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Manufacturing Technologies of Thermoplastic
Composites for Commercial Aircraft
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Materials used in 787 body

Fiberglass M Carbon laminate composite - Total materials used
M Aluminum I Carbon sandwich composite - By weight
Aluminum/steel/titanium : Other
steel 3% Composites

10% 50%

itanium |
15%

A!ummum

By comparison, the 777 uses 12 percent
compaosites and 50 percent aluminum.




B AMEL

o

- 232380 K #1]

™ TR

CFRP Outer

Center Wing Box:
HT & IM Fiber,

Y Y |

Vertical Tail Plane:
IM Fiber, ATL for Torsion
Box and Rudders

Rear Pressure Bulkhead:
CFRP, RFI with NCF

Un-pressurized Fuselage:
solid laminated CFRP,
AFP -

Horizontal Tail Plane:

IM Fiber, ATL for
orsion

Box and Eleva
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Process Temperature

Morphology

715° — 740°F (380° — 395°C)

Semi-Crystalline

575°% = 625°F (300° — 330°C)

Amorphous

550° - 620°F (290° — 325°C)

Semi-Crystalline

645° — 690°F (340° — 365°C)

Semi-Crystalline

360° — 400°F (180° — 205°C)

Semi-Crystalline

Polymer Tg

PEEK 290°F (143°C)
PEI 423°F (217°C)
PPS 192°F (89°C)
PEKK 312°F (156°C)
Nylon — 11 108°F (42°C)
Nylon -6 116°F (47°C)

415° — 450°F (210° - 230°C)

Semi-Crystalline

Table 1. Thermoplastic Polymers Used in Composites



PREB M B AR RV IR 1 fE
wWhe |mE | T, | T, | 3E | mEx | wwaE
(glcm3 | (C°C) C) (Pa.s)
PPS 1.35 85 285 140 -0.02% | 315~—~340
PEI 1.27 210 | 360 -
PEEK 1.32 143 | 343 3500 350~380
PEKK 1.29 156 | 338 2500 -
Epoxy (PE 1.2 193 - 2~3 4.13% 177

3501)
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W g PR | NHEE | WREKER | BRI
(GPa) (MPa) (%) (KJ/m?)
PPS 3.76 90.3 7
PEI 2.96 104 7
PEEK 3.6 93.8 4.7 2.0
PEKK 4.48 102 4.0 1.0
Conventional Epoxy 4.43 69.0 1.7 0.1

(PE 3501)
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Chemical Resistance of Candidate Resins

PPS PEI PEEK
RT | 100°C | RT | 100°C | RT | 100°C
Sulfuric acid, <10% | A A A C B B
Sulfuric acid, >10% | A C A C C C
Ethanol A A A B A A
Ethylene glycol A A A B A A
Acetone A A C C A A
Toluene A A C C A A

A = no attack B = slight attach C = severe attack
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TENCATE CETEX” ENGINEERED THERMOPLASTIC COMPOSITES

. Available c Temperature

Ts = 250-300°F (93-143°C)

Fatrics, Unitape, Poly-ether-ether-ketone  Tg=290°F (143°C) Semi-Crystalline

Cetex PEEK

A e Tp = 715-740°F (380-395°C)
B Ts = 150-200°F (65-93°C)
Cetex PPS  ocrics. Unitapa, o o viene Sulfide  Tg = 192°F (83°C) Semi-Crystalline

RTL, BMC Tp = 575-625°F (290-325°C)

Ts = 300-350°F (149-177°C)
Cetex PEI Fabrics & RTL Poly-ether-imide Tg=423°F (217°C) Amorphous
Tp = 575-625°F (290-325°C)

BMC - Thermoplastic bulk molding compounds. RTL - Reinforced Thermoplastic Laminate. FST-Flame, smoke and toxicity.

Highest temperature performance
Excellent solvent resistance
Low FST

Excellent solvent resistance
Low moisture absorption
Low FST

Moderate service temperature

Good bondability

Good high temperature performance
Low FST
Moderate solvent resistance
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Physical/Thermal (nominal values)

T300 3K 5HS/PPS with double sided Amcor foil TI81/PPS
Mechanical Properties 80°C (176 F) Dry
Tensile strength warp 730 MPa 105.9 ksi 280 MPa 40.5 ksi
Tensile strength weft 646 MPa 93.6 ksi 281 MPa 40.7 ksi
Tensile modulus warp 57 GPa 8.2 Msi 20 GPa 2.9 Msi
Tensile modulus weft 53 GPa 7.6 Msi 19 GPa 2.7 Msi
Compression strength warp 558 MPa 80.9 ksi 297 MPa 43.0 ksi
Compression strength weft 526 MPa 76.3 ksi 203 MPa 29.4 ksi
Compression modulus warp 51 GPa 75 Msi 22 GPa 3.2 Msi
Compression modulus weft 51 GPa 74 Msi 20 GPa 2.9 Msi
Flexural strength warp 955 MPa 1384 ksi
Flexural strength weft 794 MPa 115.7 ksi
Flexural modulus warp 58 GPa 8.4 Msi
Flexural modulus weft 45 GPa 6.5 Msi
In plane shear strength 108 MPa 15.7 ksi 60 MPa 8.6 ksi
In plane shear modulus 2651 MPa 384.4 ksi 1705 MPa 2473 ksi
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Ph ¥5ica|ﬁh ermal {nn.min al valu gs} T300 3K SHS/PPS with double sided Amcor foil TI81/PPS

Mechanical properties 80°C (176°F) conditioned at 70°C (158°F) and 85%RH

Tensile strength warp 756 MPa 109.6 ksi 289 MPa 41.9 ksi
Tensile strength weft 698 MPa 101.2 ksi 289 MPa 41.8 ksi
Tensile modulus warp 56 GPa 8.2 Msi 21 GPa 3.0 Msi
Tensile modulus weft 53 GPa 7.6 Msi 19 GPa 2.8 Msi
Compression strength warp 578 MPa 83.8 ksi 230 MPa 33.4 ksi
Compression strength weft 535 MPa 775 ksi 156 MPa 22.6 ksi
Compression modulus warp 52 GPa 1.5 Msi 22 GPa 3.1 Msi
Compression modulus weft 51 GPa 74 Msi 20 GPa 2.9 Msi
Flexural strength warp 977 MPa 141.7 ksi

Flexural strength weft 739 MPa 107.2 ksi

Flexural modulus warp 60 GPa 8.7 Msi

Flexural modulus weft 44 GPa 6.4 Msi

In plane shear strength 104 MPa 15.1 ksi 68 MPa 9.8 ksi

In plane shear modulus 2998 MPa 434.7 ksi 1437 MPa 2084 ksi
Open hole tensile strength 270 MPa 39.1 ksi 135 MPa 19.6 ksi
Open hole compressive strength 232 MPa 33.7 ksi 110 MPa 16.0 ksi
Compression after impact 218 MPa 31.6 ksi

Bearing strength yield 413 MPa 59.9 ksi 184 MPa 26.7 ksi
Bearing strength ultimate 839 MPa 121.6 ksi 384 MPa 55.6 ksi
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Physical/Thermal (nominal values)
Mechanical properties 80°C Dry

T300 3K PW/PEI

I BE

T300 3K 5HS/PEI

English Units Metric English Units Metric
Tensile strength weft 101.6  ksi 701 MPa
Tensile modulus weft 8.1 Msi b6 GPa
Compression strength weft 80.6  ksi 556 MPa
Compression modulus weft 74 Msi 51 GPa
Flexural strength weft M7.2  ksi 808 MPa 115.0 ksi 793 MPa
Flexural modulus weft 71 Msi 49 GPa 6.4 Msi 44 GPa
In plane shear strength 175 ksi 121 MPa
In plane shear modulus 3908 ksi 2695 MPa
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Physical/Thermal (nominal values) T300 3K PW/PEI T300 3K 5HS/PEI 7781/PEIl |
Mechanical properties 176 F (80°C) conditioned at 122°F (50°C) and 95% RH for 7 days
English Units Metric English Units Metric English Units Metric
Flexural strength warp 124.3 ksi 857 MPa 945 ksi 652 MPa
Flexural strength weft 115.4 ksi 796  MPa 83.8 ksi 578 MPa
Flexural modulus wart 13 Msi 50 GPa 3.9 Msi 27 GPa
Flexural modulus weft 6.7 Msi 46 GPa 3.5 Msi 24 GPa
Mechanical properties 176 F (80°C) conditioned at 158°F (70°C) and 85% RH
English Units Metric English Units Metric
Tensile strength weft 929  ksi 641 MPa 112.1 ksi 773 MPa
Tensile modulus weft 8.0 Msi 55 GPa 8.0 Msi 55 GPa
Compression strength weft 76.3  ksi 526 MPa 877 ksi 605 MPa
Compression modulus weft 75 Msi 52 GPa 78 Msi 54 GPa
Flexural strength weft 109.0  ksi 752 MPa 108.0 ksi 745 MPa
Flexural modulus weft 6.5 Msi 45 GPa 6.4 Msi 44 GPa
In plane shear strength 15.8 ksi 109 MPa 15.8 ksi 109 MPa
In plane shear modulus 3674 ksi | 2534 MPa 3715 ksi 2562 MPa
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Mechanical Properties -65°F RT 180°F 180°F WET"
(-54°C) (82°C) (82°C WET")
0° Tensile Properties
Strength, ksi 390 390
Modulus, Msi 24.0 24.0
Strength, MPa 2630 2630
Modulus, GPa 165 165
0° Compressive Properties
Strength, ksi 230 210 180
Modulus, Msi 220 22.0 220
Strength, MPa 1580 1450 1240
Modulus, GPa 152 152 152
Quasi Compression After
1500 in-lb/in Impact
Strength, ksi 38
Strength, MPa 262
Quasi Open Hole Compression
Strength, ksi 45 39 7
Strength, MPa 310 269 255
Quasi Open Hole Tensile
Strength, ksi 65
Strength, MPa 448

Property values listed are typical for laminates with 57 to 63% fiber volume. All testing per BMS 8-276.

Cure = 3 hours at 355°F (180°C).
Wet =7 day water immersion at 165°F (74°C)
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Test Condition

Results”

3.5 W &
0® Tension -T5°F (-59°C) . 438 (2965)
0-Firfd ambient humidity 27.7 (191)
Strength, ksi (MPa) —?5:"}_:__:,'1—_59;'3‘.1 . 1.45
RAHE, ksi (MPa) R 0.326
Modulus Msi (GPa) ASTM D3039
i, Msi (GPa) [0]18 R 445 (2703)
- oom temperature, .
Strain, % ambient humidity 28.3 (195)
[, % i, AR 47
Poisson’s Ratio 0.331
=] o=
| 20° Tension
90" Fi {6
. Room temperature, ) )
Strength. ksi (MPa) ASTM D3039 ambient humidity 12.8 (88)
, ksi (MP 90112 e N 12(8.6
HREE, ksi (MPa) [20] B (8.6)
Modulus Msi (GPa)
W, Msi (GPa)
Room temperature, -
ambient humidity 253 (1747)
0° Compression iR SRR 24.1 (165)
0°FE48 180°F (82°C) ,
Strength, ksi (MPa) SACMA SRMD1R94 ambient humidity 203 (1402)
M AEE, ksi (MPa) (016 180°F (B2°C) , 24.0 (166)
. HEigng
Modulus Msi (GPa)
Hi, Msi (GPa) 180°F (82°C) ,WET' 194;1 .1339)
180°F (82°C) ., &’ -
it B
90° Compression
90" Hesg
. ) Room temperature, I
Strength, ksi (MPa) SACMA SEMD1R94 ambient humidity 39.3(271)
HEE, ksi (MPa) [20]12 1.4 (9.7)

Modulus Msi (GPa)

B, Msi (GPa)

EiR HEEE




Test Method
Properties W Condition

Hae Lay Up &
HE

Interlaminar Shear Strength

=[] Yy 7] 50
(Short Beam Shear) ASTM D2344 Hﬂﬁ'ﬂ&éﬁﬂfﬂ:&?{f' 0103
(R (010 iR, R .
Strength, ksi (MPa)
3, ksi (MPa)
Room temperature,
ambient hurmidity 12.7 (88)
Compressive Interlaminar =i, WA
Shear Strength 180°F (82°C) , ambient
s 0 ) ) ASTM D3846 humidity e a
Strength, ksi (MPa) [0]20 180°F (82°C). 9.9 (69)
3%, ksi (MPa) ki

180°F (82°C) , WET'

.. 8.7 (60)
180°F (82°C) . iE l

0* Flexure Strength

0° 5% il W A .
. . oom temperature, _
Slre.nglh, ksi (MPa) ASTM D790 ambient humidity 240 (1652)
BAE, ksi (MPa) [0]12 23 1 (159)

Fil, R

Modulus Msi (GPa)
AL, Msi (GPa)




Condition Results®
#4 g
-T5°F (-59°C),
Ql Open Hole Tension ambiant humidity 74 (508)
75°F (-50°C),
QI FFAH A ASTM D5766 i
Strength, ksi (MPa) [45/90/-45/0)25
) Room temperature,
M, ksi (MPa) ambient humidity 79 (543)
i, R
QI Filled Hole Tension ,
Protruding Head ASTM DE742 Room temperature,
QUEEE L Fr i, 3k ambient humidity B5 (446)
Strength, ksi (MPa) HORO-A5NT23 iR, R
HRHE, ksi (MPa)
Ql Unnotched Compression
QIFE S O FE4E3E A &
. e srature,
Strength, ksi (MPa) ASTM D6641 cvmbiont baamicity 93 (639)
RRBE, ksi (MPa) [45/90/-45/0]2S e b e 8.7 (60)
Eiff, FERAE
Modulus Msi (GPa)
Hift, Msi (GPa)
Room temperature,
ambient humidity 43 (294)
TR, HEEE
QI Open Hole Compression ... Ql ——
}Fﬂgﬁﬁﬁﬁm MPression om 180°F (82°C),

5 _ ASTM Da484 ambient humidity %0 @71
Strength, ksi (MPa) [45/90/-45/0125 180°F (82°C) , l
A, ksi (MPa) B

180°F (82°C) , WET' 36 (250
180°F (82°C) , #&' ==0)
Ql Filled Hole Tension,
Protruding Head ASTM D6742 Room temperature,
Q2L A, Mk ambient humidity 63 (437)
Strength, ksi (MPa) [45/90/-4510)25 iR, FEE
T, ksi (MPa)

"Exposure: 180°F (82°C) water soak for 14 days.

'8 {E180°F (82°C) Mk R 14K
* Results nomalized to 0.00725 in (0.184 mm) cured ply thickness
25 B TR 0.007253 5 (0.1B4ZER) IR h 2T B
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A B E R B ARIR IR Z 1) Y B

> ReptationBE R f AR A RITEA, NALBLERIT, 2 TEWEFHA
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AHAFRF, RMTFEZEAFRGRT, HbbRZ AR A feirs
i3l

> Z W WIKARE, Rouse modeli#X ey RIFEBLEHFHFE, R
Reptation model# Bty R E43h A 5, o KEETEL
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Thermoplastic Composites in
Commercial Aircraft

& _
Xperion C-PEI

DTC C-PPS

i brackets sidewall Mxatlon  pemoee <amogeo | OKKer C-PPS
~ B787, A350, otc. rails A330/A340 L G650 rudder &
elevator
C-PPS main  barrel acoustic Tods Asrospace . s
landing gear  liner for A380 Fokker C-PEKK
carg::leolors door engine air CJG'PﬂE : reclllp '819 ment floorfssm{ng-sgssum torsion box
oor plin
Fokker 70 and 100 Fokker 50 Intake bulkhead G650 demonstrator
TAPAS
I — | — |
2002 2003 2008 2010 2012
- _: \
= 7
Marquez G-PEI B787 " TAPAS
P(ggbd;:cé::,e:;d Integrally-stiffened
Fokker G-PPS col $2.PPS window bezel V34338 Pane!
C-PE| floor 'F:”‘e; ::'Pde leading edge C-PEEK cockpit C-PPS seat APAS
panels e oa; dg? ng j-nose floor A400M backs & pans
Gulfstream A330/A340 A380

G550
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