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Filament substrate

Vapor-deposited fibers
(B, BC, SIC, TiB,, etc.)
Diameters=0.005in.

%@ %} Fine whiskors

Very fine, wool type
AL whiskers, 1micron
diameter

© Microquartz

O Taylor wires

Ultrafine wires
(bundle drawn)

C} Carbon fibers, Organic fibers

Q Boron nitride fibers

Vi

Key

[ Continuous fiber

EZ2 Discontinuous fiber
Imicron=0.00004in

Glass and textile
fibers, 'diameter ~ 0.004in

Fine wires(drawn diameter=0.001in.)
also coarse whiskers

3% 1. Comparison of cross-sectional dimensions for various fibers.
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¥ 1. High-Strength/High-Modulus Fibers

¥ 2. Chemical Compostition Classification of Fillers?

. . Tensile Tensle  Elongation
. Propertes (I:;:;ﬁ) Srengh  Modus  atbresk remarks
(kg/mmd)  (kg/mmd) (%)
Aramid
KEVLAR 14% 147 270 18500 19 du pont
KEVLAR 49 145 285 13000 29 du pont
KEVLAR 29 14 285 6,000 44 du pont
TWARON HM 145 280 13,000 26 Enka
TWARON 14 285 6,000 44 Enka
TECHNORA 139 310 7,100 44 Tein
HP-Polyethylere 097 35 17500 27 Alled
SPECTRA 1000 097 265 12,200 35 Allied
SPECTRA %0
LCP-Polyester
VECTRAN 140 290 10,000 25 Celanese
EKONOL 140 3% 12,000 2.9 Sumitomo
PBT 150 210 28300 15
Carbon HM
CELION-GY-70 1% 210 51,000 06 Celanese
MAGNANITE HMS 215 40000 Hercules
TORAYCA M-40A 240 34,000 Toray
Carbon HS
TORAYCA T1000 540 30,000 24 Toray
TORAYCA T300 180 300 24,000 1: s Toray
MAGNAMITE HTS 310 22,000 Hercules
Glass(E-glass) 254 20 7000 35
Glass(S-glass) 249 350 8,000 38
Boron
(on Tungsten) 246 370 40,000 08
Stlicon carbide
{on Tungsten) 312 30 40000 08
Asbestos
(Chrysotile) 255 70 16,000 17
Steel(tire cord) 785 240 20,000 17

Ao E 3jtEeltt. £2 EriAA X9 AR AL
|, Ao G4 &S A=Y a4t &
3 EEEE dd fuuelE RAAYE FVMTIE
o] AHSEnh FheR ] UHbAR]] BAL E 59 2t
alo]7ts ¢FnlE 2 TAEA FUIBREEA 240
wEkA] W7 KoAli(SiAl)020(OH),, S5 ; KeMos
(S1IAD205(0H), 2 =212 ; Ky(MgFe)s(SiAl);02
(OH)4& WpoRit}. E7taA 3R] "‘Z“Hi AR5
B Z1AA E49 4 vl o] A BAE &y, R
PP T 5o ENE AE & ,JF} v FABEL
ZaE T Uem Al AYEY AE ZHel Endsiil
UeRd 4 Qltt. wlolgte] dutd 242 ¥ 63 2ot
g3as AR &4 2 HES @}”b}a Hsh 71 At
o2 AMEHE FAAo|th ol BE T2 Y=
F4F o2 € (3Mg - 4Si0,H,0) 71 5 24 triocta-
hedral®g o] F472E 23 o Mz 25E 7}

off o

472

Chemical Derivation Tyms CHEMICAL RESISTANCE!
Class Acid  Alkali Other
Oxide Mmeral  Alumina G G
Gibbsite(alumina trihydrate) G G
Salt  Mineral,  Caleium carbonate P F Water, sol
synthetic  Barium sulfate, barite E E
Animal  Aragonite, calelum carbonate P F
(Oyster shell) Water, sol.
Silicate® Mineral
neso- Zirconium silicate, zircon E E
no- Caleium silicate, wollastonite P F Water,sol
CaMg silicate, tremolite F G
Phyllo- Alumino silicate, kaolinite G G
K alumino silicate, mica G G
Mg silicate, tale G G
Mg silicate, tale G G
Mg slicate, serpentine(asbestos) G G
tecto- Alurmino silicate, pyrophyllite G G
Silica E P
Hydrous stlical, opal E G
Na, K alumino silicate feldspar, G G
nepheline
Hlementssynthetic  Glass{microbeads) G P
Calciym silicate, precipitated P F
Mineral,  Crystalline carbon, graphite E E
Organic synthetic
Synthetic  Metals P EP  for aluminum
Vegetable  Coal(anthracite) E F Volatles
Wood, bark, cork, nutshell P P Reactive with
flours acds. salts

? Types used for prime purposes other than as fillers are not included.

b E=excellent, G=good, F=fair, P=poor.

¢Prefixes from the Greek characterize the silica tetrahedral
arrangements in the crystal lattice : soro for group, neso for island(is-
olated), cyclo for ring, ino for chain or thread, phylio for sheet, and
tecto for framework. Soro-and cyclosilicates have not been included
since no commercial fillers exist for either class. but they may be pres-
ent as impurities in principal types.

4. FH2EY o 77| 2EX

A FAAEA E2 ¢34 9)
Exﬂ o]_:,v_ E_o ix‘jxﬁi
FgAdel ¢ 3}01 L3
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¥ 3. Particle Characteristics

T
T NS
: Y
L~ —L—
Cube Block Flake Fiber
(figures for Table 2-1)
cubic tabular plat acioular
prismatic prismatic flaky elongated
rhombohedral pinacoid fibrous
irreguiar
Shepe ratios;
length(L} 1 ~1 14-4 1 1
width(W) 1 ~1 1 <1 <1/10
thickness(T) 1 ~1 11 V41100 <1/10
sedimentation
diameter 1 esd esd esd esd
Surface area
equivalence 1 124 12615 15-99 187 for 1/10
23 for 1/20k
Examples  glass calcite calcite kaolin wollastonite
spheres feldspar feldspar mica tremolite
microspheres slica tale wood flour
barite graphite
nephelite hydrous
hydrous
alumina
E 4. CaC0,9 uwtd 24
El B ) 4
B E 0.74~9um
SPECIFIC GRAVITY 2.7
BULK DENSITY 0.28~0.87g /cc
oA 94% o}Ak
pH 8.8~9.8
FE 287 05% I3t
CaCO; (99%)
. 510, (0.1%)
R AL,04 (0.05%)
MgO (0.15%)
A4 L 43.3%
E 5. Properties of Kaolin
et 24 2 9 (wih) g E
Si0, 45 Specfic gravity
ALO, 39 pH 2.58
TiO, 1.5 Hardness(Mohs) 3.8-5.5
Fe,0; 0.3 Refractive index 2
Ca0 0.1 surface area(ni/ g ) 1.56
Na,O 0.1 10~20
K.0 - Average particle 0.1~5
H,0 14 size(pm)

IR Ea Jlg A 6@ 53 19954 109

E 6. Micad] dntaQ) 24

3 B ' A
¥4, W S We] FLAKE, g2
SPECIFIC GRAVITY 2.85
MOHS A% 2.5~3.0
oH 7.5~9.5
Aol A4 0.2~0.4
¥ A 1300°C
5y 0.05~0.5%
E 7. Talc®] dvtdQl gatzA 4 B4
getzd 7 g (wt%) £ 4
Si0, 58~61 SPECIFIC GRAVITY 2.70
Mg0 31~34 APPARENT DENSITY| 0.34g/cc
Fe,0, 0.7~15 TAPPED DENSITY 0.79g Jec
Ca0 0.6~18 oH 8.8
Ti0y, Na,0, K,0 0.05~0.3 PERCENT MOISTURE 0.3%
Az LOSS 0.12~0.14  |HE Y% 2~20m
5~7 - -

F 8. Chemical and Physical Properties of Carbon Blacks by
Production Method

Channel
Property F;r:;ce (impingement ) TET;T:I Lampblack Acbelt:;l:ne
black

Mean particle diam{my) 13-70 10-30 150-500  50-100  350-500
Surface area(N,)(M¥/g) 20-950  100-1125 6-15  20-100 60-70
Stif paste oil absorption(cc/g) 0.65-2.0 1.0-5.7 03-05 1017 30-35
oH 3.0-B5 3.0-60 7080 3070 50-70
% Volatiles 0.3-4.0 30-170  01-05  03-100 03-04

(my) millimicron=10A.

de) 49S 1Yl E 83 o] Folqrh,
7128 eng FAAZA A HEse 7
e 5 4gRess 74
o olsiE $aael e,
g $ BYERE TS
Ul o852 slow JFLOiIL AYuRae] 54
%
al

F A9 BAE a7 A

5. MHa $A3

Arle
fo) Hej=
mehA

crocidolite,

% HEACE AgE 4 YEFOE BY)Eo] 4
EAlshs AARII Rl SRR
A2 4B (chrysotile ; Mgs{ ( OH),4Si,05) }2),

amosite,
actinolite $o] dojx|3

Al dubg o g AeE = A

SR 9

anthophyllite, tremolite,

2104 B e 2d2A8
2 FeAEYelt}.

TREE 1 EXHE EY FE 99 pon
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B 9. Physical Properties of Asbestos

HE 10. Physical Properties of Whiskers

Property Chrysotile  Crocidolite  Amosite  Anthophyllite Densit Melting  Tensle  Young's  Strength
Color White to gray ~ Blue Brown  Brown to gray Material g/mlay Pomt  strength modulus  density
Tensile strength, psi 300,000 500,000 160,000 350,000 o F psix107® psix107® inx10°°
Modulus of elasticity, psi~ 23.2x10°  27.1x10° 236x106  22.5x1¢° Aluminum oxide 39 3780 2-4 70-150  14-28
Hardness, Mohs 25-40 40 5.5-6.0 55-6.0 Aluminum nitride 3.3 3990 2-3 50 13-21
Flexability Good Farr Poor Poor Beryllium oxide 18 4620 20-28 100 31-43
Specific gravity 24-26 3.2-33 31-32 29-32 Boron carbide 25 4440 1 65 11
Specific heat, Btu/lb/"F 0.266 0.210 0.193 0.210 Graphite 2.25 6500 3 142 37
H 103 9.1 9.1 9.4 Magnesium oxide 36 5070 35 45 27
Refractive index 150-155 170 1.64 161 Silicon carbide(alpha) 3.15 4200 1-5 70 9-44
Fibril, diameter, A 160-300 600-300  600-900 600-900 Silicon carbide(beta) 315 4200 1-5 80-120 9-44
Surface area BETm?/g 17-60 9-105 8-9 6-7 Stlicon nitride 32 3450 0.5-15 55 4.2-13
Coefficient of cubical 5%107° - - -
expansion, °F 4
Charge in water Positive Negative ~ Negative Negative
Isoelectric point 113-118 - - - ~
Spectra 1000 ¢
fe) [ ArO. = =] M O == =1 HP—PE //
AL 95% o] A& RSt chrysotiled ThE Caay A
Brp v]Fo] 2.5 A B fAAo] 58t B3] 4 3
79 SHo2A F717} 7l fdz 7459 Yol 3 o 1
BARo R AMgErel felEit). Z o L
W Mo YR e 2L WA we f . A
e - ST P e
of o] FYAAS W WYL YovlE 754 2 A § 2 Y Aramids
- PVAI B
©2 AAFe] AHge] AR o Roju Yot A e | e
I FHHoZ fAR VY B ZME HaAT) 2 g Mipp
- wn i
g 2 Yev ol BAY o Y4E Aol e Wq:
- < melt-spun
o Zx, &9E& F 7IAA 4Zo] 458 S5 E4S 1}/ drawn PE
* i
23 ok $2AE 27 AzelA B AzE - Ston _ ! Carbide
gom RN WA dolErhlol=(SIC) A E-glass
Asbe:
AE & F ATk olglel® F 100149} ol ALO,, W e
i . teel
BeO, MgO, SiNz, 3% 5o #1277 Az5o] At o
E} 0 50 100 150 200

ol TF 7E’} 1.0Mpsi ol4eln EBHAISE
50 Mpsi o] 4€ Ushi: 21%%, 278488 2=
S froleh.

6. 1T U7

ARE A7 AN 2ZA 533 AL 708 o)}
U= AR AL} grM/r 2R-oz gand
A 2 oulg A 7HA H30 AN E 13 A
et ot AAAHA Aol A #ul olg} g EAo
WANE He] = 1F= QR/7t 7] d3Hols & 4
Qe Rolt}.

8 2004 BEo] 70dtiol ~"e] 5u] o)A H=
HAEE ZE 1AE A4 $39 olEl 208 5 1
Azx7l&e] vlefd o g wasle] giige Bor 7}
57} 7GPag golde 2uAE 447} S33tn Yot

FIREAL HARFRAE o= d8e HEA)
Kevlar, A7FAte] Twaron, o} @ ALe] Technola, %1
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Specific Modulus(N/Tex)

% 2. Comparison of specific mechanical properties of high-
strength/high-modulus fibers.
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Kevlar 49 9 Kevlar 149% ®48¢] 950~1100 g/
den.24] AvF HAE A2 ZE 10g/den.o] n)ate]
453 & A4S Ui Yt

Kevlars} 22 u¥at £28 zt= 3735 ojgvm
ARFEME 89 AKZOAM} Aixoz Akt g
£ Twaron HS ¥ Twaron HMe] glon sk
Kevlare] 93¢l Wigstd e naslr] gele] Expgx
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oltul= AfE BEE Eejonj=r 74E He= s 4
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poly (p-phenyleneterephalamide)Q) %] A 1BAE 7 I Qo gl 4904 HEo) GFHL WL A oo
# 11. Physical Properties of High-Strength/High-Modulus Fibers

Chain ) Tensile Strength(kg/mm?) Tensile Modulus(kg/mm?)  Elong. at
Polymers Density Den51t3y Theo. . max. Theo. . max. Break Remarks
(n -3 (g/cm?) Value Fibers obt'd Value Fibers obt'd (%)
PPTA 4.88 3100 285 15600 15500
1.47 270 15500 1.9 Kevlar 149
1.45 285 15500 2.9 Kevlar 49
1.44 285 13000 4.4 Kevlar 29
1.45 280 6000 2.6 Twaron HM
1.44 285 13000 4.4 Twarom
6000
DPE-PPTA 1.39 310 7100 4.4 Technora
HP-PE 5.19 3260 305 30300 20000
0.97 305 17500 2.7 Spectra 1000
0.97 265 12200 3.5 Spectra 900
PET 4.60 2850 160 11000 2500
1.38 115 1300 13 tire cord
Nylon 6 5.29 2850 170 16800 4200
1.14 100 500 19 tire cord
POM 5.41 3300 70 170 20000 1400 6000
it-PP 2.82 1800 70 130 4900 1000
DEXoiEtn Il A6 W5 E 19954 109 475



E 12. Aromatic Polyamides

© Rigid chain : liquid crystalline dope and high strength fiber

NH-—  —NHOC—

n
Poly(p-phenyleneterephthalamide ) (PPTA)
NH— —CO

n

Poly(p-benzamide)

O Semi-rigid chain : high strength fiber

copolyamide liquid crystalline

HN— —NHOC— —COHN— —NHOC—(CH,)—CO

n

O Flexible chain : thermally stable

HN\ /NHOC\ /CO

Poly(m-phenyleneisophthalamide) (PMIA )

# 13. Properties of Kevlar

. Kevlar and Kevlar Kevlar Kevlar Kevlar Kevlar
Yarn properties

Kevlar29 49 68 119 129 149

Tensile strength?

gpd 230 230 230 240 285 180

Kpsi 420 420 420 440 485 340
Initial modulus

gpd 550 950 780 430 750 1100

Mpsi 103 174 144 8 14 21
Elongation, % 36 28 30 44 33 15
Epoxy impregnated strand®

Tensile strength, Kpsi 525 525 525  610est 500

Initial modulus, Mpsi 12 18-19 16 16est 25-26

Elongation, % 44 29 - - 19
Density

g/em® 144 145 144 144 145 147

b/t 899 905 899 899 905 917
Moisture regain, %

257, 65%RH 6 43 43 — - 15
NPT AYR] S G UEHPTE ol oA

7é7< =3
Apgol ARHE Wi A7} k.
7.2 7Iel HHETERE ALES TLE HF
oleful = HfollE A TEAT Agee] WYE
HHE ALsol ABAoZ QG A7 Fol e
RERIRICS
1) BA8A 222 4%
B8 IRAE AMESl 1= ARE xS 4
= 1980\dth u]= Air Force Materials Lab.ofjA} 7@t
poly
(p-phenylenebenzobisoxazole) (PBO) HFf& &

St o5 olelvl= ARG B S48 ZE

3t poly(p-phenylenebenzobisthiazole) (PBT) &

o
=

ox ¥
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POLYMER SYNTHESIS
LYOTROPIC LCPs
PROCESSING OF ARAMID FIBER

e [ H H 0 o
HZN«@-N}iZo crco-(o)- cocr ?9‘,:35;}?,_!_&,_@_§-3 3}»
" 1S

10% Solids +HCI
Polymer Isolation
Anisotropic Solution
100% H.SO,
20% Solids
Dry-Jet | Wet Spun
Polyamide Fiber
20-30g/d Tenacity
500-1100g/d Modulus
2-5% ELlongation
12| 3. Polymer synthesis lyotropic LCPs.
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%) 4. Compressive and bending strength of kevlar and car-

A Z717} olghu] = 1Tt Suflo] A
oba] 44k =) Z3ha Q.

153 69 JeERt 3
AR Z AMg3}e{of

o

rlr

23
&

oli
-

7

Polymer Science and Technology Vol. 6, No. 5, October 1995



¥ 14. Fiber Properties of PBO and PBZT

SPINNING MOD TEN
DOPE CONDITION o/d o/d
PBZT/MSA  AS-SPUN 350-1200 3-12
HEAT-SET 1000-2100 11-18

PBZT/PPA  AS-SPUN 400-600 4-18
HEAT-SET 600-2100 6-20

PBO/PPA  AS-SPUN 500-700 4-18
HEAT-SET 700-2100 6-20
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¥ 15, Development of High-Performance Polyethylene Fiber

DEVELOPMENT OF HIGH-PERFORMANCE POLYETHYLENE

Solution spinning of HDPE;U.S.PAT. 3 048 465
— 1.2 GPa(l4g/den.), 1965

UHMW-PE Solution Spinning;Jap. Pat. 44-26049 Melt Extru-

sion
— 70GPa(800g/den.) of modulus, 1970
Surface Growth UHMW-PE Fiber; U.S.Pat. 4 137 394
— 3.0GPa(35g/den.), 100GPa(1170g/den.), 1978
HP-PE FIBER by Gel Spinning Process, 1980
— U.S.Pat. 4 344 908

4413 110

4 422 993

4 430 383

4 436 689

(b)

Polymer chain orientation
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The Effect of Elevated Temperatures on the Tensile Strength of
SPECTRA Fibers
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%l 8. Temperature dependances of spectra fibers.
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TORAYCA-TENSILEPROPERTIES
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E 16. Tensile Properties of Carbon Fibers(Manufacturer’s
Data)

Young’s Tensile Strain to
Moddulus strength ~ failure
(GPa) (GPa) (%)

PAN-Based High Modulus(low strain to failure)

Manufacturer Fiber

Celanese Cetion, GY-70 517 1.86 04
Hercules HM-S Magnamite 345 221 06
Hysol Grafil Grafil HM 370 275 0.7
Toray M50 500 250 05
Toray Ms5J 540 363 0.7
PAN-Based Intermediate Modulus(intermediate strain failure)
Celanese Ceilon 1000 234 3.24 14
Hercules IM-6 276 440 14
Hysol Grafil Apollo M 43-600 300 4.00 13
Toho Beslon Sta-grade Besfight 240 373 16
Union Carbide Thornel 300 230 3.10 13
Toray M30 294 392 13
PAN-Based HS(high strain to failure)
Celanese Celion 8T 235 434 18
Hercules AS-§ 241 414 17
Hysol Grafil Apollo HS 38-750 260 500 19
Toray T800 300 5.70 19
Toray T1000 294 7.06 24
Mesophase-Pitch-Based
Union Carbide Thornel P-25 140 140 10
P-55 380 2.10 05
P-75 500 2.00 04
P-100 690 2.20 0.3
Osaka Gas P-120 820 2.20 0.2
Donacarbo F-140 140 180 13
F-600 600 3.00 05
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