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CFRP Fabric: E,°/ Trace [A°]+

Room temp dry, low temp dry, high temp dry and wet
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Normalized Fabric Stiffness: E,°/Trace

Room temp dry, low temp dry, high temp dry and wet
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: Trace Values +

CFRP Tape

Room temp dry, low temp dry, high temp dry and wet
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: Trace Values +

CFRP Fabric

Room temp dry, low temp dry, high temp dry and wet
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Some Practical Uses of Trace

Only invariant quantity that represents total
stiffness potential of each composite material

All stiffness components are fractions of trace
One test can tell all about a given material
Change in material is defined by their trace

It can measure the quality of lamination; any
defect or damage will lower trace value

Test laminate: closer to real structure
Track temperature effect by change in trace



Stiffness and Compliance Matrices
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Laminate in-plane stiffness in terms of ply stiffness [Q]:
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Laminate Compliance Components
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Laminate Engineering Constants
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Input Data: Ply Stiffness and Strength

Ply name Ex, GPa Ey, GPa AU/ Es, GPa

X, MPa X', MPa Y, MPa ¥, MPa 5, MPa
T700 C-Ply 55[S 121 g8 03 47 ]IMHMTM [S1] 175 82 033 55
2530 1669 66 220 93 2500 1700 69 169 43
T700C-Ply64[S 141 9.3 0.3 5.8 AS4/H3501(51] 138 89 03 71
2944 1983 66 220 93 1447 1447 52 206 93
IM7,/977[5I] 191 9.94 0.35 7.79 IMB/ep[Sl] 203 112 032 84
3250 1600 62 98 75 3500 1540 56 150 54
T800/Cyt[SI] 162 9 0.4 5 T3/F93(5l] 148 965 03 455
3768 1656 56 150 98 1314 1220 43 168 48
IM7/8552[51] 171 9.08 0.32 5.29 T3/N52[5I] 181 103 o028 717

2326 1200 62 200 81.5 1500 1500 40 246 68



Ply & Laminate Stiffness Matrix & Trace

% E,° vy, 0 AL* ALY O a* ap* 0 E,° v,," 0
E Vs B O @ An® AT 0 Q ay® 2" 0 @ var B O
@ 0 0 E° _D 0 Abb*_ ! 0 0 ahh*d 0 0 E°
Eng’g constants array In-plane stiffness matrix ~ Compliance matrix ~ Eng’g constants array
® |E v O Q. Q. 0 Sue Sy O B,y O
O
S (w0l @@|o. o, 0 |@|s. s, 0| uE o
>
o 0 0 E 0 0 Q. 0 0 S, 0 0 E
Eng’g constants array Ply stiffness matrix Ply compliance matrix Eng’g constants array
200 No trace Tr[Q] =Tr [A*] =184 GPa Tr [S] =0.194 GPal # Tr [a*] = 0.105
No invariant 0.20 3 > ]
* o s
g 150 - 2Aes & 0.5 Sqs/2 \(‘@9' Tr [a*] =
@ - EA\% = 0.105 GPa'!
0 A * 10} ] s
0 100 - Q : P22 S 0.10 - Syy .
£ Qxx vy ] Alk % : S, W’
N 50 - £ 0.05 -
o - T ] .
0 15 30 45 60 75 90 O 15 30 45 &0 75 90 0 15 30 45 60 75 90 nnuu153u455{]1‘5500153l]4550

Transformation angle 6 Transformation angle 6



Master Ply Stiffness: Trace Normalized

Carbon/epoxy ply stiffness in trace normalized factors

Material [0] Qxx* Qyy* Qss*Es Tr,GPa Trace*  Ex* Ey* nufx* Ey/Ex
'IM?IQ??-E 0.88 0.046 0.036 218 1.00 0.88 0.046 0.35 0.052
T800/Cytec 0.0 0.050 0.027 183 1.00 0.89 0.049 0.40 0.056
T7 C-Ply 55 0.88 0.057 0.034 135 1.00 0.87 0.058 0.30 0.066
T7 C-Ply 64 0.87 0.057 0.036 163 1.00 0.86 0.057 0.30 0.066
AS4/3501 0.86 0.056 0.044 162 1.00 0.85 0.055 0.30 0.065
IM&/epoxy 0.88 0.049 0.036 232 1.00 0.88 0.048 0.32 0.055
AS4/F937 0.89 0058 0.027 168 1.00 0.88 0.057 0.30 0.065
T300/N5208 0.88 0.050 0.035 206 1.00 0.88 0.050 0.28 0.057
IM7/8552 0.90 0.048 0.028 152 1.00 0.89 0.047 0.31 0.053
IME&,/MTMA45 0.90 0.042 0.028 185 1.00 0.90 0.042 0.33 0.047
'I"'-’]EIS’[EI’ ply 0.883 0.050 0.034 187 ' 1.00 0877 0.050 0305 0.0609
lStd dev 0.013 0.005 0.005 28468 0001 0014 0006 0.034 0.5%
]C"u" 1.5%| 10.9% 15.8% 0.1% 1.5%| 11.1% 11.3% 9.0%
Master GPa 165 9.35 b.42 187 164 9.30 ’ 0.31 11.39

Q, =Q,* x Tr = 0.883 x 187 = 165 GPa
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Dispersion of Q,,* at 0° and 90°
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Bay-by-bay not Optimized

Step 1: Ply com- Step 2: Sub-
N binatinon per bay: laminate
o EERH : [03/1'452/90]25 ‘ Stacking
o (38/50/12) permutation
0] a5
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\Y .
o .
\Y ;
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Selection of 0

Selection

Thousands of permutations

of sub-lam [-45] stacking 4
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Acoustic Response of [+45/0/90]. Coupons

Normal ply thickness: 0.12 mm Thin ply: 0.04 mm

Note extensive signals after FPF Less signals after much higher FPF

FPF at 250 units | s FPF at 380 units
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Top and side views of failed coupon, same total thickness
Note extensive delamination of thick ply coupon on the left



Tension Fatigue at RT - (50/40/10)

0,,ax = 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]. [45./0,,/-45:/90./45./0,,/45:/0:]

:Z“;edsgla'g'i';i ':2: i Extensive'micro
g . cracking, splitting &
edge delamination




Wide-range GSM to Meet Requirement

300 Chomarat C-Ply capabilities

24K HS
100 12K IM 12K HS 80-250
25-50 50-150
0
GSM/Ply Carbon Spread Tows
5
Laminate 4 160
thickness 3 120 Laminate
of thinnest > 80 thickness
section 4 q0 nmil
Thin plies 4= Thick plies
mm .
0 O optimum GSM/Ply
0 100 200 300

based on 32 plies



Advantages of Thin Plies

Micro cracking and delamination suppressed

Easy formation of bi-angle C-Ply to improve
handling, and avoid layup of extra layers

Good building block from bi- to tri-angle tape
Provide design options for thin fuselage skins
Increase layup speed with multi-angle tape
Easy to reach homogenized laminates

Once homogenized, options become possible:
asymmetry, single ply drop, and optimization



Too Many Stacking Permutations

Jeremy Sanford, Spirit

[0,/+45,/90,],1 < [p,q,r] =3 Permu-

aply s - tations
sub-lam ft— e 24
[1,2,1] S =

[90/0/-45/45] [90/45/0/-45] [0/90/45/-45] [0/90/-45/45] ...

5-ply 0
sub-lam &S
[1,2,2] WU

6-ply sub-laminate m——————————————————) 180
8-ply sub-laminate w———) 2,520
10-ply sub-laminate m———) 25,250




[0] ply data

[0/£30]

Material [0] Qxx*

IM7/977-3 0.88
'T800/Cytec  0.90
| T700 C-Ply 0.88
|AS4/3501 0.86

IMBE/epoxy 0.88

:Asquaa? 0.89
|T300/N5208  0.88

Master ply 0.883

| Coeff var 1.1%
| Laminates have lower cv than plies

[0/430]: 1:0 A11*

IM7/977-3  0.65

T800/Cytec 0.66

|T700 C-Ply 0.64
|AS4/3501 0.64

IMBE/epoxy 0.65

|AS4/F937 0.65
|T300/N5208  0.65

Master ply 0.647
Coeff var 0.57%

Qyy*  Qss*
0.046 0.036
0.050 0.027
0.058 0.034
0.056 0.044
0.049 0.036
0.058 0.027
0.050 0.035

0.0502 0.0348
0.44% 0.53%

A22*  AGG*
0.091  0.13
0.091  0.13
0.099  0.13
0.101  0.13
0.093  0.13
0.096  0.13
0.093  0.13

0.0930 0.130
0.36% 0.16%

Tr, GPa Trace*

218
183
139
162
232
168
206
183

Tr, GPa

218
183
139
162
232
168
206
183

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.000

Trace®

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.000

Ex* Ey* nu/fx*
0.88 0.046  0.35
0.89 0.049  0.40
0.87 0.058  0.30
0.85 0.055  0.30
0.88 0.048  0.32
0.88 0.057  0.30
0.88 0.050  0.28
0.876 0.0500 0.300
1.2% 0.5% 4.1%
* normalized by Trace
E1* E2*  nu/21%
0.52 0.072 1.2
0.50 0.069 1.3
0.52 0.079 1.1
0.53 0.084 1.0
0.52 0.074 1.2
0.50 0.074 1.2
0.52 0.075 1.2
0.515 0.0745  1.18
1.0% 0.5% 8.4%



[0,/+30,/+60/90]

[0,/145,/90]

|[0/30]; 2:1  A11*

IM7/977-3 0.46
_TEDD{'CvtEE 0.47
| T700 C-Ply 0.46
AS4/3501 0.46

[IM6/epoxy  0.46

AS4/F937 0.46

|T300/N5208  0.46

Master ply 0.463

:EEIE'H: var 0.26%
* normalized by Trace

|[0/+45]; 2:1 A11*

IM7/977-3  0.38
|T800/Cytec  0.39
[T700C-Ply  0.38
AS4/3501 0.38

/IM6/epoxy  0.39

AS4/F937 0.38

|T300/N5208  0.39
|Master ply 0.385
| Coeff var 0.08%

A22*  AbG6*
0.28 0.13
0.28 0.13
0.28 0.13
0.28 0.13
0.28 0.13
0.28 0.13
0.28 0.13

0.278 0.130

0.12% 0.19%

A22*  Ab6*
0.29 0.16
0.29 0.16
0.29 0.16
0.25 0.16
0.29 0.16
0.29 0.16
0.29 0.16

0.293 0.161

0.10% 0.09%

218
183
139
162
232
168
206
183

Tr, GPa

218
183
139
162
232
168
206
183

Tr, GPa Trace*

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.000

Trace®
1.00
1.00
1.00
1.00
1.00
1.00
1.00

1.000

E1*
0.42
0.42
0.42
0.42
0.42
0.41
0.42

0.418

0.18%

E1*
0.32
0.31
0.31
0.32
0.32
0.31
0.32

0.316

0.5%

E2*
0.25
0.25
0.25
0.26
0.25
0.25
0.25

0.252

0.20%

E2*
0.24
0.23
0.24
0.25
0.24
0.23
0.24

0.240

0.5%

nuf21*
0.40
0.43
0.40
0.37
0.39
0.42
0.39
0.398
1.75%

nu/f21*
0.48
0.52
0.49
0.46
0.48
0.52
0.48
0.485
2.2%



Normalized Master Laminate Factors

Need only one test: E, /0.876 = Tr [A°] >>> factors for E,°, E,°, v, E.°
Zero test: If you believe in rule of mixtures that E, = v(E;

Or another single test of [r/4]: E;°/0.337 = Tr [A°], ...

Master Laminate EL°/Tr nu/x  E6°/Tr Trace*
[0] 0.876 0.300 0.0343 1.000

[0/90] 0.468 0.036 0.031 0.995
[0/45/90/-45] = [n/4] 0.337 0.337 0.298 0.130 1.000
[0/+30] 0.515 0.0745 1.180 0.130 0.998
[(0/+30)2/+60/90] 0.418 0.252 0.398 0.130 1.000
[0/+30/+60/90] = [n/6] 0.338 0.338 0.297 0.130 1.002
[0/+45] 0.377 0.158 0.709 0.161 1.000
[(0)2/(+45)3/90] 0.316 0.240 0.485 0.161  0.999
[0/(+45)2/90] 0.280 0.280 0419 0.161 1.001

Examples: For [0/+45], E,* =0.377 Tr; E.° = 0.161 Tr (shear test can be avoided)
For C-Ply 55, Tr =139 GPa, E,* =0.377 x 139 =52.4 GPa; E.° =0.161 x 139 = 22.4 GPa
For T800/Cytec, Tr = 183 GPa, , E,° =0.377 x 183 =69.0; E.° =0.161 x 183 = 29.4 GPa



How Many Specimens: 1 or 0

Vi 0.88 . .
E; >>>>>>> E, >>>>>>> Trace [Q] >>>>> Laminate stiffness:

E1* E2* nu/21* E6*

[0] 0.876 0.052 0.300 0.0348

1.2%  0.5% 4.1% 0.52%
[Ti/4] 0.337 0.337 0.298 0.130
] 0.13% 0.13% 1.2% 0.17%
0/+30 0.515 0.0745 1.18 0.130

1.0% 0.5% 8.4% 0.16%
0/+45]; 4.0 0.315 0.240 0.485 0.161
0.5% 0.5% 2.1% 0.09%




Lowest Cost Layup of Thick-thin C-Ply

Starting | [0/¢,] - Thin-Thick [0/¢] - Thin-Thin [0,/@] - Thick-Thin
C-Ply | (33/67/0)—-150gsm | (50/50/0)—100gsm | (67/33/0)— 150 gsm
1-axis [O/'I—'(P]z [Oz/i(p] [04/"—'(P]

2:0 = [rt/3], for @ = 60
(33/67/0) (50/50/0) (67/33/0)
2-axis [(0/+¢),/(+Y/90)], [(0,/%¢),/+d,/90,] [(0,/%¢p),/+y/90,]
4:2 W=90-¢ W=90-¢ W=90-¢
(22/67/11) (33/50/17) (44/33/22)
2-axis [O/i(P/il-lJ/go]z [Oz/i(P/iLIJ/902] [04/i(p/iL|J/904]
2:2 = [r/6], for @ =30 = [rt/4], for @ = 45 W=90-¢
(17/66/17) (25/50/25) (33/33/33)




A Master Laminate Design Chart

Smooth lines = trace normalized = E;*, GPa ; Dots = E./E,

Bi-angle C-Ply:
[0/¢,] [0/¢] [0,/¢p]
Thin-Thick Thin-Thin Thick-Thin
D-E I I I
07 - 2:0 = [0/+¢p] | 2:0 = [0,/*]
] E.*/Tr

| El*/Tr E5°/E1°
SN

n. D | \2

20 30 40 50 o0 20 30 40 50 o0 20 30 40 50 o0
[+ep] [+ep] [+ep]



0.2
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

1.2
1.0
0.2
0.6
0.4
0.2
0.0

Bi-angle C-Ply:

[0/¢,]

Thin-Thick

Master Ply Stiffness Chart

[0/¢]
Thin-Thin

2:0 = [0/]

E,°/Tr

EGO/Elo

2:0 = [0,/+¢]

E4:
2:

:0
R R S s o

20

30

40

e .___-....

1.0
0.8
0.6
0.4

50

60

0.2

[tp] 20

30

40

0.0
[tep]

[0,/¢]

Thick-Thin
: 2:0 = [0,/*]
E,°/Tr _

20 30 40 50 [te]



Plane Elasticity & Bending Equations

4 4 4
Plane elasticity: a*, 2 F s(2a*+a*.)—2F .+ a*x2F _p
22 5.4 12*8s85 I%Z o2 11 2y .

atw atwy atwy

Plate bending: p,,

ax? {D12"‘2D55:‘ a:-:zauz +Dzza—u4 =0

Homogeneity: [D*] = [A*]; [B] =0

[0/+30]; 2:0 2a1;+ Ts :11 2(A12A+ 2Aqe) 222 Trace, GPa
22 22 11 11
IM7/977-3 2.23 0.58 1.20 0.58 218
T800/Cytec 2.23 0.58 1.20 0.58 183
]T? C-Ply 55 2.23 0.58 1.20 0.58 139
T7 C-Ply 64 2.23 0.58 1.20 0.58 163
AS4/3501 2.18 0.59 1.23 0.59 162
IM&/epoxy 2.23 0.58 1.20 0.58 232
AS4/F937 2.33 0.59 1.19 0.59 168
T300/N5208 2.24 0.58 1.20 0.58 206
Master ply 2.23 0.58 1.20 0.58 175
Std dev 0.044 0.004 0.013 0.004

Coeff var 2.0% 0.7% 1.1% 0.7%



Lekhnitskii’s Elasticity Solutions

k_.'_' Uil = o

. E E
no= =i + po) = J2(Ei—vi)+é~

Key parameters: k, n

Ay

A1/0[ 0\ A

L/

Y y N
e Ay " -
\L A 74 A " | M ) /’fi\ i
t,+ 1 0/0) . + X / A1ﬁl.ﬂm)\ . \ X A {/ o/a/\\\ A
V| aonde] | \ Ks’,} / Al /
* X { \\.H____,//_I
+ 5|~ T

Shear Bending

le—— 2(a+e) —|
Interference



Same Solutions for 8 CFRP’s for [0/+30]

[0/£30]); 2:0 OHT Pressat0 Shear Bending Interference
Parameters n+1  (n-1)/k (1+k+n)n 2k+n k(1+n)-nu Tr, GPa

IM7/977-3  2.53 0.20 /.99 6.91 5.60 218
T800/Cytec 2.44 0.16 7.41 6.83 5.28 183
T7 C-Ply55 2.61 0.24 8.37 6.75 5.61 138
T7 C-Ply64  2.61 0.24 8.37 6.75 5.61 163
AS4/3501 2.68 0.27 8.71 6.70 5.73 162
IM6/epoxy  2.53 0.20 7.94 6.83 5.51 232
AS4/F937 2.51 0.20 71.74 6.71 5.34 168
T700/5208 2.53 0.20 7.93 6.80 5.47 206
Median 2.53 0.20 1.97 6.77 5.56

Std dev 0.074  0.033 0.408 0.070 0.152

Coeff var 2.9% 16.4% 5.1% 1.0% 2.7%

Median values can be used for most cases with error less than experimental

Exact solutions from Lekhnitskii’s Anisotropic Plates



Solutions for Different Laminates

Laminate; cv OHT | Press at0 Shear @ Bending Interferenc Med cv
[0/+£30]: 2:0 2.53 0.20 7.97 6.77 5.56

Coeffvar 2.9% 16.4% 5.1% 1.0% 2.7% 2.9%
[0/+30]; 4:2 2.99 0.77 8.54 4.57 3.45

Coeffvar 0.0% 0.4% 0.1% 0.2% 0.4% 0.2%
[0/£30]; 2:2  3.00 1.00 8.00 4.00 2.70

Coeffvar 0.0% 0.1% 0.1% 0.0% 0.4% 0.1%
[0/+45]; 4:2 2.65 0.57 6.26 3.94 2.55

Coeffvar 0.8% 3.4% 1.8% 0.5% 1.6% 1.6%
(/4] 3.00 1.00 8.00 4.00 2.70

Coeffvar 0.0% 0.0% 0.0% 0.0% 0.4% 0.0%

Median values can be used for different laminates with error less than experimental



One Test for Trace = Multiple Solutions

R — ey

Lam; Ratio OHT | Press at0 Shear Bending Interference

[0/£30]:2:0 ¢/ v v v v
[0/£30]:4:2 v v v v
[0/%30]; 2:2 v v v v v
[0/%45]:; 2:0 v v v v v
[0/+45]: 4:2 v v v v
[0/45];2:2 v % v v v
[0/+phi]; 2.0 v v v 4
[0/+phi]: 4:2 v v v v
[0/tphi]: 2:2 o/ v v v




Measurement of Trace from E,

Material: TS00/AR250

-I I Median = 177 GPa: cy =5.7%

180 10~

160
140
120
100
30
60
40
20

0
1

[/4ls — [(0/30), [0/£30];

3

/+60/90]

> 7 9 11 13 15

[rt/6];

o

[(0/+30),/+60/90];

17 19 21 23 25 27 29 31



Scaling by Trace for Material/Laminate

Scale materials: same [0/£45/90],.

Scale laminates: same T300/N5208

Giulio Romeo

Material n Nscaled EFT-% Material 0 n Nacaleg EM- %
IM6/Epoxy 180,27 180,27 |0,00 15 120,77 120,58 |0,16
AS4/3501 257,60 258,36 |-0,30 [0/£6/90] 30 147,98 150,68 | 1,79
C-Ply 301,42 300,79 |0,21 B0 249,34 255948 | 3,91
T300/N5208 202,72 202,72 10,00 75 270,35 286,56 | 5,66
15 121,059 121,061 | 0,00

ooy ¥ e s

75 271,87 287,706 15,50




Scaling by Trace for Panel Buckling

Giulio Romeo

Material l;:' Nie Nowwes Emr.% Ny Nywsea Emr.% Niy  Noysawse Err.%
1 -3073 -3023 | 1,66 - - - . . =
IM6/Epoxy 2 -1734 -1693 | 244| -6930 -6769 | 238 - - -
3 -1660 -1628 | 198| -6640 -65,11 | 198 83 824 0,70
4 -1500 -1458 | 290| -60,00 -5831 | 2,90 -75 -73.1 253
1 -2154 -2105 | 2,13 - - - - . -
AS4/3501 2 -1220 -1181 | 330| -4880 -47,23 | 3,33 - - -
3 -1165 -1136 | 258| -4660 -4543 | 2,58 58,3 57.5 1,38
- -1060 -1017 | 421| -4240 -4069 |4.21 -53 -51,0 3,85
1 -186,0 -189,7 | 1,97 - - - = - =
C-Ply 2 -1050 -1071 | 193| -4200 -4057 | 3,53 - . -
3 -1000 -1025 | 244| -4000 -3502 | 2,50 S0 494 1,22
4 810 9262 | 1,75 -365 -3495 | 444 45,6 -43.8 402
1 -2734 -2688 | 1,71 - - - . . -
2 -1543 -1505 | 251| -61,70 -60,19 | 2,51 - . -
T300/N5208
3 -1476 -1447 | 197 -59 -57.9 1,90 74 76,0 2,68
4 -133,7 -1296 | 3,14 -53,5 -51853 13,18 -67 -68,7 2,49




Ply Strain and Stress of a Laminate

Z Z
7 L
E 1)
7 hy 77777777 s
strain stress
co 7o
Laminate Laminate
strain stress

Since ply and laminate strains Ply stress various from ply to ply depending
are equal, strain-based failure on the ply angles. The stiffer ply will have
criteria are functions of ply higher ply stress. Unlike strain-based failure,
angles only, independent of ply stress-based failure tensors [F] and {F} are
composition of the laminate. functions of not only each ply angle but also
So a strain-based criterion is ply composition of the laminate. Thus each

the same for all laminates laminate has its own failure envelope.



Ply-by-Ply vs Homogenized Plate

Ply-by-ply R) of a laminated anisotropic or orthotropic plate

R = strength ratio
= safety factor

(@ TS [a*]
gl el
Sl |5
=
X N XY N
Ply-axis Ply-axis Laminate axis Laminate axis
stress strain strain stress

Homogeneous anisotropic plate: one R

Romni

o _ o o _ % o _ %k *

Anisotropic Tsai-Wu criterion: F,,, . .

° £16; Ell EZI EG

)
<—;—>
!

Back to the basics: many closed-form and FEM solutions easily applied;
speed increases by n (hnumber of plies) in model formation and stress recovery



Successive Increase in Ply Angles

4];8.85 C-Ply 55 [/6]; 8.94 C-Ply 55 [r/8]; 8.85

", | | i o
f I

.-"{\- A | llI

i

“Polar Plot

Cartesian Plot

30 -

0 0
180 -90 (1] 90 180180 -90 1] 90 180 -180 -90 0 90 180080 -90 0 S0 180
Transformation angle of strain envelope radii 6



Ply
angle:
O0to 2m
@15°

delta

mni Strain FPF Envelopes: C-Ply 64

105
120
135
150
165
180
195
210
225
240
255
270
285
300
315
330
345
360

Polar angle of radial strain vector: 0 to 2t @15° increments=>=>=>

ul’

18.36
15.76
11.88
9.345
T7.963
T.294
T.087
7.294
T7.963
9,345
11.88
15.78
18.36
15.76
i1.88
9.345
T.053
T.294
7.097
7.294
T.053
9.345
11.88
15.76
18.36

15"
14.37
13.17
10,87

218
B.06
TAT
728
TAT
B.06
418
10,87
13.17
14.37
13.17
10,87
a.18
B.06
TAT
729
74T
B.06
a.18
10,87
13.17
14.37

30"
1.18
10.82
10,00

913
B.45
8.05
7
B.O5
B8.45
a9.13
10.00
10.82
11.18
10.82
10,00
.13
B.45
8.05
7
B.05
B.45
.13
10,00
10.82
1.18

45"
a2
|12
a2
|12
812
|12
812
a2
812
a2
|12
a2
|12
812
a2
812
a2
|12
|12
812
a2
812
a2
|12
a2

60"
7.1
B.05
B.A45
913

10.00
10.82
11.18
10,82
10,00
913
845
B.05
7o
B.05
B.45
913
10,00
10.82
11.18
10.82
10,00
913
B.A45
B.05
7.1

(o)
€
10

757
729
TAT
B.O&
918

10,87

ap”
710
729
796
935
11.88

105"
T7.30
TA49
BB
a70
1270

1207
T.95
812
BIT
10.32
13.52

1357
|22
a:
9.84
11.34
14.50

150 "
11.45
11.36
11.59
12.89
15.81

/

165"
15.23
14.72
14.32
1517
17.61

180"
20.83
19.68
18.29
18.38
20.04

» Controlling ply angles -

10.97
9.18
808
747
729
747
B.06
a.18

10.97

13.17

14.37

13.17

10.97
a.18
806
T.AT
728

11.88
.35
7.96
7.29
7.10
7.29
7.96
09.35

11.88

15.76

18.37

15.76

11.88
09.35
7.96
729
T.10

1270
a.70
8.18
748
7.30
7.49
B8.18
2.70

1270

17.80

21.58

17.80

1270
2.70
B8.18
749
7.30

13.52
in.3z2
877
B1z
7495
B1z
8I7
10.32
13.52
18.99
22.97
18.99
13.52
10.32
8377
812
T7.95

14.50
11.34
9.84
8.1
9.22
9.31
9.84
11.34
14.50
1986
23.14
19.86
14.50
11.34
9.84
a9.31
823

15.81
12.89
11.59
11.36
11.45
11.36
11.52
12.89
15.81
20.28
23.01
20.28
15.81
12.89
11.52
11.36
11.45

17.61
1517
14.32
14.72
15.23
14.72
14.32
15.17
17.61
21.15
23.13
21.18
17.61
1517
14.32
14.72
15.23

20.04
ig.ag
18.29
19.68
20.83
19.68
18.23
1838
20.04
2246
23.73
2248
20.04
ig.38
18.23
19.68
20.83

Multible P

B

ly failures

1957 2107 2257 2407 2557 2707 2857 300" 3157 3307 3457 360

2646
2517
23.21
22.49
23.10
24.29
24.90
24.29
23.10
22.43
231
2517
2646
2517
23.21
22.49
2310
24.29
24.90
24.29
2310
22.49
23.21
2517
2646

28.98
28.43
27.33
2655
26,34
26.49
2660
2643
26.34
26.55
27.33
28.43
28.98
28.43
27.33
26,55
26.34
26.49
2660
2649
26.34
26,55
27.33
28.43
28.98

28.38
28.38
28.38
28.38
28.38
28.38
28.38
28.38
28.38
28.38
28.38
28.38
28.38
28.38
28.38
28.38
28.38
28.38
28.38
28.38
28.38
28.38
28.38
28.38
28.38

26.60
26.49
26.34
26.55
27.33
28.43
2898
28.43
27.33
26.55
26.34
26.49
2660
26,49
26.34
26,55
27.33
28.43
28.98
28.43
27.33
26,55
26.34
26.49
26.60

24.90
24.29
23.10
22,49
23
2517
2E.4E8
2817
231
22,49
23.10
24.29
24.90
24.29
23.10
22.49
2321
2517
2646
2817
23.21
22.49
23.10
24.29
24.90

23.73
2246
20.04
18.38
18.29
12.68
20.83
12.68
18.29
18.38
20.04
2248
23.73
2248
20.04
18.38
18.29
12.68
20.83
12.68
18.29
18.38
20.04
2246
23.73

23.13
21.15
17.61
1517
14.32
14.72
15.23
14.72
14.32
1517
17.61
21.15
23.13
21.15
17.61
15.17
14.32
14.72
15.23
14.72
14.32
15.17
17.61
21.15
23.13

23.01
20.28
15.81
12.89
11.59
11.36
11.45
11.36
11.59
1289
15.81
20.28
23.01
20.28
15.81
12.89
11.59
11.36
11.45
11.36
11.59
12.89
15.81
20.28
23.01

23.14
19.66
14.50
11.34
.84
a.31
822
a3
9.84
11.34
14.50
19.66
23.14
19.66
14.50
11.34
0.84
a.31
922
8.31
0.84
11.34
14.50
19.66
23.14

22.97
18.99
13.52
10.32
8377
812
7.95
8.1z
877
032
13.52
18.93
22.97
18.99
13.52
1032
8377
812
795
8.1z
8377
1032
13.52
18.99
22.97

21.58
17.80
1270
270
8.18
749
7.30
749
8.18
a.70
1270
17.80
21.58
17.80
1270
2.70
B8.18
749
7.30
7.49
B8.18
2.70
1270
17.80
21.58

18.365
15.7684
11.876
9.3451
7.0628
72942
7.0068
7.2042
7.0628
9.3481
11.878
15.764
18.385
15.764
11.876
93481
7.0628
72942
7.0968
7.2042
7.0628
93481
11.876
15.7684
18.365



Omni Envelope in Polar Plot

(o)

FPF strain, 103 €|

2

Pure shear




Omni Envelope in Cartesian
FPF strain, 103 |

20

15

10— A 71 T800/Cytec
YN ¥ C-Ply 55
LTINN T I C-Ply 64
: IM7/8552 IM7/977-3

- IM7/MTM45

o - 145 | 135

0 90 180 270 360 Transformation angle ©



0.06

0.05

0.04

0.03

0.02

0.01

0.00

Poisson’s Ratio of CFRP Laminates

[0,,/90] [0/+¢/90]
Poisson’s ratio
. , . (/4]
Poisson’s ratio 0.35
1.4
[0/90] 0.30 1.2
[0,/90] / 1.0
0.25
’/// 0.8
r"’// 0.20 0.6
0.4
0.15 |/
0.2
f 45
0.10 0.0
10 20 30 40 50 60 10 20 30 40 50 60

Percent [90] in [0/90]

[£¢p] in [0/%¢p/90]

0

[0/+¢]

Poisson’s ratio

15 | 26

15

30

30

45

[+p] in [0/+¢@]



Failure strain, 103

Poisson’s Correction for Omni strain

Uniaxial compression correction

20

\Y

18 -
16 -
14 -

Uniaxial tension correction
=0

\/ N-1
Vv V.1

v=0.3

0.4
0.5

1.0 = pure shear

g CQ =D
i ) |

Ty

180 170 160 150 140 130 110 100
Transformation angle 6

2"d quadrant of strain envelope

O N B
Ll

[ IMy/MTMA45

Ly

0O -10 -20 -30 -40 -50 -60 -70
Transformation angle 6

4\ \ \ v

4th quadrant of strain envelope

Angle measured clockwise from O degree along x-axis; 90 degree, y-axis



Failure strain, 103

Poisson’s Correction for Omni strain

Uniaxial compression correction

Uniaxial tension correction

v=0 v=0
20 V=01 20 v=0:1
LY -
18 _ 18 - _
EV =03 1.0 = pure shear ] v=0.3 1.0 = pure shear
16 . 0.4 16 - 0.4
14 ' *“‘\_ 0.5 1.2 14 - '
12 ‘\.. ' 12
10 8 o By
a8 a8
6 3
4 - : 0
, - N |MV/MTM45
3 2 ]
0 4.V \ v \L 3 \% l/ \L

180 170 160 150 140 130 110 100
Transformation angle 6

2"d quadrant of strain envelope

0

-10 -20 -30 -40 -50 -60 -70
Transformation angle 6

4th quadrant of strain envelope

Angle measured clockwise from O degree along x-axis; 90 degree, y-axis



Preferred Coupons for Master Envelopes

56.3

- 50.2

: E o . Y - §<_ 450
= S 6 AN 40 = 387

T800/Cytec

30

IM7/8552

20 ©

Angle, degree

] e|°

10

o
~
(o)
S

0.0 0.5 1.0 1.5
Poisson’s ratio

IM7/977-3
s o AW 0/+10
“IM7/MTMA45 [0/110]




Uniaxial Data validating Omni Envelope
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Omni Strain Envelope for T800/Cytec

All uniaxial tensile data can be placed on this principal strain plane

€l
15
1.5X #»
10 _1 50
: Poisson’s
Omni FPF —g . ratio g 40
// v=0 ¥ 30
- o ©
€ v 20
eT0]
I
=0.3 10
0
0.0 0.5 1.0 1.5
Paisson’s ratio,
v=1.0 Poisson’s ratio



Omni Strain Envelope for T800/Cytec

All uniaxial tensile data can be placed on this principal strain plane

€l
15 1.5X
—
10 50
Poisson’s
i) ' % ratio o 40
X = 15.0 / V = O 8‘)0 SD
| o -O\
€ 9 op
eT0]
[
v=03 T 10
0
Omni FPF 0.0 0.5 1.0 1.5
Paisson’s ratio,
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Cartesian Plot of Omni Strain: T800/Cytec

Failure strain vector, 103

20

1s

16

14

12

10

1.5X

Omni FPF

50

30

Angle, degree

20
10

56.3

40 -
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-223
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-135

-30
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Trace [G] strain, 1-3

10

Material
T700 C-Ply 55

T700 C-Ply 64
IM7/977
T800/Cytec
IM7/8552

IM7/MTM

Fxy*
0.0
-0.5
0.0
-0.5
0.0
-0.5
0.0
-0.5
0.0
-0.5
0.0
-0.5

Omni circle
8.09
8.24
6.93
7.10
6.15
6.17
6.10
6.23
6.82
6.25
5.48
5.49

Tr (6]
8.61
9.05
7.50
7.82
4.60
4.81
6.92
7.42
6.15
6.51
4.64
4.76

Tr [G]/cirle
0.94
0.91
0.92
0.91
1.34
1.28
0.88
0.84
1.11
0.96
1.18
1.15 .

\

Most common

<

strain allowable

¢
L.

&

4
s
700

Coeff var = 18 percent

D'KIIII

P
g 10 Omni circle strain, 1073



T800/Cytec: FPF and LPF
EHOT

\ ok En*=0.5

|' -0.30
!
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4 llf [rt/4] tensile



FPF and LPF: E_* = 0.5, 0.3, 0.15
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Impact Resistance of [rt/6] Laminates

Spiral stacking

e
S “Standard
< 400/ Pl | [ T
o]
c
= +40%
) (0]
v 350 : i .
S T =T
‘» o N ~
8 T El E
s 300 E
£
o
o
250

All laminates impacted at 4.2 J/mm



Stacking Options of [rt/4] C-Ply

Asymm (T) vs symm (S); w vs w/o seams; 150 vs 268 gsm; test 1 vs 2

Panel #

=T~ TR ¥, B S 7% T N Ty

10
11
12

Tape/gsm Stacking
[0/45]150 [0/45/90/-45]8T
[0/45]150 [£22.5/-67.5/67.5]8T
[0/45],[0/-45]150 [0/45/90/-45]45
[0/45],[0/-45]150 [+22.5/-67.5/67.5]45
[0/45]150, w/seam [0/45/90/-45]8T
[0/45]150, w/seam [+22.5/-67.5/67.5]2T
[0/45]268 [0/45/90/-45]4T
[0/45]268 [£22.5/-67.5/67.5]4T

[0/45],[0/-45]268 [0/45/90/-45]25
[0/45],[0/-45]268 [£22.5/-67.5/67.5]25

Testl Test2
w/[0] bisector

0

22.5

0

22.5

22.5

22.5

22.5

22.5

0

22.5

22.5

22.5

22.5

|
\432/

1

[(0/45)/(90/-45)]
Right handed spiral

/ \

[(x22.5)/(-67.5/67.5)]
Left handed spiral



Uniaxial tensile, MPa

Uniaxial tensile, MPa

Homogeneity: Symmetry; 150 vs 268

Smooth coupon with load applied along a [0] ply
Medium 76216% MPa: Insensitive to symmetry and thin-thick

Thin = [W/8ls |

-88888888

i1 2 3 4 5 6 7 1 2 3 4 5 6 7 & 9 10

Symmetric

~BE8EE88888

i 2 3 4 5 &5 ¥ § 49 10 11 12 13 14 1 2 3 4 5 &6 7 & 9 10 11 1



Laminates With or Without Seams

Uniaxial tensile

Uniaxial tensile

Laminates w/o seams:
w and w/o symmetry

MPa

-BHEBEEERE

MPa

588 e

100
o

Laminates with seams:
with symmetry only

Not isotropic

F0

w/o seams
smooth

'77026%

LIidse 739 ILGLLL2LIL4LS

a0
s00
a0
300
20
100

o

with seams
smooth

L 23438738 JLGLLLALIELELG LT LELA2G2L 2223

Isotropic (open hole dominates OHT)

| el |

(=]
w/o seams %
open hole on
<

L 23435368738 JLGLLLILI4LAEL

-

40
300
20
100

0

Il (]

w/ seams -%
open hole I~
<

L 2343873 JLELLLIL:

636+9%



Uniaxial tensile, MPa

Uniaxial tensile, MPa

Asymmetric vs Symmetric Laminates

Mid-plane symmetry:
Tensile load along [0] and bisector; 150 and 268 gsm

=200

Fan

GO0

500

400

300

200

100

SO0

400

300

200

100

n

1 3 5 7 9111315171921 23 2527 29 31 35 535 37

1

3

Mid-plane asymmetry:

Not isotropic™

Joa

GO0

o\oo s0a

. ™ 400
Asymmetric H

300
smooth ~

200

100

n

l 3 5 7

Symmetric
smooth

9 11 13 15 17 19 21 23 25 27 29

Isotropic (open hole dominates OHT)

Asymmetric
open hole

5 7 8 11 13 15 17 1% 21 23 25 27 29

504+5%

S

400

300

200

100

o

1

3

5

¥

Symmetric
open hole

2 11 13 15 1y 1% 21 23 25 27

662+15%

503+6%



Smooth vs OHT Coupons from [rt/4]

With and without: symmetry and seams; thick-thin plies, load along [0] and bisector

Uniaxial tensile

Uniaxial tensile

MPa

MPa

0
a00
00
400
00
20
100

0

=00
400

00
200

100
0

& DD G- S R S-S - DD Sl A S . W Sl -SR-S G W WS S

78 Smooth, plain coupons

692+12%

L3S 3LILEGLITNARIEINELEIBVINAAIAS S5R39 NEle 2387

692/502 = 1.38

67 Open hole coupons

502+6%

L3 ST AL LINAREaIM1E8 135333030 4545 75 15 3555050k Indaaa adl L




Open Hole: a safe & simple approach

r v

OHT and OHC

fhotropic
i envelope TOH Shear
48" = SQRT(OHT*OHC/3)
" OHC.

[r/3], [n/4], [n/6], ...




Accelerated Allowable Generation

(SUB-COMPONENTS
Traditional test-
based pyramid

'noooooou.0.'.."'.'..'..0..

-
»
Kl

-

." — > 810
ONC Far-field strain
Simulation —
Hot-Wet  Fatigue CAl

Mivaneo, Nagada Ha

o o o o e o

Accelerated <100 coupons
Traditional >1,000 coupons



0.8
0.7
0.6
0.5

0.4 =
0.3

0.2
0.1

2.0 Thin-Thick

0.0

[0/¢,]

n/3

[0/¢]

[0,/¢]

" 5.0 Thick-Thin
E*/Tr

EMTr E.°/E,° E*/Tr n/4
: 6 1 { :
n/6 4:2
=~ e P
x ,-‘ "aa 3 .-"‘. 90?“‘0 EGO/EI
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,D ;! - :::::’” 00000
60V 45 1) : |
20 30 40 50 6020 30 40 50 6020 30 60

Need only 2 charts on

1 page to define all CFRP{—=—7%%

and all laminates:
1) Trace [Q] for stiffness
2) Omni strain for strength

Zer N SN




Master Ply and its Laminates

Plane stress stiffness [Q] is better represented by its
invariant trace: Q,, + Q,, + 2Q, - - a linear scaling factor

When normalize by trace [Q*] plies and laminates are
insensitive among many composite plies justifying a
master ply

The same invariance holds from ply to in-plane, and to
flexure (not shown here) — to scale design is made easy

Power of bi- and tri-angle tapes can save cost through
1- or 2-axis; increase CAl through 6-angle laminates

Certification of asymmetric layup and homogenization
of composite laminates can be accelerated with fewer
coupons, and more simulation guided by invariants

Recommend laminates with holes as test coupons



Opportunities in Composites Design

 Master fundamental theories, like invariants for
Master ply, a one parameter for design

* Multi-angle tape layup can achieve >2X in speed
and 6-angle laminates for increased CAl while
limited to 1- or 2-axis layup, no more 4-axis

* Thin plies can increase toughness and
homogenization - amenable to optimization, and
ply angle used as a continuous variable

* Simulation will guide tests for hot-wet, fatigue,
CAl, damage tolerance, and micromechanics

* Design allowable and certification can be
simplified by testing laminates with open hole
replacing smooth coupons of plies and laminates



