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ABSTRACT

Theoreticalexpressions for the prediction of the elastanstantsin fiber-reinforced composites
were developedThe distribution of the fibers in the matrix and albe ttoncept of interphase
between fibers and matrix was used for the development of the modemnddhet considers that the
composite material consists of thiiéferent materials (fibermatrix-interphase) which in total they
form eleven phasedhe latter is the part of the polymer matrix lying at the close vicinity of the
fiber surface. In the prest investigation it was assumed that the interphase is inhomogeneous i
nature with continuously varying mechanical propertiespecific lawof varigion of its elastic
modulus andPoisson ratiovas taken into account in order to define the ovecalhgantsof the
composite. The results obtainee@re compared with the respective values of other models as well
as with experimental dat&inally, the longitudinalmodulus of elasticity of the elevgrhase model
was calculated by a computational analysia,ttie use of finite element method and the obtained
results were compared with the theoretical values and the experimental data.
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Volvo V40 Safety Cage B Aluminium
B Plastic Mild Steel / Forming Grades

High Strength Steel ¥ Extra High Strength Steel
Very High Strength Steel B Ultra High Strength Steel

IFL Liner Matrix

Outer Layer

Thermoplastic Polyurethance - BASF

Core

Kevlar - DuPont

Inner Layer
Solef PVDF - Solvay
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0,1 0,00193| 6 | 6,047 |23,740| 23,752| 26,612| 26,621| 34,638 34,646 36,665 36,721 56,921
0,2 0,00720| 6 | 6,078|15,657| 15,687| 19,751| 19,770| 23,736/ 23,752 26,612 26,765| 40,249
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rndfB nrBvdiGpy{ Ef B
Uf vind viad viad viadl VvIiwm
0,100 | 8,9429 | 16,1335| 23,3242 30,5148| 37,7055
0,200 | 8,9382 | 16,1227| 23,3071 30,4916 37,6760
0,300 | 8,9361 | 16,1178| 23,2995 30,4811 | 37,6628
0,400 | 8,9370 | 16,1197 23,3025 30,4853 37,6681
0,440 | 8,9383 | 16,1228| 23,3073 30,4918 | 37,6764
0,442 | 8,9384 | 16,1230| 23,3076| 30,4922 37,6769
0,500 | 8,9415 | 16,1303 23,3191 30,5079 37,6967
0,600 | 8,9514 | 16,1533 23,3552| 30,5571 | 37,7590
0,650 | 8,9595 | 16,1720 23,3845 30,5970 37,8095
0,670 | 8,9635 | 16,1814 23,3992 30,6171 | 37,8349
rndf B pJi BE(GpE) G
Uf viand viad viad vial VvIiwm
0,100 | 3,6419 | 6,6380 | 9,6341 | 12,6302 15,6263
0200 | 3,6399 | 6,6334 | 9,6270 | 12,6205| 15,6140
0,300 | 3,6390 | 6,6314 | 9,6237 | 12,6161 | 15,6084
0400 | 3,6394 | 6,6322 | 9,6250 | 12,6178] 15,6107
0,440 | 3,6399 | 6,6335 | 9,6270 | 12,6206| 15,6141
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AKu) NzBlg Ej AE A

d ®)( Aq[GPa] 34 Gy[GPa]
0 33,497 0,274 3,467
5 31,788 0,295 3,521
10 27,682 0,345 3,685
15 23,028 0,398 3,969
20 18,975 0,441 4,383
25 15,840 0,468 4,930
30 13,545 0,481 5,585
35 11,914 0,481 6,264
40 10,787 0,470 6,803
45 10,043 0,448 7,013
50 9,592 0,418 6,803
55 9,373 0,378 6,264
60 9,338 0,332 5,585
65 9,444 0,279 4,930
70 9,647 0,224 4,383
75 9,898 0,171 3,969
80 10,138 0,126 3,685
85 10,312 0,096 3,521
90 10,376 0,085 3,467

BALAN) 2] LT QAMPBZA?)

oUU' hoae ~ Uy s Us Ulspas [GEpLa] [Ega] 3T [25;]
"Usj Ue UUsay¥Y oUuU({ 386 | 827 | 026 | 414
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UsUU' hooaas "~ Uy sUaUsal 10% 20% 30% | 40% | 44% 50%

U0eceYy dd ~ EouU, aid| 10,380 17,310 | 24,300 | 31,350 | 34,900 | 38,450

2heed Uxys avyaUxs (| 10,350 17,200 | 24,050 | 30,900 | 33,640 | 37,750

Ekvall 11,372 | 18,109 | 24,845 | 31,582 | 34,276 | 38,320

A UUGUGsaf FTgoeossly os 10,390| 17,350 | 24,380 | 31,470 | 35,030 | 38,590

K3tiOaUGUGooh Tgeosi 10,335 17,169 | 23,972 | 30,775 | 33,497 | -

"Usj Ue UUsoay¥Y olUilag - - - - 38,600 -

AKstuUaUGUlosah Tgoaossl
8 U U o vANSYE WVorkbench 15 10,499 | 17,565 | 24,916 | 31,989 | 34,751 -

Bbt?) 7T E 6.5

s B 0 BFFOISSON3, 4

UaUU' hooaas Uy sUaUsal 10% 20% 30% 40% 44% 50%

U0scYydd ~ EsuUjaud| 0335 | 0,320 | 0,304 | 0,289 | 0,281 | 0,273

2heed Uxs avalbws (| 0335 | 0320 | 0,305 | 0,290 | 0,284 | 0,275

Rosen 0,331 | 0,314 | 0,297 | 0,281 | 0,275 | 0,266

K OUGUGooefh Fgeosaly oss 0335 0320 | 0,304 | 0,289 | 0,281 | 0,273

AsulUaUGUGsah FTgeoessi 033 | 0317 | 0,300 | 0,281 | 0,274 -

"dUsj Ue UUsay¥Y olilag - - - - 0,260 -

Bt?) T E 6.6
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AGT ) NREABENB Ks) B¢t TBHAGH) £ A

UsUU' hooaas "~ Uy sUaUsal 10% 20% 30% | 40% | 44% 50%

EouUy aldd 5320 | 6,560 | 7,880 | 9,480 | 10,540 | 11,600

2heed Uxs avaUxs (

3,868 | 4,322 | 4,898 | 5,650 | 6,020 | 6,680
Paul (Lower Bound)

Whitney ~ Riley 5,130 | 6,080 | 6,980 | 8,020 | 8,665 | 9,310
Ekvall 5822 | 6,485 | 7,317 | 8,394 | 8,920 -

Halpin ~ Tsai 4,497 | 5,703 | 7,192 | 9,076 | 9,977 | 11,540

Tsai ~ Hahn 4,232 | 5125 | 6,240 | 7,670 | 8,361 | 9,930

K UUGUGoofh Tgossi, oal 5330 | 658 | 7,920 | 9,590 | 10,705 | 11,820

K3tuUaUGUG oo hz fylyoad 8439 | 9,348 | 9,881 | 10,254 | 10,376 | -

"Usj Ue UUsay¥Y olilag - - - - 8,27 -

Ut?) T # 6.
) Bi Bm|SSON3¢¢

UaUU' hooaae ~ Uy sUosaUss 10% 20% 30% 40% 44%

Foye 0,445 | 0,440 | 0,418 | 0,391 | 0,380

A3stiUaUGUGsahh FTgessl 0327 | 0,308 | 0,293 | 0,280 | 0,276

pt ) 2 ¢ TAE 7@ ABZ ¢ B3 HGpal

UseUU' hooaas Uy sUaUsal 10% 20% 30% 40% 44% 50%

EouUyatdd 1,570 | 1,900 | 2,330 | 2,910 | 3,325 | 3,740

Pheeda¥&Byas (Mi xtul 1427 | 1,595 | 1,810 | 2,090 | 2,228 -

Ekvall ~ Greszczuk 1,427 | 1,595 | 1,810 | 2,090 | 2,228 | 2,490

Hashin ~ Rosen 1,551 | 1,870 | 2,270 | 2,786 | 3,037 | 3,500

Hashin 2,862 | 4,601 | 6,535 | 8,697 | 9,635 | 11,140
Halpin ~ Tsai 1,657 | 2,102 | 2,651 | 3,345 | 3,677 -

bUaUsyeysd "~ jelyoosl 1562 | 1,894 | 2,311 | 2,847 | 3,107 -

A UOUGUGsafh Tgessly) sal 2170 | 2,720 | 3,260 | 3,820 | 4,165 | 4,510

aUGUlGsafh Tgoossl 2,040 | 2,449 | 2,819 | 3,248 | 3,467 -

0
"Usj Ue UUsoay¥Y olilg - - - - 4,140 -
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Kaj AzBUg Ej KEAWR A

IQA;SU3U;;;5;; "bUs ) Ues UUs oY ?heed Uxs EsUO;aﬁdgAZUGU3u0Uyu;Gahdm
g (Uf=44 %) (Uf=45 %) (Mixture Law) (Uf=44 %) (Uf=44 %) Uf=42 %
©) Aq 3y Gq Aq 3y Gq Aq 3y Gq Aq 3y Gyq Aq . Gqg

[GPa] [GPa] | [GPa] [GPa] | [GPa] [GPa] [GPa] [GPa] | [GPa] d [GPa]

0 | 33,497 | 0,274 | 3,467 | 38,600 | 0,260 | 4,140 | 33,640 | 0,284 | 2,228 | 34,900 | 0,281 | 3,330 | 35,030 0,281 | 4,170
5] 31,788 | 0,295 | 3,366 - - - 30,730 | 0,314 | 2,264 | 32,930 | 0,305 | 3,385 | 33,549 0,295 | 4,224
10| 27,682 | 0,345 | 3,106 - - - 24,545 | 0,377 | 2,374 | 28,290 | 0,361 | 3,552 | 29,868| 0,329 | 4,388
15| 23,028 | 0,398 | 2,777 - - - 18,651 | 0,433 | 2,566 | 23,185| 0,419 | 3,844 | 25,474| 0,366 | 4,665
20| 18,975| 0,441 | 2,457 - - - 14,273 | 0,469 | 2,847 | 18,869 | 0,465 | 4,275 | 21,436| 0,397 | 5,057
25| 15,840 | 0,468 | 2,189 - - - 11,272 | 0,486 | 3,223 | 15,612 | 0,494 | 4,854 | 18,159| 0,417 | 5,553
30| 13,545| 0,481 | 1,986 - - - 9,252 | 0,488 | 3,680 | 13,274 | 0,507 | 5,562 | 15,661 0,425 | 6,118
35| 11,914 | 0,481 | 1,846 - - - 7,892 | 0,478 | 4,161 | 11,640| 0,507 | 6,312 | 13,820| 0,421 | 6,671
40| 10,787 | 0,470 | 1,765 - - - 6,978 | 0,458 | 4,549 | 10,530 | 0,495 | 6,921 | 12,495 0,409 | 7,088
451 10,043 | 0,448 | 1,738 - - - 6,372 | 0,430 | 4,701 | 9,810 | 0,473 | 7,162 | 11,570 0,387 | 7,246
50| 9,592 | 0,418 | 1,765 - - - 5,988 | 0,393 | 4,549 | 9,392 | 0,442 | 6,921 | 10,953| 0,358 | 7,088
55| 9,373 | 0,378 | 1,846 - - - 5,769 | 0,349 | 4,161 | 9,212 | 0,401 | 6,312 |10,577| 0,323 | 6,671
60| 9,338 | 0,332 | 1,986 - - - 5,673 | 0,299 | 3,680 | 9,221 | 0,352 | 5,562 | 10,386, 0,282 | 6,118
65| 9,444 | 0,279 | 2,189 - - - 5,670 | 0,244 | 3,223 | 9,379 | 0,297 | 4,854 | 10,334| 0,237 | 5,553
70| 9,647 | 0,224 | 2,457 - - - 5,729 | 0,188 | 2,847 | 9,641 | 0,238 | 4,275 |10,380| 0,192 | 5,057
75| 9,898 | 0,171 | 2,777 - - - 5823 | 0,135| 2,566 | 9,952 | 0,180 | 3,844 | 10,479| 0,151 | 4,665
80| 10,138 | 0,126 | 3,106 - - - 5,921 | 0,091 | 2,374 | 10,248 | 0,131 | 3,552 | 10,589 0,116 | 4,388
85| 10,312 | 0,096 | 3,366 - - - 5,993 | 0,061 | 2,264 | 10,462 | 0,097 | 3,385 |10,674| 0,094 | 4,224
90| 10,376 | 0,085 | 3,467 | 8,270 - - 6,020 | 0,051 | 2,228 | 10,540 | 0,085 | 3,330 | 10,705| 0,086 | 4,170

Ut?) 7| E 6. |
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Engineering Data Uf  E [Gpa] 3 G [Gpa]
Fiber Glass (1st55th, 9th Phases) 72 0,2 30
Matrix (3rd, 7th, 11th Phases) 3,5 0,35 1,29

10% | 37,7055 | 0,2751 | 15,6263

20% | 37,7529 | 0,2752 | 15,6140

1st Interphase (2nd Phase) | 30% | 37,7479 | 0,2752 | 15,6084
40% | 37,7513 | 0,2752 | 15,6107

44% | 37,7414 | 0,2752 | 15,6141

10% | 37,7529 | 0,2750 | 15,6462

20% | 37,7610 | 0,2750 | 15,6496

2nd Interphase (4th Phase) 30% | 37,7729 | 0,2749 | 15,6546
40% | 37,7846 | 0,2749 | 15,6595

44% | 37,7872 | 0,2749 | 15,6606

10% | 37,7479 | 0,2750 | 15,6441

20% | 37,7443 | 0,2750 | 15,6426

3rd Interphase (6th Phase) 30% | 37,7427 | 0,2750 | 15,6419
40% | 37,7462 | 0,2750 | 15,6434

44% | 37,7498 | 0,2750 | 15,6449

10% | 37,7513 | 0,2750 | 15,6455

20% | 37,7540 | 0,2750 | 15,6467

4th Interphase (8th Phase) 30% | 37,7559 | 0,2750 | 15,6475
40% | 37,7536 | 0,2750 | 15,6465

44% | 37,7502 | 0,2750 | 15,6451

10% | 37,7414 | 0,2750 | 15,6414

20% | 37,7171 | 0,2751 | 15,6312

5th Interphase (10th Phase) |30% | 37,6788 | 0,2752 | 15,6151
40% | 37,6265 | 0,2753 | 15,5933

44% | 37,6014 | 0,2753 | 15,5827

Bt?) T E 7.
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Azyarx ) |
Hooke ey GUsd (2. 1,.Ua)

Usgaagi dv¥d:

EQSU

e

g U’

wa =

0y = 0,001 [a & ]|t

5= 0[1006a]] v

U) AN At liz)] KYLsIEFE EK 3
U3 s s BXCEL

Reaction Force (P 267,170 [N]
MaximumRadius (ty) 0,056921 [m]
Fixed Support Surface (F 0,002545 [m?]
Stres 104.991,168 [Pa]
Displacementu) 0,001 [mm]
Length (L) 100,000 [mm]
Def or ma 0,00001 -
EL (ansvs) 10,499 [GPa]
EL (theoretical 11Phase Model) 10,335 [GPa]
Deviation 1,588 [%0]
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337006 h88B3UsUs0hUdUW=06%sCp aaUslcU

Us = 10%
. oaA

Reaction Force (P, 267,170 [N]
MaximumRadius (ry) 0,056921( [m]
Fixed Support Surface (F 0,002545| [m?]
Stred 104.991,169 [Pa]

Displacement (u] 0,001 [ [mm]

Length (L) 100,000| [mm]
Def or ma 0,00001 -

EL (ansvs) 10,499 | [GPa]

EL (Theoretical 11Phase Model) 10,335| [GPa]
Deviation 1,588 | [%]

TSI I A

337U006hH208863

Statistics
Nodes
Elements

403787
354654

Us = 20%

Reaction Force (P 223,450 [N]
MaximumRadius (ry) 0,040249( [m]
Fixed Support Surface (F 0,001272| [m?
Stred 175.622,554 [Pa]
Displacement (u] 0,001 [mm]
Length (L) 100,000| [mm]
Def or ma 0,00001 -
EL (ansvs) 17,562 | [GPa]
EL (Theoretical 11-Phase Model) 17'169 [GP&]
Deviation 2,290 [%]

TSI I A

0,000 0,060 (m) . N "
0,030
° ° ) 2 L [ r
Uy sUa Us fFleEE G U Oo
Statistics

Nodes 839970
Elements 766361

0,040 (m) . N .

0,020
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337U0U06hHh208863

Uy s Ua Us JFFBEE G U Oo ool

Statistics
Nodes
Elements

828023
755497

Us = 30%
Reaction Force (P, 211,330 [N]
MaximumRadius (ry) 0,032863( [m]
Fixed Support Surface (F 0,000848| [m?]
Str ed 249.147,689 [Pa]
Displacement (u] 0,001 [mm]
Length (L) 100,000| [mm]
Def or ma 0,00001 -
EL (ansys) 24,915| [GPa]
EL (Theoretical 11-Phase Model) 231972 [Gpa]
Deviation 3,933 | [%]

BLt? ) 71

337U006hH2 063

| B 7.

0,040(m)

Ny

0,020

BU) sUsUs &JFUMEEE GU Oo ool

Uf = 40%

Statistics
Nodes

Elements

765321
694760

Reaction Force (P, 20349 [N]

MaximumRadius (ry) 0,02846 [m]

Fixed Support Surface ({ 0,00063615 | [m?]
St r ed 319877,2833| [Pa]
Displacement (u] 0,001 [mm]
Length (L) 100 [mm]
Def or ma 0,00001 -
EL (ansys) | 31,98772833| [GPa]

EL (Theoretical 11-Phase Model) 30,775 [GPa]
Deviation | 3,940628205| [%] o T F/L\x
337006 h0863 YU DU BaBfEEMEE G U

Uf = 44% Statistics
. Elements 624693
Reaction Force (P, 200,980 [N]
MaximumRadius (i) 0,027136( [m]
Fixed Support Surface (F 0,000578| [m?
Stred 347.513,195 [Pa]
Displacement (u] 0,001 [mm]
Length (L) 100,000| [mm]
Def or ma 0,00001 -
EL (ansvs) 34,751 | [GPa]

EL (Theoretical 11-Phase Model) 33’497 [GP&]

Deviation 3,745 o Ve Z/I\

Bt T ®# 7.

0,020
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