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Source: https://en.wikipedia.org/wiki/Sputnik_1



By NSSDC, NASA[1] -
http://nssdc.gsfc.nasa.gov/database/MasterCatalog?sc=1957-001B, Public 
Domain, https://commons.wikimedia.org/w/index.php?curid=1129363

Public Domain, https://commons.wikimedia.org/w/index.php?curid=1343469
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Structural Framework for Flight: NASA’s Role in Development of Advanced

Composite Materials for Aircraft and Space Structures. NASA/CR–2011-217076

Background



Factors that contribute to high 
performance:

• Primary bond strength
• Resonance stabilization 
• Secondary bonding forces
• Molecular weight and distribution
• Molecular symmetry
• Crosslinking
• Purity
• Mechanism of bond cleavage
• Additives or reinforcements

High Performance Polymers 15 3-45, 2003
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Volume ~ 207,000,000 Kg

SPS PAI PBI

Fluoropolymers pps HPPA

LCP PEI PSU

PCT PI Polyketone

Value ~ 4,500 M$

SPS PAI PBI

Fluoropolymers PPS HPPA

LCP PEI PSU

PCT PI Polyketone

High Performance Polymers 15 3-45, 2003

Fluoropolymers 42%

PPS 7%

HPPA 13%

PI 1%

HPPA 5%

PI 24%

PPS 20%

Fluoropolymers 44%
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2. Polybenzimidazole: PBI



Polybenzimidazole PBI

Celazole® PBI U-60

ASTM Method Value

Tensile Srength D-638 160 Mpa

Tensile Modulus D-638 5,9 GPa

Elongation D-638 3,0 %

Compressive Strength 
(Yield)

D-695 390 Mpa

Compressive Modulus D-695 5,9 GPa

Izod Impact Strength (not) D-256 30 J/m

Izod Impact Strength 
(unnot)

D-256 590 J/m

Tg DMA 427° C

CTE (25-150dC) TMA 23 μm/m°
C

HDT @ 1.8 MPa 435° C

• Thermoplastic with the highest 
Tg

• The heat deflection 
temperature of PBI is higher 
than most thermoplastics

• Low coefficient of thermal 
expansion.

• PBI can withstand 
temperatures up to 760°C for 
short durations and exposure 
to 425°C for longer durations

• The polymer releases very little 
toxic gas and does not melt 
when exposed to pyrolysis 
conditions

CELAZOLE is a registered trademark of PBI Performance Products



Polybenzimidazole PBI

Jones JF, Waldrup JC, Fountain R. Proceedings of the 
29thnational SAMPE symposium; 1984. pp. 777–783.



Polybenzimidazole PBI

8-ply laminates (5HS Hercules AS4 3K carbon fibers) 70% fibers

Flex Strength MPa Flex Modulus SBS Compression Strength Compression Modulus 

23° C 315° C 23° C 23° C 315° C 23° C 260° C 23° C 260° C 

830 Mpa 100% 65 GPa 57 MPa 92% 517 MPa 94% 58 GPa 98%

P.A. Steiner, High Perf. Polym., 4, 3 (1992)



Polybenzimidazole PBI

Processing:
• High temperature, high pressure sintering 

processing
• Available in fiber form, shaped forms, finished 

parts and solutions for composite impregnation
• Polymer alloy for extrusion and injection molding.

• Melt temperature 430-450° C
• Injection Pressure 200 – 250 MPa

Applications:
• Fiber: protective clothing and aircraft 

furnishings
• Parts: thermal insulators, electrical 

connectors and seals.
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3. Polyaryletherketone PAEK



Polyaryletherketone PAEK

PEK
50% keto linkages

Tm = 374° C  Tg = 152° C

PEEK
33% keto linkages

Tm = 343° C  Tg = 143° C

PEEEK
25% keto linkages

Tm = 324° C  Tg = 129° C

PEKK
67% keto linkages

Tm ≥ 400° C  Tg = 170° C



VICTREX® PEEK 450G

Tensile Strength Yield, 23° C ISO 527 98 MPa

Tensile Elongation Break, 23° C ISO 527 45%

Tensile Modulus 23° C ISO 527 4 GPa

Flexural Strength At Yield ISO 178 165 MPa

125° C ISO 178 85 MPa

275° C ISO 178 12.5 MPa

Flexural Modulus 23° C ISO 178 3.8 GPa

Compressive Strength 23° C ISO 604 125 MPa

Charpy Impact Strength Notched 23° C ISO 179/1eA 7.0 KJ m-2

Thermal Data

Melting / Tg ISO 11357 343 / 143° C 

HDT, as molded 1.8 Mpa ISO 75-f 152° C

Processing:
• Extrusion and injection 

molding
• Drying required
• Melt temperature 350-

375° C
• Mold temperature 170-

200° C

Polyaryletherketone PAEK



TC1200 PEEK TC1225 PAEK TC1320 PEKK

Tg °C 143 147 159

Processing Temperature °C 385 330-360 380

In Plane Shear-ASTM D3518

Strength, MPa
Modulus, GPa

152
5.2

149
4.1

145
5.2

0/90 Compression-ASTM D6641

Strength, MPa
Modulus, GPa

696
6.5

676
6.5

715
6.5

90 Flex, Mpa – ASTM D790 152 152 152

Open Hole Compression 303 298 310

Compression After Impact, MPa 307 296 305

Based on standard modulus carbon fibers, 34 wt% RC

Availability UD tape, glass and carbon fabrics, consolidate 
laminates

Polyaryletherketone PAEK

Mechanical performance of structural materials



Example Control A 1 2 3 Control B

BP 100 75 50 25 0

HQ 0 25 50 75 100

MP °C 428 383 312 298 335

BP HQ

Modified poly(aryl ether ketones) derived from biphenol. US4766197A 

Polyaryletherketone PAEK



T/I ratio Melt Temp °C Tg °C Crystallization

80/20 358 165 Fast / semi crystalline

70/30 332 162 Medium / semi crystalline

60/40 305 160 Slow / Pseudo-amorphous

T I

KEPSTAM® is a register mark of Arkema

Polyaryletherketone PAEK
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4. Polyimides PI



Polyimides PI

Physical Property 23° C 200° C Observations 

Ultimate Tensile Strength, Mpa 231 139 ASTM D-882

Tensile Modulus, GPa 2.5 2 ASTM D-882

Elongation, % 72 83 ASTM D-882

Flammability 94V-0 UL-94

Dielectric Strength, V/μm 240 60Hz

Dielectric Constant 3.4 1 KHz

CTE 20 ppm/°C ASTM D-696

Shrinkage, %
0.17 (30 min 

at 150° C)
1.25 (120 min 

at 400° C)
IPC TM 650

Kapton® is a registered trademark of DuPont



Polyimides PI

Classical aromatic polyimides:
• Highly symmetrical and polar structures
• Intrachain polar interactions and charge transfer complex formation 
• Poor solubility and melting characteristics 

Kapton®Vespel® ST

Precision parts:
• Stock forms
• Direct 

molding

Pyre-ML® is a registered trademark of the DuPont Company

Kapton® is a registered trademark of the DuPont Company

VESPEL® is a register mark of Dupont

Pyre® ML



Polyimides PI

KEVESPEL® is a register mark of Dupont
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Structural modifications:
• Incorporation of thermally stable but flexible or 

unsymmetrical linkages in the backbone
• Introduction of large polar or non-polar 

pendant substituents to the polymer chain
• Disruption of symmetry and recurrence of 

regularity through copolymerization

Property Unfilled Grade

Tg 250° C

Heat Deflection Temperature 
1.82 MPa

238° C

Tensile Elongation rt 92 %

Tensile Strength rt 106 MPa

Tensile Strength 150° C 48 MPa

Flexural strength rt 137 MPa

Flexural Strength 200° C 88 MPa

Retention after aging 5000 hr
@ 200° C

Tensile Strength 100%

Elongation 80%

Processing:
Mold compounds amorphous due to 
slow kinetics
• Injection Molding

• Melt temperature 385 -425° C
• Injection pressure 35-241 

MPa° C
• Annealing optional

• Compression Molding
• Molding Temperature 330-

340° C
• Molding Pressure 30 MPa

Vespel® TP 8054
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Polyimides PI

Skybond 700

OO O

HOOC COOH

O O
NH2 NH2

P13N

Composite Property, 
Thornel 50

Skybond 700 P13N

Tensile Strength, Mpa 634 670

Tensile Modulus, GPa 1.4 1.3

Flexural Strength, Mpa 670 689

Flexural Modulus, MPa 951 1001

Short-beam Shear, Mpa 35 38

Percent Fiber 47 49.6

Void Content 8.8 8.8

C.E. Browning and J.E. Marshall, J. Composite Materials, Vol 4, 1970, p370SKYBOND is a registered trademark of I.S.T Corporation



Polyimides PI
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PMR-15

Processing Parameters Compression Autoclave

Presure, Mpa 3.5 - 7.0 1.4

Heating ramp 5-10 C/min 2-4 C/min

Max Temperature 316° C 316° C

Post curing 4 – 16 hr @ 316° C



Polyimides PI

OO O

HOOC COOH

O O

O

O

COOH

NH2NH2

PMR-15

P D Mangalgiri. Polymer-matrix Composites for High-temperature Applications. 55(2):175–193, 2005.

PMR-15, 23° C PMR-15, 288° C Ep 100° C/wet

Compression Strength, Mpa 827-965 758-896 750-800

Compression Modulus, GPa 97-117 83-110 110-120

Tensile Strength, MPa 1241-1448 1241-1448 1400-1600

Tensile Modulus, GPa 117-138 103-124 125-130

ILSS, Mpa 55-69 34-38 55-60

G1c, J/m2 500 -- 100-150 (RT)



Polyimides PI

Property Unfilled Grade

Tg 275° C

Heat Deflection 
Temperature 1.82 

MPa
278° C

Fracture Energy rt 3.4 KJ/m2

Tensile Strength rt 152 MPa

Tensile Strength 
200° C

80 MPa

Flexural strength rt 244 MPa

Flexural Strength 
200° C

140 MPa

Processing:
• Injection Molding

• Melt temperature 355° C
• Mold temperature 230° C
• Annealing recommended

• Compression Molding
• Molding Temperature 330-340° C
• Molding Pressure 30 MPa

Applications:
• Hydraulic bushing and seals
• Mechanical parts for electronics
• Engine components
• Solvated polymer used in 

laminating resin for spacecraft



Polyimides PI

Property Unfilled Grade

Tg 215° C

Heat Deflection 
Temperature 1.82 MPa

190° C

Tensile Strength yield rt 105 MPa

Flexural strength rt 160 MPa

Processing:
Suitable for extrusion, thermoforming, 
compression molding and injection molding
• Injection Molding

• Needs to be dry 150° C
• Melt temperature 370-410° C
• Mold temperature 140-180° C
• Annealing not required

Applications:
• Electrical switches, motor parts, PCB
• Automotive: Under-hood, lighting and 

electrical applications
• PEI sheets used in aircraft cargo vents 
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