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Difference between Quad and emerging DD

Fixed: ply angles
Variable: discrete ply #

No bounds, stacking sequence, D,

Quad

[ply angle] 0| 45| -45 90

[ply#] 5 2 2 1
Multiple families: 6-, 8-, 10-ply, ...

DD

[ply angle]| 75| 15| -75| -15

[ply# 1 1 1 1
One fami

Variable: Continuous angles
Fixed: ply #

y, has practical limits: 4-ply; [D¥*] = [A*] when homogenized



Relartive stacking of Quad vs DD

NIV I Y
B KK KK

Quad lam: # plies n/4:8  Hardl:12 Hard2: 16 Softl: 16 Soft2:20 Soft3:20 Soft4:32

-

Quad lam code [0/+45/90]s [05/+45/90]s [0s/+45/90]s [0/+455/90]s [0,/+455/90,]s [03/+455/90]s [0s/+45,/90;]s
Stacking permutations 10,488 10,488 166,080 166,080 >1,000,000
Matching DD [£22.5/67.5],7 [£0/+52)gr [0/+37]gr  [+30/460]gy  [+25/64],5r [+18/+57)10r [+16/+62]:¢7
DD lam: # plies Softl: 4 Hardl:4 Hard2:4 Soft2:4 Soft3:4 Soft4:4  Soft5: 4

Stacking permutations 2 pi 2 p) 2 2 2




4 4 4 4 4
0 0 0 0 D 0

+ 4.D16 — 2(D 2 + 2D65) + 4D26 + LUz
ox* 0x3 0y 1 0x? dy? ox d0y? oy*
o4 ( 2Des) 0+ o+
+ + 2(D;2 + 2Dgs + + D22
ox* 0x? dy? oy*
Hard laminate: [+0/+50]; Material independent
No master ply in flex for quad DK*}I[: 0.62: cv =1.1%
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Master elastic constants of CFRP laminates

Material Master stiffness: material independent
clxx + ny + Z*st
Ply material [Trace] Au™% 5 15 "30 45 60 75 9 [Pl A% 15" 30 45 60 75 90 [x¥]
IM6/epoxy 232 89 1% 0] 31
IM7/977-3 218 15| 83 78 Sg\;?‘}",g’\c 75 |15| 55 80 %99?52{(\{
0| 71 6 53 60 |30|104 129 1727
T300/5208 206 as| s8 s3 40 27 ° a5, 'as| 129 153 202 226
IM7/MTM45 | 195 60 | 50 453732/ 19 11 30 60 | 10.4 12.51311? 20.2 17.7
T800/Cytec 183 75| 47_427"30 17 9 6 15 75| 55 86 129 153 129 80
IM7/8552 180 90| 47 42 29 16 8 6 5 0| 9| 31 55 104 129 104 55 3.1
[£k@] 90 75 60 45 30 _15 0 i A,* [+®] A12* = A66* - 1.5
gﬁsﬁ :220 i: [Q] at [22:5/67.5]
T700/C Pl Es*,% 15 "30 45 60 75 9 [¥] Va' "o 15 30 45 60 75 90 [+¥]
-Ply64| 163 £
o[ s8 e |9 |o[o32 90
AS4/H3501 i 15| 80 71 sq\ffégﬁc 75 [15| 0.74 110 75
T650/epoxy | 160 30| 61 51 30 @ 60 |30| 108 132 143 60
T4708/MR60H 158 ss| so a1 22 11 a5, '4s| 070 0.83 0.97 0.77 as
T700/2510 144 50 | 47 40g;24 11 6 30| 60031 035051 047 031 30
75| 47 _41""27 13 7 54 15| 75| 010 0.16°0.26 0.26 0.17 0.08 15
AS4/MTM45 | 143 90| 47 41 28 14 7 54 52/ 0| 90| 004 009 018 020 0.13 0.05 0.02| 0

T700 C-Ply 55| 139 [+®] 90 75 60 45 30150 00 px [+P] 9% 75 60 45 30 15 0 . «

-— —— D




~€— J0]22A Uleq}S Jun

Omni FPF Omni LPF

Control: all ply angles Control: [90], [0] only
Ply orientation —> FPF IM7/977 Ply orientation =~ —— LPF

Angle 0 15  #30 #45 460 +75 90  Omni Angle 0 15 30 45 60 175 90  Omni
0 18.0 14.0 9.7 75 6.6 6.3 6.3 6.3 0.02 3 £ 0 17.0 18.0 214 279 347 326 296 170
15 14.6 12.8 9.9 8.1 7.2 6.8 6.6 6.6 2 15 17.3 18.0 20.2 24.1 | 286 | 315 | 322 173
30 11.2 10.7 9.7 8.7 8.0 7.6 7.5 30 18.7 19.1 20.3 22.1 | 241 | 25.7 | 26.3 [E18iF
45 8.9 8.9 8.9 8.9 8.9 89 8.9 45 215 215 215 2L500 215 8 2152150 21.5
60 7.5 7.6 8.0 8.7 9.7 10.7  11.2 60 26.3 25.7 24.1 22.1 | 203 | 19.1 HIRZENIR7
75 6.6 6.8 7.2 8.1 9.9 128 146 75 32.2 31.5 28.6 24.1 | 20.2 | 18.0 A7 173
90 6.3 6.3 6.6 7.5 9.7 140 18.0 90 29.6 32.6 34.7 279 | 214 | 180 | 1720 170

105 6.2 6.2 6.3 7.1 9.2 13.8 185 105 19.6 233 36.0 344 24.1 19.1 47 17.7
120 6.4 6.3 6.3 6.8 8.6 126 163 120 13.6 15.9 27.1 428 290 216 197 136
135 7.0 6.7 6.4 6.8 8.3 11.3 13.7 135 10.7 12.2 19.1 432 | 374 | 263 | 235 |N10.7
150 8.0 7.4 6.8 7.0 8.1 103 118 150 9.2 10.2 14.7 312 479 348 306 9.2
165 9.3 8.4 7.5 7.4 8.2 8.7 105 165 8.5 9.3 12.4 218 446 466 424 8.5
180 10.4 9.5 8.4 8.1 85 9.4 9.8 180 8.4 9.0 113 168 289 432 4638 8.4
195 10.9 10.3 9.3 8.9 9.0 9.3 9.5 195 8.9 9.4 11.0 142 195 258 288 8.9
210 10.5 10.3 10.0 9.7 9.6 9.6 9.6 210 10.1 10.4 113 129 | 148 | 167 | 174 103
225 10.0 10.0 10.0 100 100 100 100 225 125 125 125 125 1250 125 250 125
240 9.6 9.6 9.6 9.7 10.0 103 105 240 17.4 16.7 14.8 129 | 113 | 104 EI0SEN10:3
255 9.5 9.3 8.0 8.9 9.3 10.3 109 255 28.8 25.8 19.5 142 110 94 8.9 8.9
270 9.8 9.4 8.5 8.1 8.4 95 104 270 46.8 43.2 28.9 168 113 9.0 84 8.4
285 10.5 9.7 8.2 7.4 7.5 8.4 9.3 285 42.4 46.6 44.6 218 124 093 8.5 8.5
300 11.8 10.3 8.1 7.0 6.8 7.4 8.0 300 30.6 34.8 47.9 31.2 | 147 | 10.2 @S2 9.2
315 13.7 11.3 83 6.8 6.4 6.7 7.0 315 23.5 26.3 374 43.2 | 19.1 | 12.2 IO 1007
330 16.3 12,6 8.6 6.8 6.3 6.3 6.4 330 19.7 21.6 29.0 42.8 | 27.1 | 159 B13:60 136
345 18.5 13.8 8.2 7.1 6.3 6.2 6.2 345 17.7 19.1 24.1 344 | 360 | 23.3 NIS6 R 17.7
360 18.0 14.0 9.7 7.5 6.6 6.3 6.3 360 17.0 18.0 214 279 | 347 | 326 | 29.6 | 170

< J10JO9A UleJ]s 1lun




R*

Error prone

R*

Material rating [45] 60/3045/30 [Ql] 75/30 [30] 45/1560/15[60/0][45/0][0/90]75/1530/15[75/0][30/0] [15] [15/0] Matrati cv
o T3/F93 [ 0.63 0.63 0.63 0.63 0.63 0.63 0.63 0.64 0.63 0.63 0.57 0.64 0.64 0.63 0.63 0.62 0.63 0.63]2.6%
- 9 AS4/H3501|0.73 0.72 0.73 0.72 0.72 0.73 0.73 0.70 0.72 0.72 0.72 0.72 0.75 0.72 0.76 0.77 0.78 0.73(2.8%
.— 14  T3/N52|0.77 0.77 0.77 0.76 0.77 0.77 0.77 0.77 0.76 0.77 0.76 0.77 0.78 0.76 0.78 0.78 0.79 0.77|1.0%
-+ 2 IM7/MTM |0.81 0.80 0.81 0.80 0.80 0.81 0.80 0.81 0.80 0.80 0.80 0.81 0.82 0.80 0.81 0.82 0.83 0.81(1.0%
(O 1 1M7/8552|0.86 0.86 0.86 0.86 0.86 0.85 0.86 0.87 0.81 0.86 0.80 0.87 0.85 0.86 0.85 0.80 0.80 0.85(3.0%
S— 13 77/2510|0.88 0.88 0.88 0.87 0.88 0.88 0.88 0.88 0.87 0.88 0.88 0.88 0.90 0.88 0.89 0.90 0.91 0.88(1.3%
—— 10 T650/ep|0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.94 0.95 0.95 0.95 0.96 0.95 0.95 0.95 0.96 0.95(0.5%
(_U 15 T4708/MR | 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00(0.0%
L 5 IM7/8552' [1.03 1.03 1.03 1.03 1.03 1.03 1.03 1.03 1.02 1.03 1.03 1.03 1.03 1.03 1.02 0.92 0.99 1.02(2.6%
Q) 8  CPly55(1.03 1.02 1.03 1.02 1.03 1.03 1.03 1.02 1.02 1.02 1.02 0.96 1.04 1.02 1.03 1.03 1.04 1.02[1.7%
4+ 4 IM7/977|1.18 1.17 1.18 1.17 1.17 1.17 1.17 1.18 1.17 1.17 1.17 1.18 1.17 1.17 1.16 1.12 1.13 1.17(1.4%
(O 6 IM6/ep|1.18 1.18 1.18 1.17 1.17 1.18 1.18 1.18 1.17 1.18 1.18 1.18 1.18 1.17 1.18 1.14 1.15 1.17(1.0%
E 12 CPly64|1.19 1.19 1.19 1.18 1.19 1.20 1.19 1.19 1.18 1.19 1.19 1.19 1.22 1.19 1.22 1.24 1.26 1.20(1.8%
3 T85/3900(1.24 1.24 1.24 1.23 1.24 1.23 1.24 1.25 1.23 1.23 1.24 1.25 1.24 1.24 1.23 1.19 1.20 1.23(1.3%
7 [T800/Cyt [1.25 1.24 1.25 1.24 1.24 1.26 1.25 1.25 1.24 1.25 1.24 1.25 1.27 1.25 1.26 1.26 1.27 1.25(0.7%
1.2 + > |
10 | Master: T4708/MR |
0.8 -+ T800/Cyt |
0.6 - expanded: T
0.4 - 17 laminates T
0.2 - .
0.0 - LIy - > -
& S DS S8 SFROEORONCR
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Laminate rating [15/0] [15] 30/15[30/0] [30] [45] 45/3045/15[45/0]60/3075/3060/15 [Ql] I60/0]|75/15[75/0][0/90]

1 IM7/8552|0.23 0.24 0.36 0.36 0.41 0.51 0.52 0.55 0.58 0.63 0.73 0.74 0.74]0.76)0.88 0.94 1.00
2 IM7/MTM | 0.26 0.26 0.37 0.38 0.41 0.51 0.52 0.56 0.58 0.64 0.73 0.74 0.76] 0.78|0.88 0.94 1.00
3 T85/3900|0.24 0.25 0.36 0.37 0.41 0.51 0.52 0.55 0.58 0.63 0.73 0.74 0.76] 0.780.88 0.94 1.00
4 IM7/977 |0.24 0.25 0.36 0.37 0.41 0.51 0.52 0.56 0.58 0.63 0.73 0.74 0.76|0.78)0.88 0.94 1.00
5 IM7/8552'|0.24 0.23 0.36 0.37 0.41 0.51 0.52 0.56 0.58 0.63 0.73 0.74 0.76] 0.7810.87 0.94 1.00
6 IM6/ep | 0.24 0.25 0.36 0.37 0.44 0.51 0.52 0.56 0.58 0.64 0.73 0.74 0.76] 0.78]0.88 0.94 1.00
7 T800/Cyt | 0.25 0.26 0.37 0.38 0.42 0.52 0.53 0.56 0.59 0.64 0.74 0.74 0.76] 0.790.88 0.94 1.00
8 C-Ply55(0.25 0.26 0.37 0.37 0.41 0.51 0.52 0.56 0.58 0.64 0.73 0.73 0.76| 0.780.88 0.94 1.00
9 AS4/H3501|0.27 0.27 0.38 0.40 0.42 0.52 0.53 0.56 0.59 0.64 0.74 0.72 0.76] 0.780.88 0.94 1.00
10 T650/ep [ 0.25 0.26 0.37 0.37 0.41 0.52 0.52 0.56 0.58 0.64 0.74 0.74 0.76{0.78)0.88 0.94 1.00
11 T3/F93 | 0.25 0.25 0.36 0.37 0.41 0.51 0.52 0.56 0.58 0.63 0.74 0.74 0.76] 0.780.88 0.94 1.00
12 C-Ply64 |0.26 0.27 0.37 0.38 0.42 0.52 0.53 0.56 0.59 0.64 0.74 0.74 0.76| 0.78}0.88 0.94 1.00
13 T7/2510 (0.26 0.26 0.37 0.38 0.42 0.52 0.52 0.56 0.58 0.64 0.74 0.74 0.76{0.78)0.88 0.94 1.00
14 T3/N52 (0.26 0.26 0.37 0.38 0.42 0.52 0.53 0.56 0.59 0.64 0.74 0.74 0.76] 0.79]0.88 0.94 1.00
15 T4708/MR | 0.25 0.26 0.36 0.37 0.41 0.51 0.52 0.56 0.58 0.64 0.73 0.73 0.76] 0.790.88 0.94 1.00

Laminate rating

Laminate rating| 0.25 0.25 0.37 0.37 0.41 0.51 0.52 0.56 0.58 0.64 0.73 0.74 0.76] 0.780.88 0.94 1.00

Baseline: [0/90] cv 4% 5% 2% 2% 2% 0% 0% 0% 0% 0% 0% 1% 1%| 1%| 0% 0% 0%

10 A4 —

0.8 + g 50:8
0.6 + [60/0] os
04 1 expanded: 94 |
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0.0 - = +— »0.0
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Property ratings

Master DD plots for CFRP

T800/Cyt Master R

For all CFRP o o o
o Ags’ =(1-A;,° - Ay, )/2

1520 1200 —+
1131
1260 1000 -+
Stiffness Stren 1000 300t
Material Trace R _fank A;;°and A,,° are
: 5 T800/Cytec 183| [1425(1.26 © 500 complementary:
. 7 T800S/3900 | 168| [1391]1.23 S a0 { [75/30] for [15/60]
. T~ -
' 9 T700 C-Ply64 163| [1391]|1.23 \Ei:
1 IM6/epoxy 232| (1335]1.18 a0 u: | ettt iiiaiiira..., Master:
2 IM7/977-3 218( (1323|1.17 2 0.0 | 01 o3 04 |05 06 o7 o8 o9 1o Auftrace
114 T700 C-Ply59 139| [1176|1.04 2 1200 -
4 |M7/MTM45 195 1154 1.02 %mm \128 146 165 TSOO/Cyt, GPa
11 T4708/MR60| 158| [1131[1.00(Master R° 2
13 T650/epoxy | 160| [1086|0.96 1
112 T700/2510 | 144| [1007|0.89 600 1
' 6 IM7/8552 180| | 950(0.84 a00 |
' 3 7T300/5208 | 206| | 882|0.78 200 L
'10 AS4/H3501 | 162| | 848[0.75 I 00 SO O P T I T P e Master:
8 T300/F934 168 713]0.63 0.0 {Ill.l l].ll 0.3 ﬂ.lﬂ- {I'.IE l]:E ﬂ.IT {I'.!- l]:ﬂ ].:l] AZZ/trace




Heterogeneous Homogeneous
SEREINMIIELES DD laminates




Weight reduction: 41.5% CFRP; <60% Alum

Erik Kappel

41.5% weight reduction
DD: [+19.7/+67]

Interior ply drops in pairs: mid-plane symmetry;
Full of discontinuities; properties not constant



Weight savings from [Ql] for various layups

Riccio & Di Carpio

FUSELAGE STIFFENED PANEL TUBE WING-BOX

Simpler " i .'..,
layup -« b O y |-
DD :® +37.5; W +45 DD :® +15; W 15 DD :® +15; W 37.5 | DD: dep. on zone
DIGITIZED
l =SS 57 % 66 % 78 % 52 %
l 3 52 % 63 % 58 % =25 %
li:: 48 % 52 % 67 % 52 %

48 % 52 % 29 % =25 %




Tape deposition rates of 1-axis layup over 4-axis

10
~50 feet® 1o .

8r ~100 feet? ﬁ - 1-axis layup /—/‘
kS ~150 feet? _
S =200 feet® —
3 6- Gx_________.e_e___,,
-
>
©
(1)
&

—2X - S oy

~4-axis layup

Aspect ratio (length to width)



Pre-plied DD tape with thin plies: [0/60/0/-60];

T700/epoxy:

Euro-Ace

300 mm wide; 120 GSM

E,° = 60, E,° = 35, E.° = 13 GPa

O

650

c,, MPa

| 500
Gl, MPa

000" -500 0_--500 1000

Z_,,—soo’%

— X

> Minimum gage <1 mm

o

1-axis layup: 6X speed
Homogenized < 1mm
Easy tapering

Ply drops in singles

No interior defects



Quad: heterogeneous PPDD: homogenized

y
|

[+45/90/-45/0],¢ [+0/+60/0/-60], -1
16 plies 17 layers



Hetero- vs homo-geneous hard laminate

Sangwook Sihn

Omax = 70 ksi (70% static), R=0.1, f=5 Hz, after 73,000 cycles
Ply thickness = 0.04 mm, Laminate thickness = 3.2 mm

[45/0,/-45/90/45/0,/-45/0]ss

[455/010/-455/905/455/010/-455/05]s

""‘F";;

Extensive micro

edge delamination

Fcracking, splitting & |

Minimal splitting
and
edge delamination



Opportunities

* DD is a straightforward application of laminated plate theory
e Simplified design, and testing

* Unique use of thin plies and pre-plying

* Significant weight and cost savings: 1-axis layup and tapering
* Need to learn scaling for generic solutions

* Need rapid testing for design allowable and certification

* Many new applications beyond aerospace and sporting goods
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