L% %7?}21\:1 229~237, 2008.
B ATdNE 9 seddane A3 7) Park, J.C, Kim, KB. and Kim, KM,
@gel 9gS nAe SneHA LTS “Robust Design for Multiple Quality Attributes
AA HHoz AAYSAAT Fd AA F
T Zoje WMo Maxz 2 9ok 127 in Injection Molded Parts by the TOPSIS and
S5 urm Baa AEe AAdE AA HL Complex Method”, Journal of the Korean
& 2= 9lo] By AT AA L 7|&Farsh Society of Precision Engineering, Vol.18, No.12,
ge Jlos & 4 g Ao sjuHE pp- 1167123, 2001



