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Progress in high strength intermediate modulus

carbon fiber and its high toughness resin

matrix composites in China
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Abstract; High strength intermediate modulus carbon fiber composites are still the main aviation
composites in the world at present and for a long time to come. In recent year, based on the
experience of high-strength carbon fiber composites, the industrialization technology of high strength
intermediate modulus T800 grade carbon fiber have been broken through in China, and the resin
matrix, prepreg and manufacturing process were analysized systematically for the high toughness
composites reinforced by Chinese T800 grade carbon fiber. The impact resistance of the resin matrix
composites reinforced by Chinese T800H grade carbon fiber is at the same level with that of foreign
composites, and the hydrothermal resistance of high toughness epoxy resin matrix composites is better
than that of foreign composites with the same CAI level. At the same time, the prepreg of Chinese
T800H grade carbon fiber reinforced high toughness composites has excellent process ability, and it
can meet the requirements of manual-layup, ATL and AFP. Based on the T800 grade composites, the
main research goal is to improve the compression mechanical properties, elastic modulus and CAI

based on BVID (barely visible impact damage) for high strength intermediate modulus carbon fiber
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composites in the future.

Key words: high strength intermediate modulus carbon fiber;high toughness resin matrix composites;

compressive strength after impact (CAI) ; automated fiber placement (AFP), automated tape laying
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Table 1 Properties of TSOOH grade carbon fiber of Toray and Chinese company

Tensile strength/  Tensile modulus/  Elongation at Density/ Number of
Company Yield/tex

MPa GPa break/ % (g+cm™?) filaments
A 5686 296 1.92 1.78 12K 449
B 5778 293 1.97 1.78 12K 443
C 5711 294 1.94 1.79 12K 444
Toray 5616 295 1.91 1.81 12K 448

Note: data was tested at the same condition with A, B and C.
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Fig. 1 Comparison of cross section shapes of domestic T800S (a) and T800H (b) carbon fiber
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Table 2 Comparison of mechanical properties of T800S,
T1000G and T1100G grade carbon fiber between

Toray and Chinese company

Tensile Tensile
Brand Elongation
Company strength/ modulus/
name at break/ %
MPa GPa
Chinese T800S 6114 292 2.1
company T1000G 6540 296 2.2
T1100G 6600 320 2.0
Toray T800S 5880 294 2.0
T1000G 6370 294 2.2
T1100G 7000 324 2.2
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Fig. 2 Carbon fiber reinforced composites for aviation abroad
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Fig. 3 Damage of carbon fiber composites elevator of Boeing aircrafts in 1970s

(a)survey results of composite elevator damage on Boeing B737,B757 and B767 aircraft; (b)type of damage reported on damage composite elevators
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Table 3 Typical high performance epoxy resin matrix composites for aviation abroad

Generation of composites ~ Composites CAI/MPa Application aircraft Service temperature/ C
Basic 3501-6/AS4 B737,F-18 130
5208/T300 120 F-18 130
15t generation 977-3/IM7 193 F-22,F35 130
8552/1IM7 234 CH-53K,RAH-66 130
2 generation M21/1IM7 273 A400M, A380 120
977-2/IM7 262 MA700 120
314 generation 3900-2/T800 310 B777.B787 82
8551-7/IM7 350 V22.,GE90 80
977-1/IM7 310 100
5276-1/G40 323 120
M21E/IMA 334 A350 100
M91/1IM7 350 GE90X 120
X850/IM8 330 €919 120
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Table 4 Typical high-performance BMI matrix

composites for aviation abroad

Generation of Application
Composites CAI/MPa
composites aircraft
Basic 5250-2/AS4 BR710 <170
1% generation M65/IM70r AS4  Unknown 170-250
5250-4/IM7 F-22,F-35
F655/IM7 Unknown
27 generation 5260/IM7 SST 250-315
314 generation =315
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Table 5 Application of composites for F-22 fighter aircraft

Position Structure name Brand name
Forward Skins, chine IM7/5250-4
fuselage Fuel tank frames/wall, frames IM7/PR500RTM
Equipment bay doors IM7/APC-2
Middle Skins, frames, fuel floors IM7/5250-4
fuselage Weapons bay doors IM7/APC-2
Hat-stiffener of weapon bay door IM7/PR500RTM
After fuselage Upper skin, keelweb IM7/5250-4

Wings Skins IM7/5250-4
Intermediate spars IM7/5250-4RTM
Rear spars IM7/5250-4RTM
Movable wing IM7/5250-4

Vertical tail Skin, spar, rudder IM7/5250-4
Sine-wave spars,ribs IM7/PR500RTM

Horizontal Pivot shaft IM7/5250-4(AFP)

tail Skins, edge IM7/5250-4

Inlet duct Skins IM7/977-3(AFP)

Cockpit Skeleton, floor, rib IM7/PR500RTM
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Fig.4 Trend of high toughness resin matrix composites for aviation in China
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Table 6 Typical high toughness epoxy matrix

composites for aviation in China

damage,BVID) Hﬂﬁ(%@ ), AC531/CCFSOOH K{X#ﬂ{qﬂ Composites Curing process T,/ C CAI/MPa
AC531/CCF800H 180 CX2 h 230 335
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o 5228/T800H 180 CX2 h 230 230
IMA S 51 85 2012, 4%, 14. 0% » 44, 0% F150. 5% ({E /
7 EBRNISEPRBRIESHESSH BB ZEEER
Table 7 Comparison of mechanical properties of T800grade composites at China and abroad
0° 0°
0° tensile 0° tensile ) ) Flexural Flexural
compression compression
Composites strength/ modulus/ strength/ modulus/
strength/ modulus/
MPa GPa MPa GPa
MPa GPa
Epoxy matrix composites AC531/CCF800H 2844 167 1762 152 1951 149
M21/1M7E33] 2860 160 1790 148
BMI matrix composite * AC631/CCF800H 2969 170 1924 154 2304 153
5250-4/IM7E3) 2618 162 1620 158 1723 156
Short beam In-plane In-plane Open hole Open hole
shear shear shear tensile compression
Composites CAI/MPa
strength/ strength/ modulus/ strength/ strength/
MPa MPa GPa MPa MPa
Epoxy matrix composites AC531/CCF800H 116 154 4,37 451 324 335
M21,/1M7L33] 110 4.6 490 303 298
BMI matrix composite * AC631/CCF800H 120 162 5.51 502 356 319
5250-4/1IM7034] 139 103 5.9 448 324 214
* Fiber volume [raction is 60%.
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Fig. 5 Comparison of hydrothermal 130 'C SBSS between BVID - #F —F EI/J ﬁ ﬂ: @ oL IR o IEJ EH‘ » CCF800H ﬂ:‘n

AC531/CCF800 and foreign composites
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Table 8 Comparison of BVID between AC531/CCF800 and foreign epoxy composites

Impact dent 0. 5 mm

Impact dent 1. 0 mm

Composites

Impact energy/]  CAI/MPa Ultimate strain(pe) Impact energy/]  CAI/MPa Ultimate strain(pe)
M91/IM8 100 277 4752 110 238 4066
3900-2/T800S 115 207 4010 119 181 3525
X850/IM8 80 251 4398 110 214 3685
AC531/T800H 60 283 5233 74 239 4443
AC531/CCF800H 61 284 5264 74 236 4286

400

357
350

331 334 335
300 281
250
200
150

M91/IM8 3900-2/T800S X850 M21E/IMA ACS531/
CCF800H

CAI/MPa

Composites
B 6 [ )™ T80 ey ) M R 4 M Fig 2 2 5 M LY
FE 552 & 6 kE CAT i
Fig. 6 Comparison of CAI of T800 grade composites

at home and abroad
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Fig. 7 Comparison of CAI between AC631/CCF800H

and foreign BMI composites
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Fig. 8 Comparison of mechanical property between epoxy
composites reinforced by high strength intermediate modulus

and high strength carbon fiber
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Fig. 9 Comparison of mechanical property between BMI
composite reinforced by high strength intermediate

modulus and high strength carbon fiber
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Table 9 Mechanical properties of epoxy composites reinforced by fabric of high

strength intermediate modulus and high strength carbon fiber

Warp Warp
Warp tensile Warp tensile Warp flexural Warp flexural
Composites compression compression
strength/MPa modulus/GPa strength/MPa modulus/GPa
strength/MPa modulus/GPa
AC531/CF8611 1022 77 675 69 980 68
5228 A/CF3011 671 68 580 65 880 55
AC531/CF8652 1017 78 610 70 1058 72
5228 A/CF3052 709 65 601 61 886 54
AC531/U8160 2551 158 1609 144 1919 144
Open hole Open hole Short beam
In-plane shear In-plane shear
Composites tensile compression shear CAI/MPa
strength/MPa modulus/GPa
strength/MPa strength/MPa strength/MPa
AC531/CF8611 110 4.0 383 297 79 313
5228 A/CF3011 78 4.1 300 303 71 251
AC531/CF8652 108 3.7 402 298 76 316
5228 A/CF3052 74 4.2 318 293 74 258
AC531/U8160 150 3.96 411 321 111 335

Fiber volume fraction is 52%.
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2.3 EFERhEmIEEERERESEAMBRER
VR R RS R B A2 AR R A E AR AT 5 A
b2 A B i T B I AR B 5 bR L A R R R A sk
RSB AR KR EEL WA . Hare
e 58 I T 5 R o R A R T 4k DG E A 9 AR B TR A R
SR TSR RN B BB 5 . S T B A MR )
SPEREAE GA R T 2058, B4 T s i A i 41
Y1 R A R A A M R RS E i AR R RE T TR L T
PR s L T800 A S A EHEARIA R . msik A

A N I O NI U N = W | S-S i
(AC520RTM/U8190) {4 J3 2% PERE L T300 £ ik 145 il 24
AR EHG5284RTM/ U3160) HAF B B AL (£ 10), 4
XPVBAR BB 5 6 A RLBT i PR BB 22 10 Ta) R, W5 1 AR
BB ) R WK B R R IR B A M R
AC524RTM/U8190, H: T800 Zkfise £F 4 4 Lr 41 ) 58 4 b
RE bt 5 R 45 B IR 2 T 265 MPa, B8 5 TR A
A EP2400/IMS60NCF & #) 1 & & #1 Bt (IMS60NCF
R AR 2 ) 1 8 it vh B i 2T 2 TMIS60 il 45 1 58
S L TR A Tl 5 A R R R e R
FH T 27 4E 567500 J2 35 90 19 CCF800H & & 44 K} np it
J& HE 4558 B2 K 3] 340 MPa, it il #7353 T Hexcel
i HiTapel*™ fil Cytec ) DryTape & & # B K.



42 BT 2020 4E 8 A

R0 SEPESSERIEEEREREESHEIERILE

Table 10  Comparison of mechanical property between LCM composites reinforced by high strength

intermediate modulus and high strength carbon fiber

Warp Warp
Warp tensile Warp tensile Weft tensile Weft tensile
Composites compression compression
strength/MPa modulus/GPa strength/MPa modulus/GPa
strength/MPa modulus/GPa
AC520RTM/U8190 2352 155 1440 141 60. 4 8.3
5284RTM/U3160 1589 122 1068 119 39.1 8.2
AC524RTM/CF8652 1052 83.9 670 74 1004 79.4
EP2400/IMS60NCF 936 66 595 65
Weft Weft Warp short
Warp flexural Warp flexural )
Composites compression compression beam shear CAI/MPa
strength/MPa modulus/GPa
strength/MPa modulus/GPa strength/MPa
AC520RTM/U8190 224 9.4 2110 144 102
5284RTM/U3160 203 9.8 1758 109 92
AC524RTM/CF8652 705 73.7 1070 70.7 77.5 265
EP2400/IMS60NCF 1096 225
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Table 11 Difference of requirements for high temperature cure toughed epoxy composite prepreg between

Boeing material specification BMS8-276 N and BMS8-276F

Tensile Tensile

Open hole Open hole ) )
Compression  Compression

Material tensile compression CAl/MPa
Type of prepreg strength/ modulus/ strength/ modulus/
specification strength/ strength/ 30 1)
MPa GPa MPa GPa
MPa MPa
BMS8-276N Master tape for AFP 2677 145-157 448 282 1371 134-145 250
AFP 2604 141-152 441 277 1316 133-144 250
Manual layup or ATL 2687 146-158 465 289 1378 125-148 280
BMS8-276F Manual layup or ATL 2480 144-167 413 289 1378 124 310
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HEE A T 22 S E AR 2R A2 T ik
o AR O A 2o R A AR R bR S TR
B shfliar M A hE 2 Bk = A —7 i R R X
3 FP L2 T kL S8 A AR )RR S (B 10D,
3 TP AN [ 5 T 20 A R iR B IR R 38 O [ — R S
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Fig. 10 Relationship among three types of prepreg (manual layup, ATL, AFP)
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Table 12 Comparison of mechanical properties among three types of prepreg (manual layup, ATL. AFP)
0° 0° 90° 90°
0° tensile 0° tensile 90° tensile 90° tensile
) Type of compression  compression — compression  compression
Composites strength/ modulus/ strength/ modulus/
prepreg strength/ modulus/ strength/ modulus/
MPa GPa MPa GPa
MPa GPa MPa GPa
AC531/CCF800H  ATL 2664 167 76. 14 8.56 1548 152 217.6 9.14
AFP 2645 166. 4 72.68 8. 564 1499 150 222.6 9.192
Manual 2681 166. 6 76.58 8. 594 1545 150. 6 214.8 9. 064
AC631/CCF800H ATL 2716 160. 7 73.77 8.95 1640 150.7 224.7 9.89
AFP 2656 162 73.27 8.993 1706 150. 7 230.3 10. 02
Manual 2690 159.3 72 9. 14 1656 152 240 10.1
Short beam  In-plane In-plane Open hole Open hole
Flexural Flexural
Type of shear shear shear tensile tensile
Composites strength/ modulus/
prepreg strength/ strength/ modulus/ strength/ strength/
MPa GPa
MPa MPa GPa MPa MPa
AC531/CCF800H  ATL 2296 158. 2 113.2 160. 2 4.276 476. 2 316.6
AFP 2348 166 111.6 156. 8 4.208 470 322.4
Manual 2291 157.6 115.4 159.8 4.238 472. 6 323.2
AC631/CCF800H  ATL 2267 154.3 104. 7 160 5.613 498 341.7
AFP 2290 152 105 154. 3 5.437 491 342
Manual 2363 150 104 161. 7 5.617 503.7 341

Fiber volume fraction is 57 %.
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Fig. 11 Four common process faults in AFP process

(a)excessive gap between slit tape tow; (b)slit tape tow being plugged during delivering;

(c)tow being bonded on the surface of the deliver passageway; (d)tow splice being pulled off
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Fig. 12 ATL and AFP process adaptability test

(a) ATL on the surface of tooling; (b) ATL on the laid prepreg; (¢) ATL process of part with convex plate;

(d) AFP on the surface of tooling; (e) AFP on the laid prepreg; (f) AFP process of hyperbolic parts
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