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Table 1. A comparison of fabric formation techniques

Braiding Weaving Kniting
Basic direction of yarn introduction One(machine direction) (vTv:;g((z)in/(?Oﬁl)l) ?:/Z(r(])) Z; ?i(l)l))
Interlacing Intertooping
ini by selective inserti awi S
Basic formation technigne . .Intert'wmmg (by se econve m.semon (by drawing loo;?s of
(position displacement) of 90°yarn into yarns over previous
0°yarn system) loops)

*Frank K. Ko, Engineered Materials Handbook, COMPOSITES, “Braiding”, pp.519-528, ASM International, 1987.
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Figure 2. Flat braider and braid.
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Table 2. Braiding classifications

Parameter Levels

Yarn axes Biaxial Traixal Multiaxial
Dimension of braid Two-dimensional Two-dimensional Three-dimensional
Shaping Formed shape Net shape
Direction of braiding Horizontal Vertical Inverted vertical
Construction of braid /1 2/2 3/3
Control mechanism for carrier motion Positive Jacquard
Braiding Circular Flat | Jacquard, Special
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Figure 3. Braiding machine, 144-carrier horizontal model.

Table 3. Applications of braided fabrics and composites

Aircraft interiors

Aircraft propellers

Artificial limbs, tendons, bone
Automotive parts

Boats

Boat masts

Bridge components

Chemical containers

Drive shafts

Elbow fittings

Fishing rods

Frame of airplane seats
Glider

Glider airplanes

Golf clubs

Hang-glider frames

Hockey and ice hockey sticks

Jet engine spinner
Lightweight bridge structures
Lightweight submersibles
Machine parts

Military equipment

Model aircraft

Net shape rigid armor
Personal armor

Pressure vessels

Pacing canoes

Racing cars(structural panels)
Racing sculls and catamarans
Radar dishes

Radomes

Record brushes

Robot arms and fingers
Rocket launcher

Rocket motor casing

Rolling ferel drum

Rotor blades

Ski poles

Skis

Space struts

Spar and blades

Sport cars

Squash rackets

Stiffened panels

Stocks for high jumping

Surfboats

Tennis rackets

Wind generator propellers and
D-spars

X-ray tables
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Figure 4. Formation of fiberglass preform for composite
coupling shaft.

Figure 5. Braided fiberglass car chassis.
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Table 4. Properties of two-dimensional braided S-2 fiberglass-epoxy composites

Braid Tensile strength Compressive

angle, Hoop Long Hoop Long | In-plane | Shear
degree MPa ksi MPa ksi MPa ksi MPa ksi MPa ksi
89° 1320 192 21 3 700 102 220 32 55 8
86.75° 1250 182 83 12 380 55 100 14 75 11
82.50° 1030 149 - - 330 48 - - - -
78° 730 106 - - 275 40 — - — -

Table 5. Properties of triaxial braided grathite-epoxy composites
Braid angle, \i ELT Ei¢ = v v v
degree % GPa 106psi GPa 10%psi Gpa | 10%si il He e
45° 33.8 61.4 8.9 62.7 9.1 6.8 0.98 0.56 0.64 0.044
63° 29.3 49.0 7.1 49.6 7.2 15.2 2.20 0.43 0.45 0.088
80° 56.3 - - 524 7.6 43.6 6.32 - 0.13 0.110
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Figure 15. Strength improvement of braided hole.
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Table 6. Three-dimensional braided graphite-epoxy composite property data

Fiber type and braid pattern
p T300(b), T300, T300, T300, T300, T300,
roperty(a)

1x1 1x1 3x1 3x1 1x1x1/2 1x1x1/2

(uncut) (cut) (uncut) (cut) fixed(uncut) fixed(cut)
Vi, % 68 68 68 68 68 68
Tensile strength, MPa(ksi) 665.6(96.5) | 228.7(33.2) | 970.5(140.8) | 363.7(52.7) | 790.6(114.7) | 4.507(68.9)
Elastic modulus, Gpa(10°psi) 97.8(14.2) 50.5(7.3) 126.4(18.3) | 76.4(11.1) | 117.4(17.0) | 82.4(12.0)
Compressive strength, MPa(ksi) - 179.5(26.0) - 226.4(32.8) - 385.4(55.9)
Compressive modulus, GPa(10°psi) - 38.7(5.6) - 56.6(8.2) - 80.8(11.7)
Flexural strength, MPa(ksi) 813.5(118) | 465.2(67.5) | 647.2(93.9) | 508.1(73.3) | 816.0(12.5) | 632.7(91.8)
Flexural modulus, GPa(ksi) 77.5(11.2) 34.1(4.9) 85.4(12.4) 54.9(8.0) 86.4(12.5) 60.8(8.8)
Poisson’s ratio 0.875 1.36 0.566 0.806 0.986 0.667
apparent fiber angle +20° +20° +12° +12° +15° +12°

(a) Tension and compression specimens were tabbed at grip ends. (b) T300 graphite yarn, 30,000 tow.

1x1.3x1 and [ X1x11-braid patterns with uncut and cut edges.
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Table 7. Three-dimensional braided graphite-epoxy composite properties as a function of braid pattern

Fiber type and braid pattern
AS-4, AS-4, Celion, AS-4, Celion, T300 T300
property .
3K 6K 6K 12K 12K 30K Eight hamess
1x1 1x1 1x1 1x1 1x1 1x1 satin fabric
V,, % 68 68 56 68 68 68 65
. . 736.8 8414 857.7 1067.2 1219.8 665.6 517.1
Tensile strength, MPatksi) | 106 &) | (122,00 | (1244) | (154 790) | (176 910) | (96 530) | (75 000)
Elastic modulus, 83.5 119.3 87.8 114.7 113.1 97.8 73.8)
Gpa(l()(’psi) (12.1) (17.3) 12.7) (16.6) (16.4) (14.2) (10.7)
Compressive strength, 114.8 126.0 71.4 1214 7104 _ 69.0
MPa(ksi) (16.6) (18.2) (10.3) (17 600) (10 350) (10 000)
Compressive modulus,
. . . . 0. 874 - .04
GPa( 106p51) 0.945 1.051 0.968 980 0.87 0.045
885.3 739.8 1068.3 813.5 689.5
F S th a(ksi - -
lexural strength, MPa(ksi) | ¢ 4y | (107.3) (154 210) (117 990) | (100 00)
84.5 95.2 1385.2 71.5 65.5
> d o M _ -
Flexural modulus, GPa(ksi) (12.3) (13.8) 20.1) (11.2) ©5)
Poisson’s ratio +19° +15° +15° +13° +17.5° +20° 0°

Uncut specimens, 25.4mm(l in.) wide including comparative data for a laminated fabric composite. Tensile specimens
were tabbed with 1.6mm(1/16in.) thick, 25.4mm(lin.) X 63.5mm(2-1/2 in.) glass reinforced plastic tapered tabs at
grip ends. Celion 6K and 12K specimens had cut edges for the short-beam shear tests only.
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Table 8. Static test summary

C12K/3501 24-ply AS/3501 C12K/3501
1x1 braid (42/50/8) (1x1) 1/2 fixed
Mean C.Vv. Mean C.V. Mean C.V.
Longitudinal ultimate tensile strength, 667.9 910.1 749.5 o
F";, Mpa(ksi) (96.8) 9:3% (132.0) 7.4% (108.7) 6.1%
Transverse ultimate tensile strenght, 34.5 416.5 22.8
F“,, Mpatksi) (5.0) 10.0% (60.4) 9.6% (3.3) 19.5%
Longitudinal ultimate compressive 4282 420.0 o 473.0
tensile strength,F*| Mpa(ksi) (62.1) 14.5% (60.9) 16.0% (68.6) 17.6%
Longitudinal tensile modulus, 93 65.5 106.2
E', Gpa(10°ksi) (13.1) 19.5% (9.5) 28% (15.4) 12.3%
Transverse tensile modulus, 10.3 31.0 9.7
E'y, Gpa(10°ksi) (1.5) 9:1% 4.5) 13.6% (1.4) 0.7%
Longitudinal compressive modulus, 75.8 60.7 93.1
. 1. . .
E., Gpa(10°ksi) (11.0) 21.8% (8.8) >8% (13.5) 19.8%
Longitudinal Poisson’s ratio, v, 1.06 51% 0.42 - 0.81 21.2%
Transverse Poisson’s ratio, v,, 0.067 6.7% 0.225 2.8% 0.04 44 9%
Ultimate longitudinal strain, €", 0.00773 13.8% 0.01393 7.9% 0.00733 10.8%
Ultimate compressive strain, €" 0.00640 10.2% 0.00711 20.4% 0.00533 15.7%
Ultimate transverse strain, €", 0.00324 9.7% 0.01474 5.5% 0.00249 21.3%
Longitudinal ultimate tensile strength, 660.5 444.7 646.8
F",, Mpa(ksi)}(D=0.25)G (95.8) 11.7% (64.5) 2.3% (93.8) 97%
Longitudinal ultimate tensile strength, 881.2 593.0 862.6
F*,.Mpa(ksi)}(D=0.25)N (127.8) H.7% (86.0) 2.3% (125.1) 9-2%
Longitudinal ultimate compressive 313.7 402.7 316.5
© . . 1% .
strength,F*, Mpa(ksi)(D=0.25)G (45.5) 12.2% (58.4) 6.1% (45.9) 1.6%
Longitudinal ultimate compressive 417.8 536.4 422.0
= . 22 . 11.
strength,F*,,Mpa(ksi}(D=0.25)N (60.6) 12.2% (77.8) 6.1% (61.2) 6%
Compressive bearing strength, F,,, 335.1 577.1 362.0
3. . .
Mpa(ksi)(D=0.25) (48.6) 8% (83.7) 9.5% (52.5) 15.3%
Tensile bearing strength, F\, 182.7 677.1 282.7
i 5% 21.
Mpa(ksi}D=0.25) (26.5) 6.7% (98.2) 3:5% (41.0) 0%
e =25
Note: G, gross stress. N, net siress
Table 9. Instrumented impact properties of E-glass reinforced composites
s | E; Ductility E. O p t
ampe J [#-bf | J [ft-ibf |index | J [ ft-Ibi | kPa | psi | glem’ | mm | in.
105 1 xX1Xx1 2374 | 175.2 | 649.0 | 478.7 | 2.732 | 237.5 |175.21| 1589 | 2304 | 1.93 12.7 0.5
106 1 X1 x1(L)a)| 162.1 | 119.6 | 739.3 | 545.3 | 4.558 | 162.2 |119.64 | 2146 | 311.2 | 1.96 13.1 | 0.516
107 1 X1 XI(L) | 290.8 | 214.5 | 575.9 | 424.8 | 1.981 | 290.8 |214.48 | 2725 | 3952 | 1.99 17.1 1 0.675
108 XYZ 358.9 | 264.9 | 508.0 | 374.7 | 1.415 | 359.2 | 264.9 | 2559 | 371.2 | 2.10 12.7 0.5
201 XYZ 2359 | 174.1 | 385.6 | 284.4 | 1.634 | 621.6 [458.46| 1704 | 2472 | 1.99 11.1 | 0437
202 Satin weave| 50.4 372 | 384.9 | 2839 | 7.631 | 387.5 [285.82| 3464 | 502.4 | 2.10 12.7 05
203 Plain weave| 38.4 283 | 466.7 | 3442 |12.161 | 391.0 | 288.4 | 3166 | 459.2 | 2.05 12.7 0.5

(a) Sample split in two
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after impact strength for three-dimensional braid comingled
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