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Stiffness and Compliance Matrices
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Laminate in-plane stiffness in terms of ply stiffness [Q]:

I

0

e L] ) (i) _ -[irhm_ N RO
|A ]—H[H]—EZ[Q] h —Z[Q] T_ZI[Q.] v

where vi! = fraction of the i-th ply group

1=1



Ply & Laminate Stiffness Matrix & Trace
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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



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




Median and Coeff Var of E /Trace [Q]
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[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%



Transformed Components of Trace
For all laminates: Tr [Q] = Tr [A*] = Tr [D*]
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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 [/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 O

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%




Trace-normalized Stiffness of CFRP

[t/4]

[m/4]  A11*=A22* A66* TRACE*  E1* nu/x*
IM7/977-3 0.370 0.130 1.000 0.337  0.297
T800/Cytec 0.373 0.127 1.000 0.335  0.320
T700 C-Ply 55 0.371 0.129 1.000 0.337  0.305
T700 C-Ply 64 0.370 0.130 1.000 0.337  0.300
AS4/3501 0.368 0.132  1.000 0.338  0.282
IM6/epoxy 0.370 0.130 1.000 0.337  0.295
AS4/F937 0.373 0.127 1.000 0.335 0.314
T300/N5208 0.370 0.130 1.000 0.337  0.294
IM7/8552 0.372 0.128 1.000 0.336  0.312
IM7/MTM45 0.371 0.129 1.000 0.336  0.307
MEDILAM 0.371 0.129 1.000 0.337 0.303
Std dev* 0.15% 0.15% 0.15% 0.10% 1.1%

Example: 2(0.371 +0.129) =1.000 = Trace*




Q,,/Tr for CFRP

Master
ply
Theta C-Ply55 C-Ply 64 IM7/977 T8/Cytec IM7/8552 IM7/MTM Median Std dev

0 0.87 0.87 0.88 0.90 0.90 0.90 0.889 1.3%
15 0.77 0.77 0.78 0.79 0.79 0.79 0.784 1.0%
30 0.53 0.53 0.53 0.53 0.53 0.54 0.533 0.4%
45 0.28 0.28 0.28 0.27 0.27 0.27 0.275 0.2%
60 0.12 0.12 0.11 0.11 0.11 0.11 0.113 0.5%
75 0.06 0.07 0.05 0.06 0.05 0.05 0.056 0.6%
90 0.06 0.06 0.05 0.05 0.05 0.04 0.049 0.6%
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Transformed: Q,,’/Tr, Q.. /Tr, & CV

Based on 6 typical CFRP

Q,,/Tr
0.25
0.20
cv 0.15
/N
2% 0,10
1.3% max
1% 0.05
Coeff 1 0.6%
variation
0% 0.00
0 15 30 45 60 75 90

Transformation angle ©

Q' /Tr

0.4% max 10.50%

Coeff variation 2
= +0.25%

+0.00%
0O 15 30 45 e0 75 90
Transformation angle ©



Dispersion of Q,,* at 0° and 90°

IM7/8552
T800/Cytec
IM7/977
C-Ply 55
C-Ply 64

Enlarged
end view

C-Ply 55
C-Ply 64
T800/Cytec
IM7/8552
IM7/977

0.90
0.29
0.28
0.27
0.26
0.25

0.06

0.05

0.04

Fiber controlled

v

0 2 a4 & 8
Transformation angle 6

Matrix controlled

0.4

0.2

Median = 0.89; cv=1.4%

L

\ Q" =Qyy/Trace

v

g2 24 86 83 90
Transformation angle 6

0.0

0

15 30 45 60 75 90
Transformation angle 6



Trace in 3D of T300/N5208

Trace [C]=C;; +C,, + C;5 + 2C,5 + 2C 5 + 2C, = 247 GPa
2D trace = 206 GPa; Ratio = 247/206=1.2

[C] at O deg 1 d L 4 5
| 184.6 5.88 5.88 0 1]
d 13.94 7.06 0 0
3 13.94 o 0
1818 290 O 4 2
[Q] = 1035 O 717
_ 7.17 |
[C] at 45 deg /| d | 4 5
| 59.75 45.41 6AT 0 0
Fi 59.75 647 0 0
1 13.94 o ¥
4 i | 1.87
B 531
b




3D vs 2D Trace: Constant ratio of 1.2

20 E1* 3D E1* 3D/2D 2D/3D
CFRP Tr, GPa 2D Tr, GPa 3D Trace E1*
IM7/977-3 218 0.88 261 0.75 1.20 A7

1
T800/Cytec 183 0.89 219 077 1.20 1.16
T700 C-Ply 55 139 0.87 170 0.73 1.22 1.19
T700 C-Ply 64 163 0.87 199 0.73 1.22 1.
AS54/3501 162 0.85 200 071 1.23 1.
IM&/epoxy 232 0.87 279 074 1.20 1.
T300/N5208 206 0.88 248 0.74 1.20 1.
IM7/8552 192 0.89 227 077 118 1
IM7/MTM4 5 195 0.90 228 0.78 1.17 115
T700/2510 144 0.88 175 0.74 1.22 .19
T650/epoxy 160 0.87 197 0.73 1.23 19
IM7/8552 N 180 0.88 215 076 1.20 A7
T4708/MR60H 158 0.80 187 078 1.18 15
Cytec/MTM45 143 0.89 171 0.76  1.20 A7
Median 171 0.877 208 0.748_ 1.20 A7
Coeff Var 28 1.3% 2.1% T 1.7%

Less fiber, and more matrix contribution to trace: 0.877 for 2D versus 0.748 for 3D
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Trace-based [t/4] Stiffness of CFRP

[T1/4]
IM7/977-3
T800/Cytec
T700 C-Ply 55
T700 C-Ply 64
AS4/3501
IM&/epoxy
AS4/F937
T300/N5208
IM7/8552
IM7/MTM45
T700/2510
T650/epoxy
IM7/8552 N
T4708/MR60OH
Cytec/MTM45
T8005/3900
Aluminum
Steel
MEDIAN
Std dev*

Al11*=A22*
0.370
0.373
0.371
0.370
0.368
0.370
0.373
0.370
0.372
0.371
0.372
0.371
0.371
0.373
0.373
0.373
0.370
0.370
0.371

0.14%

Abb6™
0.130
0.127
0.129
0.130
0.132
0.130
0.127
0.130
0.128
0.129
0.128
0.129
0.129
0.127
0.127
0.127
0.130
0.130
0.129
0.14%

Tr, GPa
218
183
139
163
162
232
168
206
192
195
144
160
180
158
143
168
204
613

E1*
0.337
0.335
0.337
0.337
0.338
0.337
0.335
0.337
0.336
0.336
0.336
0.337
0.336
0.335
0.335
0.335
0.337
0.337
0.337

0.1%

nu/x* Tr/SG Tr/Al

0.297
0.320
0.305
0.300
0.282
0.295
0.314
0.294
0.312
0.307
0.314
0.307
0.306
0.320
0.318
0.320
0.300
0.300
0.306

1.1%

136
114
87
102
101
145
112
129
120
122
90
100
112
99
89
105
79
79

1

e e . B R e e R . R R e N B B R ==

A3
45
1
.29
.29
.85
42
.64
.52
.55
14
.28
43
.26
14
.34
.00
.00

Al/Tr
0.58
0.69
0.90
0.77
0.78
0.54
0.70
0.61
0.66
0.64
0.88
0.78
0.70
0.79
0.88
0.75
1.00
1.00
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Average Trace for Tr + # Tr -

Higher tensile >>> Tr +
(O

Average modulus
= [(Tr +) + (Tr-)]/2

.

P 4
P 4
P 4
P 4
P d
-
A
“d

—

€

Lower compressive >>> Tr -




Average Value of Traces for T650

Oy Average Trace = 155 + 4%
Ex- 127 | Ex+ 139
Ey + 9.4 Ey + 9.4 160
0)
T X 140
Ex- 127 Ex + 139
Ey - 10 Ey - 10 é_c 120
)
E. = 5.15, v, = 0.316 o~ 100
L 4
Four possible stiffness £ &0
combinations leadingto =5
. N 10
four possible traces
40]
Oy
148.4 I 160.4 20
—— Ave = 155 —— O, 0

0 1> 20 45 b0 75 S0

149.1 ‘ 161.1 .
Transformation angle 6



Measurement of Trace from E,”

Material: T800/AR250 = 177 (T700/AR250 = 144)

Tr = E,°/0.337
180 -Eﬂ-l' Median =177 GPa: cv = 57/
160 i
|I|I|I|I|lil!||l‘

T

100 ARREgALE

[(0/£30),
/+60/90]

60

3 [

" ALy
0

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31



Tensile and Compressive E,°/Trace
Room temp dry (with¢), -50°C dry, +80°C dry and wet

Median 0.886; cv=2.5% Median 0.877cv = 2.4%

0.95

0.90

0.85 -
0.20 -

0.75 -

0.70 -

Tensile Compressive

RTD

CTD
s
—_—

0.886/0.877 = 1.01, or 1% difference

ETw 0



Average Trace for Unitape and Fabric

EE Median = 149 Y Room temp dry (¢), -50°C dry, +80°C dry and wet
150 Ot ) - i:; Blue tip corrects dlffererlce between Tr +/-
140 . o) g 140 - ko [Q Median =127
120 3 ! 1207 E_? /> N
g 120 g 120 - 5
g 1Y : G 110 - |
S 100 Unitape S 100 | Fabric
= = ] | \
S0 - I
0.92 . 049 -
Median = 0.882; dv = 2.5% E Medign = 0.473; cv = 2.5%
0.91 - ORTD 4o -
°|_|_T' 0.89 - § °|_|_T' 0.47 -
@ :S\ ) M @ 1 g
s 8 7] = 046 -
= s el e ol ¢
S I ‘ ‘ ‘ 2 045 - I
§ 0.83 | l § |
£ o Unitape = %4 11l Fabric
o.g1 ML EEETREL L TEEL AELL 0.4z M R RLE RLEL DR L L L 1L E L)




Trace-based E,° vs Unitape Data

Theory: E;°*=160x 0.207 = 33.1 GPa
Laminate Trace [m/4] Other laminates. ..

Percent [O] 100 23 10 50 9 53 8 50 K)
Percent [+45] 0 50 80 40 73 36 84 43 Laminate
Percent [90] 0 23 10 10 18 9 8 7 v
Master ply factors '
Te30/epoxy
IM7/8552 N
T4708/MR&0H
Cytec/MTM45 v
Te30/epoxy Data 51.3 /8.3 29.8 78.3 4
IM7/8552 N Data 57.6 36.0 320.7 Data. GPa
T4708/MR&0H Data 51.3 31.2 86.5 ’
Cytec/MTM4 5 Data 48.3 30.0 Median %
Te50/epoxy 160 0.95 0.94 0.90 095 095
IM7/8552 N 180 0.95 030 0.597 0.93 oo
T4708/MRB60H 128 0.96 0.68 0.99 0.96
Cytec/MTM45 143 1.00 0.94 0.97 Vv
Median 0.957

Ratio: 30.0/31.9=0.94




Trace-based E,” vs Fabric Data

Theory: E;°=119x0.432 =51.4 GPa

Fabric Trace [m/4] Hishear Lo shear
Percent [0] 100 50 20 80
| Percent [45] 0 50 80 20
|Master ply factors
Park T7O0/E7BS

/ A

|Cytec T650 Plain ‘Theory, GPa
|Cytec T650 BHS
| AS4/MTM45 !
|Park T700/E765  Data 41.1  26.8  50.6 A
Cytec T650 Plain  Data 488 319  61.0 5

ata, GPa

\Cytec Te30 &H5 Data 49.5 32.3 B1.6

| A/ MTM45 Data 44.1 27.8 33.3 Median
|Park T700/E7B5 119 1.02 1.01 0.98 1.01
|Cytec T&50 Plain 148 0.98 Q.97 0.35 037 gritio
|Cytec Te30 &H5 147 1.00 Q.99 0.97 0.95
|AS4/MTM45 133 0.98 .94 0.96 0.96 v

THigher lamination
Ratio: 44.1/44.8 = 0.98 efficiency

> |€




Trace-based Lamination Efficiency

Laminate [n/4] Other laminates . . .

Percent [0] 25 10 50 9 5o 8 50
Percent [+45] 50 a0 40 73 36 24 43

Percent [90] 25 10 10 18 9 8 il Average
T650/epoxy 0.95 0.94 0.95 0.95
IM7/8552 N 0.97 N0.91 0.98 0.95
T4708/MR60OH 0.96 0.88 0.99 0.94

1.00 0.98
Median 0.949

Cytec/MTM45  1.00

Example: For T650/epoxy unitape Trace [Q] >Q,, + Q,, +2Q, =160 GPa =Tr [A°]
For [m/4], E;° =0.337 Tr [A] = 0.337 x 160 = 53.9 GPa
NIAR data = 51.3 GPa; Lamination efficiency: 51.3/53.9 = 0.95

When laminate is perfect, the factor is 0.337. In real laminates, defects reduced
laminate efficiency to less than 100 percent. Reduction for CFRP is about 5 percent



Trace-based Manufacturing Efficiency

A Measure of Quality of Lamination

Laminate  Trace [m/4]  Otherlaminates. ..

Percent [O] 100
Percent [+45] 0
Percent [90] 0

Master ply factors 187 0.337

El perfect l[aminate, GPa
Tea0/epoxy Data
IM7/B53532Z N Data
T4708/MRe0OH Data
Cytec/MTM45 Data

Tea0/epoxy 160
M7 /8352 N 180
T4708/MRB0OH 158
Cytec/MTM45 143

E,=187x0.337=63.0 GPa

23 10 50

9 33 8 30

50 80 40 3 36 84 43
23 10 18 9 8 i
0. 0.518 0.225 0.551 0.207 0.516

63.07 41.7 96.9 42.1 103.0 38.7 96.5

31.3 /8.3 29.8 78.3

37.6 36.0 90.7

31.3 31.2 8b.5

48.3 30.0 Median
0.95 0.94 0.90 0.95 095
0.95 27 0.95

0.96 0.96
1.00 0.94 0.97
dian 0.957

Example: [rt/4] T650/epoxy Laminate efficiency =51.3/63.0*187/160 = 0.95



Laminate Stiffness vs Fiber Volume
Master ply CFRP

ABSOLUTE NORMALIZED
o . Normalized
Trace, E;°, GPa Trace [A*] Fraction of Trace reference
250 1.4 g trace
clv
Qs
1.2 Q15
200 T Reference o0 e
188 trace . [O] 1.0 E,* [0]=0.89
150
0.8
E,° [0/90]
100 0.6~ E,*0/90] = 0.47
Mlﬂ 0.4 *
50 E.* 41=0.37
0.2 1~ /4]
0 0.0
0.4 0.5 0.6 0.7 0.4 0.5 0.6 0.7

Fiber volume fraction v; Fiber volume fraction v;



Laminate Stiffness vs Matrix Stiffness

Master ply CFRP

ABSOLUTE NORMALIZED
Normalized
o . reference
Trace, E,°, GPa Trace [A*] Fraction of Trace o
ll’gg Reference 100 percent
trace Fully fiber 1-Y°
167 — E,* [0] controlled £, [0]
150 . 89 percent g(/
 Fully fiber Miatrix ful S
controlled: Tr = E, degradedy S §
0.6 Q (=
50 percent S
100 E-*{0/90 | g *
83.5— R e | E;* [0/90]
controlled (.4
ﬁ
50 E*fr/4] E,* [n/4] = 0.37
0.2
C 0.0
0 1 P 3 4 5 ( 1 P 3 4 5

Matrix stiffness E_, GPa

Matrix stiffness E_, GPa



Trace +, GPa

Trace +, GPa

Trace +/-: Unitape vs Fabric = +16%

Trace of CFRP: Room temp dry, -50°C dry, +80°C dry and wet

180
160
140

1a0

140

120
100

g &

o

Median =153 GPa; a5 7.9%

1S
153/144
=1.062

- -

Unitape +

I

1535 79 111315171921 2535 27 M 313555 373

153/131 =1.167

135 7 911135171921 2325 27 0531533353730 41453454 74951

Median =144 GPa; cv=5.8%

T H—'l—l =

Trace —, GPa

Trace —, GPa

140 -

1
1

& 8838

o &

1e0
140
1220
100
=
=0
40

a

il

Unitape -

1 535 79 111315171921 235 2729313335 5739

Median =131 GPa; cv = 12% 131/124=1.056 Median = 124 GPa; cv=12%

144/124 = 1.161

F 1

Fabric -

135 7 9111531517192]1 253527 85153533537374143454 74951




Trace +, GPa

E,*/Tr+

CFRP Fabric: Absolute Trace *; E,*/Tr

Trace of 11 CFRP: Room temp dry (¢), -50°C dry, +80°C dry and wet

Median =131 GPa; cv=12%

: —_ . —_ (o)

- 131124 160 ‘ Median =124 GPa; cv = 12%
140 =1.06 140
120 120
100 & 100

=0 QI)\ =0

&0 Trace + g &0 Trace -

40 I‘_E 40

20 20

8] 0

Ods
046
0.44
042
0.40
.32
.36
0.3
.32
0.30

' Median =0.470; cv=2.6% **' ORTD ..

4 Ko

<\1 £

| Y

ol

e

3
E,™ +

-

i

.45
.46
.44
.42
2,40
0,35
0,36
0,34
0,32
0,30

E,~/Tr -

135 791113517192 1235 27953155355 7294143454 74951

135 79111351719212855 27953153355 755414345 474951




Normalized Fabric Stiffness: E,°/Trace

Room temp dry, low temp (-50°C) dry, high temp (+80°C) dry and wet

E.°/Trace

0.49
0.438
0.47

0.46
0.45

0.44
0.43

0.42
0.41

; @)
E o ) Ratio Median, cv
1.03 ETW: 0.484, 1%
()]
> 7 1.01 | ETD: §0.473, 2%
R 1.00 RTD: 0.469, 1%
N 0.97 CTD:
o i 0.455, 1%
2
(@)

i

|l

1 3 53 7 9 1113153171921 2325274931333537394143



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 — [y

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




Outline

Trace-based theory
Supporting data
Prelminary design

Omni strain allowable



Hypersizer Methodology 1

Each sub-component/element independently sized
based on local loading conditions




I
—

Hypersizer Methodology 2

Ply composition of each element in terms of
ply count of 0, £45 nd 90

Wmoo‘lbmmmﬂnw
Global Pty | t (in) | Matenal

Tapo ASA/3502 Tape DT

16 0 0055
45 0 0055
wtl
43 0 0055
27 0 0055
| 25 0 0055
|
9 0 0055
7 0 0055

Tape AS4/3502 Tope DT

Tape AS4,3502 Tape DT

Tape AS4/3502 Tape D1

Tope ASA4/3502 Tape DT

Tape ASA/3802 Tape DT

Tape AS4/3502 Tape D1

'ﬁ Innnr\&

[1-1\-. ASAANNT Tana DT

= -

18

42
4

23

n

|e X|ra | 106] 107] 108

i6
45

43

27

25

1 ransations / Comg
Ply Display Pl

10910 n2ina|nda s ne| 1z 1;8 119120 121|122 123

45

43

27

25

"

44
43

4)

24

43
42

40

23

)

i

40

24

22

a4

22

20

31 |29
30 |28
28 128
19 |18
17 |18
8 |8

) L

23
22

20

20

18

21 |27 |15 |9

20 |20 |14

18 |18

¥

4 e I R 7
12 |12 |9 |6 )
8 |8
6 |6 |6

\ ) 5 "a




Hypersizer Methodology 3

Ply layup sequence to make it compatible between elements
showing ply drop of 0, 45 nd 90

M._—__-_I——

Note mid-plane symmetry, and complex ply drop



Hypersizer Methodology 4

Ply layup sequence or stacking
showing ply drop of 0, £45 and 90

A manufacturing nightmare



Laminate Desigh: Homogenization
[03/ i'4'5/ 90]35 [Oz/ 'I—'H4s ['I—'Hes ['I—'H 12T

n=36 n=32 n=24 n=24
Symmetric Symmetric Symmetric Asymmetric

Fewer angles, thinner plies

46



Homogenization Opens a New World

[0/+45/90] , T800/52
r =repeat = 2, T = total

>>>>

A*

B*

3B*

D*

To be homogeneous:

5%

0%

Vanishing B, *, D,*
Pl
ES

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

764 226 0 -£36 28 24
226 764 0O 28 22 _34
0 o 260 | - 5;-4 -5|;4 g—f
61.7 206  16.1 161
-2 b 10 109.(r) 226 -2
206 26 161 161
: b _lo 226 | 44(r) -2
161 161 296 161 161
T r T r r TTr2 |z 26.9 |
T £ 100% /)—
%o 98% .
g Dll*/All*
v 9%
‘2 94% X* = uniaxial strength
£ 92% -
E 0% | repeat

14

=
o
q

8

10 12 14

16 r




Asymmetric Panels Do Not Warp

Nonstop stacking, no mid-plane symmetry

\I

Bob Skillen
VX Aerospace

600 x 900 x 2 mm thick panel No warpage



Optimized [t/4] C-Ply vs Metals

(for same deflection)

1111 N/m

900 mm

=
=]

=k
(-]

7/
(@)
o
wn

=
ul
X

4.0
35
3.0
TE25

E 12 1:""*\.;%\ 5
7 N (Inx)h2 2.
Qo . X" ™= =
£ &
= %ﬁ% =

2 i“ﬂ

Spanwise position, m

0 0.2 0.4 e

Sangwook Sihn

Weight: Metal/C-Ply

B

3.3 f

C-Ply Be Mg Al Ti

|
'y

Fe

Optimum n




Optimum Profiles for Cantilever Beams

Sangwook Sihn

0.75 == Concentrated P

5 . 1'---_.__' | =1 = Uniformly distributed
'__'—-—-..._w = « Linearly varying [Max. @ Fixed end)

—D— Linearly varying (Max. @ Free end) ||

N

12 /150""“ \\
2.25

hickness [mm)]
=

d ||I' EE‘ | T oo —I_.\. Itl.I (F-x
x 'W
A i f —
0
0 0.2 0.4 0.6 0.8 1

Spanwise position [m]



Optimum 48-layer Thick-thin C-Ply Layup

Laminate thickness, mm

|

16T
thick ply

l

A
16T
regular ply

v

16T thin ply

1

1111 N/m

18

16 -/
~ Horizontal Iy 900 mm Jd 1

tangent

e Optimum: cos'x
¢ 48 thick-thin layers
e >6X productivity
¢ Flexible ply drop

. * Noresidual stress
B & ;

-
= Ply thitk = 0.25mm

o =
) .
a4 Ply thick =0.125mm : e
| i
21 ; - ' —=
Ply thick =0.0625mm
0 A '
] 0.2 0.4 0. 0.8 1
g

Beam length, m



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 |1

75 271,87 287,706 15,50




Scaling by Trace for Panel Buckling

Giulio Romeo

Material L:: N, N, ccateq EFT, % N, Nyscalea Er % N, N,y scatea ETT, %
1 -3073 -3023 | 166 - - - - . -
2 -1734 -1693 | 244| -6930 -6769 | 2,38 - - -
IM6/Epoxy
3 -1660 -1628 | 198| -6640 -6511 |198 83 82,4 0,70
B -1500 -1458 | 290| -60,00 -58,31 | 2,90 -75 -73,1 2,53
1 -2154 -2109 | 2,13 - - - - . -
2 -1220 -1181 | 3,30| -4880 -47,23 | 3,33 - - -
AS4/3501
3 -1165 -1136 | 258| -4660 -4543 |258| 583 57,5 1,38
4 -1060 -101,7 | 421| -4240 -4069 | 421 -53 -51,0 3,85
1 -1860 -189,7 | 1,97 - - - . - =
C-Ply 2 -1050 -1071 | 193] -4200 -4057 |3,53 - - -
3 -1000 -1025 | 2.44| -40,00 -3902 | 2,50 50 494 1,22
4 910 -9262 | 175 -365 -3495 |444| 456 -438 4,02
1 2734 -2688 | 1,71 - - - . . -
2 -1543 -1505 | 2,51| -61,70 -60,19 | 2,51 - . -
T300/N5208
3 -1476 -1447 | 1,97 -59 -57.9 1,90 74 76,0 2,68
4 -1337 -1296 13141 -535 -51853 13,18 67 -68,7 2,49




[0/251 Unique NCF at Chomarat

Shallow angle, wide ranging thin plies,
noninvasive stitching, hybrid, ...

Machine run
i direction



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



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

ATL: 6X (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-¢

ATL: 4X (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-¢
ATL: 2X (17/66/17) (25/50/25) (33/33/33)

4-axis ATL as unity base-line




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

Master Ply Stiffness Chart

[0,/¢]

0.8 Thick-Thin

n.? : 2:0 = [0,/*]
) E,°/Tr

0.6 = '

Bi-angle C-Ply:
[0/¢,] [0/¢]
. Thin-Thick o5 + Thin-Thin
2:0 = [0/1¢] 13y, N0* [0,/%¢]
E,°/Tr ES/E° '
- 4
2: e
20 30 40 50

:0
R R S s o

20

e .___-....

1.0
0.8
0.6
0.4

30 40 50

60

0.2

[tp] 20

30

40

0.0 | |
[tp] 20 30 a0 50 [EQ]



A Master Ply Design Chart: Best E,

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

Bi-angle C-Ply:
[0/ep,] [0/¢] [0,/¢]
Thin-Thick Thin-Thin Thick-Thin
0.8 : -
-2:0=[0/% s, 2:0=[0,/% 2:0=10,/%
07 & [0/+¢] /3 N0 *}T: ¢l . [0,/ ]
E,*/Tr E°/E.° | | ! /4 | U
0.6 6= /e + - a

0.5
0.4
0.3
0.2
0.1

D-D AZ AV A4
20 30 40 50 6020 30 40 50 6020 30 40 50 60
[+ep] [+ep] [+p]




A Master Ply Design Chart: Best G/E

Smooth lines = normalized = E,*, GPa ; Dots = E;°/E,°

Bi-angle C-Ply:
[0/¢,] [0/¢] [0,/¢p]
Thin-Thick Thin-Thin Thick-Thin

D-E [ I I
07 - 2:0 = [0/+¢p] 8 2: | 2:0 = [0,/*]
] E,°/Tr

20 30 40 50 6020 30 40 50 6020 30 40 50 60
[+e] [+¢p] [+e]



Master Chart for C-Ply to Replace

A: [0/+45,/90]; B: [0,/+45,/90]; C: [0,/+45,/90]

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

Bi-angle C-Ply:
[o/(Pz] [0/¢p]
Thin-Thick Thin-Thin
0.8 s
- 2:0 = [0/+¢] s, 2:0 =[0,/%¢p]

E,°/Tr

Low cost
replacement

Lam A: C-Ply [0/45,)
Tape: [0/+45]; 2:2
[(0/+45)/(+45/90)]
E,° = 26.3 (30.8, 85%)
E.° = 25.3 (25.9, 98%)

Lam B: C-Ply [0/50,]
Tape: [0/450]; 4:2
[(0/£50),/(+40/90)]
E,° = 43.0 (43.6, 99%)
E.° = 21.8 (22.4, 97%)

Lam C: C-Ply [0/39]
Tape: [0,/£39]; 4:2
[(0,/£39),/(+51/90,)]
E,°=58.0(59.3, 98%)
E.°=17.4(18.0, 97%)



A Master Chart for C-Ply to Replace

D: [0, /+45,/90]; E: [0./+45,/90]

Smooth lines = normalized = E;*, GPa ; Dots = E.°/E,° Low cost
Bi-angle C-Ply: replacement
[0/¢,] [0/¢]
Thin-Thick Thin-Thin
0.8 - | .
0.7 : ) Tape: [0/+40]; 4:2
| - NET [(0/£40),/(£50/90)]

E,° = 45.0 (46.5, 103%)
E.°=21.0(21.9, 104%)

Lam E: C-Ply [0/37]
Tape: [0,/£37]; 2:0
[(0,/+37)]
E,°=75.7(71.6, 106%)
E.°=17.0(15.3, 111%)




Normalized stiffness

Ultra-shallow-angle C-Ply: 5 < ¢ <20

o 0 _ Alan Nettles
El /Tr [A ]; TI‘ —139 GPa . E60/Elo - X — >1,500 MPa X — 820
0.8 e E— [£12.5] [£22.5] P Failure strain | SCF=1.8

) 2:0 = 1.1 percent
o .

0.6

0.4
@ Data 2:0
0.2

(] |
0.0 Tttt g

0 3 10 | 1

2 20 | 25 30 35
1.4 .
“F °/E.° olsson's
1.2 F= m
: 4.2

1.0
0.8
0.6
0.4
0.2
0.0

- 4:2

[£12.5] [£12.5]/hole
——— No delamination




Outline

Trace-based theory
Supporting data
Prelminary design
Omni strain allowable



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 Rf) 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,,, . .

° E16; 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
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135
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255
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Polar angle of radial strain vector: 0 to 2t @15° increments=>=>=>
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165"
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1517
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» Controlling ply angles -
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9.84
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19.86
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15.81
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2646
2517
23.21
22.49
23.10
24.29
24.90
24.29
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22.43
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2517
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22.49
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24.29
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28.43
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26.49
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28.98
28.43
27.33
26,55
26.34
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15.7684
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CFRP Omni Envelopes in Polar Plot

FPF strain, 103 €|
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Pure shear




Omni Strain Envelope for T800/Cytec

All uniaxial tensile data can be placed on this principal strain plane
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Omni Strain FPF and Circle, and Tr [G]
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T700/2510: Failure Strain of OHT/OHC
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T650/epoxy: Failure Strain of OHT/OHC
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IM7/8552: Failure Strain of OHT/OHC
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T4708/MRG60H: Failure Strain OHT/OHC
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Cytec/MTM: Failure Strain OHT/OHC
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Trace [G] strain, 1-3
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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 — 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

 Trust 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 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
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