anenazewinsuuialasedses Fanusznauusialuaou 6 @dnusesaeduleouia

ﬂ‘UEJ’J‘VIEWI?WEJ’]ﬂ‘i
amaﬁnimum'mmaﬂ

fmmuwuﬁmﬂumuummmm?ﬁm:mm’mmﬂmmiﬁmmmmm‘a‘umamwmmmm
ANDTRANITHAN  NIARTIBAINITHIAT
ANEAAINITNANART 1NN IRINUNINENAE
tinsdnm 2552

AUANDVBITNIAIN TN INENAY



INFLUENCES OF GASOHOLS ON GLASS FIBER REINFORCED POLYAMIDE 6

COMPOSITE

ﬂ‘UEJ’J‘VIEWI?WEJ’]ﬂ‘i

eS|s Submitted in Rartial Fulfillm tof the Requw
QR RS R e
Department of Chemical Engineering
Faculty of Engineering
Chulalongkorn University
Academic Year 2009

Copyright of Chulalongkorn University



Thesis Title INFLUENCES OF GASOHOLS ON GLASS FIBER
REINFORCED POLYAMIDE 6 COMPOSITE

By Miss Pranisa Chooseng
Field of Study Chemical Engineering
Thesis Advisor Varun Taepaisitphongse, Ph.D.

Accepted Ay the Fac Ity of E gineering, hulalongkorn University in

Partial Fulfillment of the Reg

......... o g A \B of the Faculty of Engineering

uhwong, Dr.Ing.)

................. e VIS >4 Chairman

isalaphong, Ph.D.)

Ir‘

=
il

1

V.- /. Thesis Advisor

(1]
............ y

Varurfl}xepalsuphongse Ph.D.)

AU Miﬂﬂﬂﬂ‘i

.......... e S A s BAeIE S Sl e Examlner

AR ﬁ“@tﬂ‘ﬁe?daﬂﬂaﬁ*‘]’@’ﬂ YN

External Examiner

(Sawitree Petchuay, Ph.D.)



Usdian gida ﬁwﬁwmmﬁqﬁuuﬁahﬂﬂﬁviﬂﬁ'aqﬂ‘r::nﬂuum'q‘luﬂﬂu 6 LATHUN
oenduleuia. (INFLUENCES OF GASOHOLS ON GLASS FIBER REINFORCED
POLYAMIDE 6 COMPOSITE) #.7iRnuaveniinusudn : a.a2.050y ufindgna,
152 wih.

- e ¥ 1 4 - Ly g o 4 « 0 e
AAsITqmaneie Anmaninaresdnuuialrse dsaanimidaniann

wazaimdnaresiagsznauusialy winusamosdulouty  Winluseu e uay

= E o . ¥ &

Tunau 6 iTnusdnedulauio win gninsnaugliuduanuneasy
d o < - LI -

TnelfirTeednuaziATaqd , , uiiuneaau 4 1ila A C(E0),

— 4% o

C(E20), C(E85), uaz A Tmeminduazgnulasu

nn 3 fuUa i Tasead IFUUINUATIUA ANLTR
v

NNIBITUIUNAGRLIYNIR

= <
INNA UAZIATRNINAADUILIN

1 pufagIuusalan duleud
) v
REITAMUNIA LA T ATBIT U UNAgaL 15
- i v - L4
wusunRlarNaFuuunanlutuny

. C(E85), uaz C(E100), {

v
fMiodulus) 2997u U Tuaau-
J T = et ) ' -
Gn'lummuﬂuazmmmm o AAITN TN dUNaNTIRIURAND AR

#ur C(E0), Lummnn}ﬁ‘mwm I uﬂanaaﬂmwnmuummuwudquuamm

uaANRIRA A ﬁ %528 Cfﬂ &I\Wﬁlw Eﬁﬂ‘lﬁﬂu 6 Thitiuusauny

IWTNUTIADEL una

AMIANITUUNIINYAY

o J - i L4
NAMNIAINTIHIAN ALNDTANAR ‘ﬂﬂ M m { LA

@111 AINTTNAN antilete a. ned

UnnsAnmn__2552




, ##5070339721: MAJOR CHEMICAL ENGINEERING
KEYWORDS : POLYAMIDE 6 / GLASS FIBER / COMPOSITES / GASOHOLS

PRANISA CHOOSENG : INFLUENCES OF GASOHOLS ON GLASS FIBER
REINFORCED POLYAMIDE 6 COMPOSITE. THESIS ADVISOR : VARUN
TAEPAISITPHONGSE, Ph.D., 152 pp.

were used. Test sp ‘ € ompression and injection molding

AR

C(E20),, C(E85),and € 2t room - ~.. r or 16 weeks. The test fuels

machines. These erent test fuels, namely, C(E0),,

were changed every 3 absorption, mass and dimension
change, tensile, flextiraly ¢ 3 8 and u\\ properties were examined by

scanning electron micfosg e /ersal testing machine (INSTRON)

. M‘ ¢
and impact tester, respegtiv ;c_!"'\'."
The experimental re wz'zic*»-‘-'r {hat the PA6 matrix had an excellent
2 .ff
adhesion to glassifib { 1t uld improve the mechanical

properties of 5)@ ﬁ | stability of specimens by

reducing amorphcﬁ regio gasing cr stalli@ region. Test fuels containing
alcohol, i.e. C(E20)" QE(SS)A and C(Eﬂp)A affected the tensile strength, flexural

svengin 48] D4 B DABRI TP B F N Forces P composes

more than &EO due to adsorptkpn of water and alcohols from C(E2O)A, CE(85), and

RARIRINTURNS FAHR ¢

v
Department : Chemical Engmeenng Student's Signature ‘IXS‘MWS Y

Advisor's Sig



Vi

ACKNOWLEDGEMENTS

| would like to express sincere gratitude to my advisor, Dr. Varun
Taepaisitphongse for his invaluable guidance throughout the course of this research. In
addition, | would like to thank members of my thesis committee, who have given many

helpful comments and recommendations for completing my thesis.

Furthermore, thank is due to NYLON CO., LTD., Thailand, for providing

polyamide 6 resin (1015B) and und 15 wt% and 30 wt% glass fiber

(1015GC3 and 1015GCs, cial support from the Graduate
-
School Research Grant Universi and Research Assistant Grant,

Faculty of Engineering, i ’ha by xu; kok, are greatly appreciated.

Thanks to all” '.\\’K\.\\’o Aksonwong and Miss
Kangsadarn Aekchar a &l\oh er Engineering Laboratory for their

discussion and friendly € 3

Finally, | would like t Ky family-who a ays give their unconditional love,

=

3
AU INENINYINS
AN TUNN NN Y



CONTENTS

PAGE
ABSTRACT (IN THAI) .o v
ABSTRACT (IN ENGLISH).....cviiiiiiiiiiiiii e v
ACKNOWLEDGEMENTS . ...ttt Vi
CONTENTS ettt ettt ettt et et ettt e et e ete e st e e eeeeneeneans vii
LIST OF FIGURES .............. ) s .7 TP Xi
LIST OF TABLES ......... . . ot e XVii
CHAPTER
LINTRODUCTION. ...l e ’
1.1 General Introducti ¥ :7. AN 1
1.2 Objectives.......... & . 4. - L\, eSO 2
1.3 Expected Benefi 1dy. s LR 2
Il THEORY........... oSS 3
2.1 Polyamide 6 ——,.fi ............................. 3
2.1.1 Product PAB. e e 4
2.1.2 Propernes Qf PABG ... 6
213ﬂ¢ﬂ;ﬁeﬁ3 ‘Vlﬂﬂﬁﬂﬂ’]ﬂi ........................ 12
2.1.4 Pfoc LTS 1 T 13
IRTTNIRIMIINYIGY -
2.218aS0N0N. . 15
2.2.1 BaCKgrOUNGS. . ... 15
2.2.2 Ethanol in Automotive Fuel............ooo 18
2.2.3 Fuel Property Change with Ethanol Addition..................ooveeeene. 19

2.3 Chemical RESISTANCE. ... ... 22



2.4 Polymer Solubility........c.ooiiiiiii
2.4.7 SOIULION PrOCESS. ...t
2.4.2 Polymer Texture and Solubility..........cooiiiiii
2.4.3 Solubility Parameters.........cccooviviiiiiiiiiiiinnnn,

2.6.3 Flexural Teglt™. 4 £48 4. \ SN

Il LITERATURE REVIEWS. ' g ... R T
IV EXPERIMENT.............. _ btk .........................................
4.1 Materials, Gk Smicals and Equipments.

v
4.1.1 Materials«. ..
4.1.2Chemicals..........o

=1

i i;jﬂﬁﬂ;%amoﬂﬂ{wﬂqﬂi ........................

2. 4njection j ‘n . 'IJ' ..............
AT AR INERE
4.3 Test Fuels Preparation..........ooi i
4.4 Test ProcedUure........ooovviiiiiiiiiiic e,
4.5 Physical Properties Measurement...................oo.e.e.
4.5 1 Water ADSOIDEON. ...

4.5.2 Mass and Volume Change.............ocoevviiininns

viii

PAGE
27
28
29
29
30
31
32
33
33
33
37
39
41

44



PAGE

4.5.3 MOTPROIOGY ... 57
4.6 Mechanical Properties MeasuremMent. ... ....oovue.. oo e 57
4.6.1 Tensile Property Measurement..............ccccoooiiiiiiiiee e, 57
4.6.2 Flexural Property Measurement. ..............oovuuueu 57
4.6.3 Compressive Property Measurement...........cooviiiiiiiiiiiinenene, 58
4.6.4 Impact Property Measurement..........ocoviiiiiiiii e 58
V RESULTS AND DISCUSSIONS ... . i, 59
5.1 The Influences of Gas g g es of PA6/GF Composites 99
5.1.1 Scanning ( e f PA6/GF Composites......... 59
5.1.2 Water Abs SOMPOSIES v 61
5.1.3 Mass GE COMPOSILES. . it 64
5.1.4 Volum \6/( MPOSIES .. 70

5.2 The Influences f "I_ - -‘ﬂ\ln ies of PA6/GF
Composites........ ... 2l . AW, 76
5.2.1 The influenc s ber ¢ t on the mechanical properties... 76
5.2.2 The influences of eiianol cor the mechanical properties...... 8

109

m 109

B.1 CONCIUSIONS. .o

62Reoorﬂeijﬂwg wﬂﬂﬁwﬂqn‘j ........................ 110

VI CONCLUSIONS. ..

REFﬁfﬁﬁ] ............. 1
ﬂﬁﬂ'ﬁm NAIAINYIRY
APPENDICES .......................................................................................... 114
Appendix A The Experimental Data of Physical Properties........................... 115
Appendix AT Water abSOrption............ooviiiiei e 116
Appendix A2 Mass ChanQe...........ccceeeee e 118
Appendix A3 DIMension Change............oowe e 123

Appendix B The Experimental Data of Mechanical Properties....................... 131



Appendix BT Impact Test. ...t
Appendix B2 Compressive TeSt. ...
Appendix B3 Tensile Test. ...
Appendix B4 Flexural TeSt... ...

AULINENINYINS
AR TN TN

PAGE
132
136
140
148

152



2.1
2.2
2.3

2.4
2.5

2.6

2.7

2.8

29

210
2.11
2.12
2.13
214
215

2.16

LIST OF FIGURES

FIGURE PAGE
Polymerization of Caprolactam to Nylon-6............c.coooiiiiiiiiiiiiien. 5
Nylon-6 (above) has a Structure Similar to Nylon-6/6 (below)............... 5

Examples of Applications, such as Pedals, Gear Shift Console,Airbag

CaniSterHOUSINGS ...t 14
Examples of Application : ior Door Handles, Exterior Grill......... 14
Examples of Applica - )Switchgear, Connectors,

LiGhting. ... oo . I 15

d nylon-6/10 (b). The
greater de an 8.5% absorption

compared to 4 [ ‘ [ auses hydrolysis of nylons

EZ: %ﬁeﬁﬂm ey o
VRt KTk Tatak 7 Tla o)

Universal Testing Machines. ... 37
Universal Testing Machines (Instron Model T609-109) for Flexural

Bar shape specimen of PVC / glass fiber composite..................... 39

stock

Xi



Xii

FIGURE PAGE
217 Universal Testing Machines (Instron Model T609-109) for Compressive

LS P 40
218 Specimen (blocks) for Compressive Properties evaluation................... 41
219 Dimension of impact test specimen ASTM D256...........cccccviviiiiinn.n. 42
220 Bar shape Specimen for Izod Impact strength evaluation.................... 42
2 21 Impact Tester (Yasuda)..........ouuiuiieiieiiie s e 43
3.1 Stress—Strain Diagrams for Unreinforced and Fiber Reinforced Nylon-6

Materials........... s e e 45
3.2 Test Container e ... T 46
3.3 Samples Included imsStudly, & b i 47
3.4 Toluene Permeation Rales of PA6/OMMT Nanocomposites as a

Function of OMBIF. 4% JF Bl BB N . 49
3.5 Ethanol Permeation Rates of PAS:/OMI\/IT Nanocomposites as a

Function of OMMTL.. oo.... o0l J .................................................. 49
4.1 The Shape Test Specim-len;s: Disk—_?(;‘),‘:Block( b), 1zod (c) Dumbbell (d)

and Bar............i0 . .......... ; -.,u. .......................................... 52
4.2 Injection Molding Magchine: (I\/Ianurr],t_i_l__qq)._._. ........................................ 53
4.3 Compress,io:n_l\/lolding e ............................ 54
4.4 IEREOE TS e 56
5.1 Scanning Mierographs of PAG......................% B 59
52 Scanning Micrographs, (x200), of- PA6/GR .Compasites, PA6 matrix

containing"30~wt.% GF‘and 30 wt.% GF (Left and Right), respectively... 60
53 Scanning. Micrographs_.(x2,000). of PAG/GE Composites;” PA6 matrix
containing ' 30'wt.% GF'and 30'wt.% GF (Leftand-Right),respectively... 60

54 Percent water absorption of PA6 and PA6/GF composites.................... 63

55 Percent water absorption of PA6 and PA6/GF composites (based on
mass of PAG Matrix ONnly).........cooviiiiiii e, 63

56 Mass change of PA6/GF composites immersed in C(EQ), ................... 64

57 Percent mass increase of PA6/GF composites immersed in C(EQ), ...... 64



5.8

5.9

5.10
5.11
5.12
5.13
5.14
5.15
5.16
517
5.18
5.19
5.20
5.21
5.22
5.23
5.24
5.25
5.26
5.27
5.28

5.29
5.30

5.31
5.32

FIGURE

Mass change of PA6/GF composites immersed in C(E20), .................
Percent mass increase of PA6/GF composites immersed in C(E20), ....

Mass change of PA6/GF composites immersed in C(E85), .................
Percent mass increase of PA6/GF composites immersed in C(E85), ....

Mass change of PA6/GF composites immersed in C(E100), ...............

Percent mass increase of PA6/GF composites immersed in C(E100),...

Mass change of PA6 immersed intest fuels..............ooiiiiiinns
Mass change of PA6/GF (15 wt%) immersed in test fuels.....................
Percent mass increase of PAG/GF (30 wi%)-immersed in test fuels.......
Volume change of PAB/GF composites immersed in C(E0),.................
Percent volume in€rease of PA@/GF composites immersed in C(EOQ),....

Volume change of PA6/GF_Com:fQosites immersed in C(E20),.........oen...
Percent volume increase of ‘PA6Z:GE;Composites immersed in C(E20),...
Volume change of PAG/GF Com;tzsites immersed in C(E85),...............
Percent volume increaéé c;f PAG/éE c‘é)mposites immersed in C(E85),...

abd % ol
Volume change of PAG/GE Compos'_it_'e_:?:.immersed in C(E100),.....conn...

Percent volume increase of PA6/QEggmposites immersed in C(E100),.

Volume change of PA6 immersed in test fuels

Volume ch'éﬁge of PA6/GF (15 wt%) immersed intest fuels................
Volume change of PA6/GF (30 wt%) immersed-in test fuels...............
Tensile strength of.unreinforced PAG and PAG/GE.composites before

immersion in‘test fuels. .o L e
Tensile strength of PA6/GF composites immersed in C(EQ):. ...............

Percent change of tensile’strength of PA6/GF composites immersed in

Xiii

PAGE



5.33
5.34

5.35
5.36

5.37
5.38
5.39
5.40

5.41
5.42

5.43
5.44

5.45
5.46

5.47
5.48

5.49
5.50
5.51
5.52

5.53

FIGURE
Tensile strength of PA6/GF composites immersed in C(E85),...............

Percent change of tensile strength of PA6/GF composites immersed in

Young’s modulus ofwnreinforced PAG and PAG/GF composites before
immersion in testflels. & . ... .. B R R e
Young's modulus‘of PA6/GF composites immersed in C(EQ),...............

Percent change of young'’s rﬁodi,?iug_ of PA6/GF composites immersed

Young’s modulus of PAG/GF oombésifés immersed in C(E20),.............
akd v ol

Percent change of young's modulu‘_s_‘_é_ﬁ:PA6/GF composites immersed

N C(E20) 0ot T Ry

el

Young's medulus of PA6/GF composites immerséd.in C(E85),evveennnnn.

Percent cHé‘ﬁge of young’s modulus of PA6/GF é’o'rhposites immersed

Percent change of*young’s'modulus of PAG/GF'compadsites immersed

0 CUETO0), - 1 s s sm e+ 3 s+ a1 3 s g3
Young's modulus of PAG immersediin testfuels. .. Ll b,
Young’s modulus of PAB/GF (15 wt%) immersed in test fuels...............
Young'’s modulus of PAG/GF (30 wt%) immersed in test fuels...............
Flexural strength of unreinforced PA6 and PA6/GF composites before

IMMErsion INtEStTUBIS. . ...

Flexural strength of PA6/GF composites immersed in C(E0),...............

Xiv

PAGE

86

88



XV

FIGURE PAGE
5.54 Percent change of flexural strength of PAG/GF composites immersed in
ClED) A e 93
5.55 Flexural strength of PA6/GF composites immersed in C(E20),.............. 94
556 Percent change of flexural strength of PAG/GF composites immersed in
CLE20) et 94
557 Flexural strength of PA6/GF composites immersed in C(E85),.............. 95
5.58 Percent change of flexural strength of PA6/GF composites immersed in
(= S .\ L 95
559 Flexural strength.0fPAG/GF campositesdmmersed in C(E100),............ 96
5.60 Percent change of flexural strength of PA6/GF composites immersed in
C(E100)A..............................‘1. .................................................... 96
5.61 Flexural strengthsof RPAG immeré‘gd intestfuels.........coeeiviiiinnn . 97
5.62 Flexural strength of RAGIGF (15 Tyt"/g) immersed in test fuels................ 97
5.63 Flexural strength of PA6/GF (30 \:?{%) immersed in test fuels................ 98
5.64 Impact strengthiof unréi-hf{-)rced Pﬁﬁ ;nd PAB/GF composites before
immersion in test fuels_ﬂ,u .......................................... 98
5.65 Impact Strength of P_A_Q/_Gf Compo?]it_éﬂ?_l_mmersed iN C(EQ) . cvvvnennnnnn. 99
566 Impact Str_étj_gth of PA6/GF Composites Immerse_-a in C(E20),....cevnne.. 99
567 Impact Stréﬁ"gth of PAB/GF Composites Immersed in C(E8B5) e, 100
5.68 Impact Strength of PA6/GF Composites Immersed in C(E100),............ 100
5.69 Impaet Strength of,PAGimmersed-n test fuelSm, om, ams. oo, 101
5.70 Impact Strength of PAG/GF(15 wt%) immersedin testfuels................. 101
571 Impact Strength of PA6/GF. (30 wt%) .immeérsed in test fuels................ 102

572 Compressive 'strength of unreinforced PAB and PAG/GF ‘€ompasites

before immersion intest fuels..........ooiii i 102
573 Compressive strength of PA6/GF composites immersed in C(EOQ),......... 103
5.74 Compressive strength of PA6/GF composites immersed in C(E20),....... 103
575 Compressive strength of PA6/GF composites immersed in C(E85),....... 104

576 Compressive strength of PA6/GF composites immersed in C(E100),..... 104



5.77
5.78
5.79
5.80
5.81
5.82
5.83

FIGURE

Compressive strength of PA6 immersed in each test fuels.................
Compressive strength of PA6/GF (15 wt%) immersed in each test fuels
Compressive strength of PA6/GF (30 wt%) immersed in each test fuels
FTIR spectra of PAG, before immersion and after immersion in C(EO),

FTIR spectra of PA6, before immersion and after immersion in C(E20)A

FTIR spectra of PAB, before immersion and after immersion in C(E85),

AULINENINYINS
AN TUNN NN Y

XVi

PAGE
105
105
106
106
107
107
108



2.1
2.2
2.3
2.4

2.5

2.6

2.7

2.8
2.9
2.10
2.11
212

A2-1
A2-2
A2-3
A2-4

LIST OF TABLES

TABLE

Relationships between Polymer Properties and Morphology................

Mechanical Properties of Nylon-6...........cccoiviiiiiiiiii e,

Physical and Processing Properties of Nylon-6...............c.oooiinn,

Mechanical Properties of 15 wt% Glass Fiber Reinforced Nylon-6

Composite...cooovveeen it BER B & ...,

Physical and Processing Properties0i5 wt% Glass Fiber Reinforced

Nylon-6 Compositese...... W TTTTTEEEEETL ...

Mechanical Properties of 30 wt% Glass Fiber Reinforced Nylon-6

Composite...... o SEFE B TRRRRE M. .. ...,

Physical and Proeessing Properties of 30 wt% Glass Fiber Reinforced

— =

Nylon-6 Composite. .. ... NS L N T

L A5

4

Chemical Resistance of Engineering Thermoplastics.........................

Comparison between the 'Propertje% oif Isooctane and Ethanol.............
v,

. | il

Properties of Gaseline, Ethanol and.'__G!_g;soline/EthanoI Blends..............

Increase in RVP with ethanol addit@hj’;’,,_ .........................................

Effects of Cflemicals on Properties of Ny!on-12..._'f:.._.............................

The Prooeés’"‘parameters Setting of Compression Molding Machine. ...
Percent Water Absorption of Test Materials...... B
Percent Watetr ADSOrptionsof PAGLGF s i 5. o 4 v sm oo
Water,absorption of PA6 and PAG/GF'composites.. ...

Percent water, absorption of PA6 and PA6/GE composites. - o.vvvvvnen...

Percent water‘absorption'of PA6 and PAG/GF composites (based on

mass of PAG Matrix Only)...... ..o
Mass change of PA6 immersed intestfuels...............ccocvvieeiiinnn,
Mass change of PA6/GF (15 wt%) immersed in test fuels....................
Mass change of PA6/GF (30 wt%) immersed in test fuels.....................

Percent mass increase of PA6 and PA6/GF composites...............o......

XVii

PAGE

10

10

11

11
12
18
20
21
23
54
61
62
116
117

117
118
119
120
121



XViii

TABLE PAGE
A2-5 Percent mass of PA6 and PA6/GF composites (based on mass of PAG

MAtTIX ONIY) e o 122
A3-1 Thickness of PA6 immersed intestfuels..............oooiii 123
A3-2 Thickness of PAG/GF (15 wt%) immersed in test fuels........................ 124
A3-3 Thickness of PAG/GF (30 wt%) immersed in test fuels........................ 125
A3-4 Diameter of PA6 immersed intestfuels..............cooi 126
A3-5 Diameter of PA6/GF (15 wi%) immersed in test fuels......................... 127
A3-6 Diameter of PAG/GE (30 wt%) immersed initest fuels......................... 128
A3-7 Volume of PAG and-PAG/GF composites-imimersed in test fuels............ 129
A3-8 Percent volume increase of PA6 and PA6/GEF composites immersed in

test fuel......... o S 4HF R N N 130
B1-1 Impact strength of PAG immerség*jn testfuelS.........cocoeviiiiiiiii 132
B1-2 Impact strength of PA6/GF (15 V\Tf%) immersed in test fuels................. 133
B1-3 Impact strength of PA6/GF (30 w{%) |mmersed in test fuels................. 134
B1-4 Percent Impact strength lnorease_ of PA6 and PAB/GF composites........ 135
B2-1 Compressive strength__QfJ-F.’—AG lmme_-r_sgg intest fuels.........ococeviiiiiinn, 136
B2-2 Compressive strength of F?A6/GF (1?\{[[%) immersed in test fuels......... 137
B2-3 Compress_i\-/‘e strength of PAG/GF (30 wt%) imme_r%ed in test fuel.......... 138

B2-4 Percent Cdrﬁpressive strength increase of PA6 and PAG/GF composites 139

B3-1 Tensile strength of PAG immersed in testfuels. oo, 140
B3-2 Tensile strength 0fPAG/IGE (156wt%) immersediintestfuels................. 141
B3-3 Tensile, strength of PAG/GF(30 wt%) immersedin‘testfuels................ 142
B3-4 Percent tensile strength.increase.of PA6‘and PA6/GF composites......... 143
B3-5 Young's odulus of PAB immersediin testfuels. .. Ll el 144
B3-6 Young's modulus of PAG/GF (15 wt%) immersed in test fuels............... 145
B3-7 Young's modulus of PAG/GF (30 wt%) immersed in test fuels............... 146
B3-8 Percent young's modulus increase of PA6 and PAG/G composites....... 147
B4-1 Flexural strength of PA6 immersed in testfuels..............cooooiiiini, 148

B4-2 Flexural strength of PA6/GF (15 wt%) immersed in test fuels................ 149



Xix

TABLE PAGE
B4-3 Flexural strength of PA6/GF (30 wt%) immersed in test fuels................ 150
B4-4 Percent flexural strength increase of PA6 and PA6/GF composites........ 151

AULINENINYINS
AR TN TN



CHAPTER |

INTRODUCTION

1.1 General Introduction

Biofuels are one of the most important low-green-house gas alternatives to
petroleum. Bioethanol is considered a renewable fuel and is also classified as an
alternative fuel since it can be used as a substitute for gasoline. Pure 99.5% by volume
of ethanol can be blended with unleaded gasoline.to form gasohol at various volume
ratio [10]. Worldwide consumption of E10, E20, E85.and E100 gasohol are steadily
increasing. Thailand has potential for. producing alcohol from plants because of the
prevalence of agriculturalresources. P'Iesently, the Thai government promotes the
serious use of gasohol. Currently, gasoﬁgla;sold in Thailand contains 10%, 20%, and
85% by volume ethanel, so called ET0, I?O]_and E85 respectively. However, gasohol
with high concentrate of et@anol can cor‘:'@de materials that exposed to them. Many

G
"

engineering thermoplastics are continuously replacing metals, ceramics, glass, and

ald v ol

wood parts in the manufactures of machin‘_e_‘_i.;_garts [1]. This mainly due to the easy

formability, light weight, resistance: io va_r:ﬁu_sﬂi_c_hemical materials and low cost of

plastics. One of the -rr'-_lost widely engineering thermoplasfiqs is polyamide 6 (PA6) or

nylon-6 because it Io"'w"f(_:oefficient of friction, excellent fatigu'é chemical resistance, high
mechanical strength,~and good adhesion to reinforeements and fillers [2]. The
mechanical propetties of, PAB can be further improved.by.reinforcing with glass fiber.
The main purpose of‘this' work is to-study the compatibility between gasohol and glass
fiber reinforced PA6 composite. The effect of gasohol concentrations on the physical
and mechanical iproperties ‘ofiglassifiber reinforced PA6L.composite lat different glass

fiber loading will be evaluated.



1.2 Objectives

1.3

. To study the compatibility between PA6 and PA6/GF composites with gasohol.

. To study the effects of glass fiber content on mechanical properties of PA6/GF

composites.

. To evaluate the effects of ethanol concentration in gasohol on physical and

Gain insight in omposites and gasohol.
Increasing of gléss ibe r AG prove the physical and the
mechanical propertie \

Alcohol concentration in g 'f effest: e physical and mechanical

properties of PAB/C
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CHAPTER I

THEORY

2.1 Polyamide 6 (PA6)

Engineering thermoplastics encompass plastics that can be formed into part
suitable for bearing loads and. able to withstand abuse in thermal environments
traditionally tolerated by metals, ceramics, glassyand wood. A more general definition
defines engineering plastics as those”high performance materials that provide a
combination of high ratings«for mechanical, thermal, electrical, and chemical properties
[1]. Polymer can be either amorphousil!- or partially crystalline, depending on their
molecular structure and cenditions of"form"‘afi'bn of the solid phase (polymerization and/or
thermal history). The amogphous’ or s‘emidj’ysalline nature of each material is the form
predominantly used in applic@tigns. de!st@IIine and amorphous polymers are
distinguished by several differentdproperﬁ'ée;,__and the most evident of them is light

transmission. In Table 2.1, the dUalftative dé;ﬁ_e’Hdence of some properties of polymeric

materials as a function of theirmerphologicai)%’t‘ét‘e is.reported.

Table 2.1 Relationships-between Polymer Properties and Morphology [1]

Property Crystalline Amorphous
Solvent resistance High Low
Lubricity, High Low
Dimensional stability High Low
Mold shrinkage High Low
Resistance to dynamic fatigue High Low
Facility to form high strength fibers High None
Melting temperature Sharp Absent




Polyamides or nylons were the first engineering plastics and still represent by far
the biggest and the most important class of these types of material. Polyamides
comprise a range of materials, depending on the monomers employed. Nylon-6 and
nylon-6/6 continue to be the most popular types, still accounting for more than 90% of
nylon use. Nylons are tough and wear resistance, but will absorb moisture, particularly
nylon-6 and nylon-6/6.The first of specialty types, for example, nylon-6/10, 6/12, 12/12,
11, 12, are less water absorbent than nylon-6 or nylon-6/6 by virtue of their long
hydrophobic paraffinic chains between the hydrophilic amide groups [2]. Nylons exhibit
low coefficient of friction, good dielectric properties, and excellent fatigue resistance.
Their excellent processability~and adhesion to-reinforcements and fillers make them
natural candidates for high loadings of modifiers.

Polyamide6 (PAG)" ar nylon-Gl is  well-known as providing the best
price/performance ratio offenginéering plastics. This explains why PAG is extensively
used in automotive to optimize sys_tefn c<;§t.,;For specific applications, PA6 is a better
candidate than PA66 inf75% of cases. PAg.ils as stiff as PA66 with temperatures up to
180°C and also exhibits a betterrlqﬁg—terml:f*rjé?—t ageing than PA66. Additionally, PAG is
less expensive than PAG66' interm- of baéibi;‘(;osts and provides a better surface
appearance and a better weld-strength v—vhlgh leads to a better burst pressure

resistance. All of thes'e_fhithy interesting performances arei?vailable in PAG [3].

Nylon-6 is a polymer developed by Paul Sohlack'.”UnIike most other nylons,
nyon-6 is not a condensation polymer, but instead is formed by ring-opening
polymerization~This makes-it ayspecialicase im thercomparison+between condensation
and addition polymers. Its competition with nylon-6/6 and the example it set have also

shapedthe,economics of the synthetic fiber industry. [4].
2.1.1 Production of PA6

PAG or nylon-6 begins as pure caprolactam. As caprolactam has 6 carbon
atoms, it got the name nylon-6. When caprolactam is heated at about 533 K in an inert

atmosphere of nitrogen for about 4-5 hours, the ring breaks and undergoes



polymerization. Then the molten mass is passed through spinnerets to form fibres of

nylon-6 [7].
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Figure 2 @’[%tam to Nylon-6 [4]

During polymerlza' ).\vu ~ eaoh caprolactam molecule is

broken, with the active e_ o new bonds as the monomer

becomes part of the pol -

\; in which the direction of the
amide bond reverses C all 6 amide bonds lie in the same direction
(see Figure 2.2). Nylon te : ypeptides more closely; in fact,

caprolactam would beco ind- ( -- if e hydrolyzed. This difference has little
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Flgure 2.2 Nylon-6 (above) has a Structure Similar to Nylon-6/6 (below) [4]



2.1.2 Properties of PA6

Nylon properties are intrinsic to the chemical substance under investigation and
depend on the processing operation, which confers a shape and orientation to the
material. Herein, mainly intrinsic and processing properties are considered, divided into
four conventional groups: bulk, physical, mechanical, and chemical. Several of such
properties change remarkably depending on the morphology (amorphous or

semicrystalline) or for the presence of fillers and reinforcing fibers.

a) Bulk Properties i

Above their meltingtempetatures (T ), thermoplastics like nylon are amorphous
solids or viscous fluids" in.whichs the c:lhains approximate random coils. Below T,
amorphous regions -alternate With)_. reg‘i_o;}s which are" lamellar crystals [9]. The
amorphous regions caanftribute elasticﬁy aT-.Td t_he crystalline regions contribute strength
and rigidity. The planar amide (-CO-NH-) d'rpt;ps are very polar, so nylon forms multiple
hydrogen bonds among adjaoen’f sftrands,;l?ieéause the nylon backbone is so regular
and symmetrical, especially if a_!l_ tﬁ-gyamide:é_g;r)ﬂs are in the trans configuration, nylons

often have high crystallinity and make e@‘lgnt fibers. The amount of crystallinity

i el

depends on the detail,s of formation,, as well as on the kind of nylon. Apparently it can

never be quenched -fr;jr_n a melt as a completely amorpho‘l;rs solid. When extruded into
fibers through pores in‘an industrial spinneret, the individual polymer chains tend to
align because of viscous'flow. If subjected to‘cold drawing afterwards, the fibers align
further, increasing thein.crystallinity,.and the material.acquires additional tensile strength
[5]. In practice, nylon fibers are most often drawmsusing heated rolls at high speeds.
When dry, polyamide isia good elecirical insulator. However, polyamidelis hygroscopic.
The absorption of water will change some of the material's properties such as its

electrical resistance [4].



b) Physical Properties

Semicrytalline nylons, comprise the vast majority of commercial resins. Nylon is
also available in an amorphous form that gives rise to transparency and improved
toughness at the expense of high temperature properties and chemical stress-crack

resistance.

® Density: Density (p) depends on the nature of atoms present in the chemical
structure and the way molecules (chains) pack together. Conformations and
crystalline phases are general more dense than amorphous phases, an average
P. /P, ratio of 1.13+0.08 has been det€imined.

® (Crystallinity: For common nylon§' such as nylon-6 and nylon-6/6, the regular
spatial alignment of . amide groups allows a high degree of hydrogen bonding to
be developed when chain' are "@aligned together, giving rise to a crystalline
structure in that region. These nyioﬁs are semicrystalline materials that can be
thought of as‘a combination E)f orfzjefed crystalline regions and more random
amorphous areas having a much Id@/_‘_vgrjc_:onoentration of hydrogen bonding. This
semicrystalline structure ngi_\lr_es risé';{tg-the good balance of properties .The

crystalline regions Contr;iburte to thé"t-'-s’_tfﬁ’fness, strength, chemical resistance,

creep resistance, temperature stabilift,if-;-éhd electrical properties; the amorphous
areas contribugé_to_tbejmpaatcasisiance_amd_bigh élangation.

® Moisture Abs--(;rption: A characteristic property of "r.n_)_/lon is the ability to absorb
significant amo[j-nts of water. This related to the polar amide groups around
which water malecules'canibecome-coordinated) Water absorption is generally
concentfated in the amorphous regions of the polymer were it has the effect of
plasticizingrthe material-by interupting thespolymerhydrogen lbonding, making it
more flexible (with lower tensile strength) and increasing the impact strength.

The T, is also reduced. Nylon-6 has a higher moisture absorption than nylon-6/6

because of its lower crystallinity.



c¢) Mechanical Properties

The properties of nylon are effected by the type of nylon (including
copolymerization), molecular weight, moisture content, temperature, and the presence
of additives. Strength and modulus (stiffness) are increased by increasing density of
amide groups and crystallinity in aliphatic nylons; impact strength and elongation,
however, are decreased. Nylon-6 having a lower crystallinity than nylon-6/6 has a higher
impact strength and slightly lower tensile strength. Increasing molecular weight gives
increased impact strength without ‘having a significant effect on tensile strength.
Increasing moisture content reduces the 7. above which the modulus and tensile
strength drop significantly;-however, some polyamides with a high T,, such as those
containing aromatic monomess; have little change in properties with changing moisture
as the Tg remains above rgem temperatuﬁe. Increasing moisture for nylon-6 and nylons-
6/6 also gives a steadysingrease! in impact strength as a result of increasing
plasticization, although'at very low tem:pere_ftures moisture can embirittle nylon.

Properties suchsas stiffness «and s{rength can be considerably increased by
adding a reinforcing agent to the polymer pe,mcularly glass or carbon fiber. Inclusion of
a filler or reinforcement forces the. material tQ._fa_Jja in‘a brittle rather than ductile fashion.
Mechanical properties can also.be r’nodiﬂed:;bi;t;ne_ inclusion of plasticizers, which have

a similar effect to thatlof water in breaking down hydrogeh_bonding in the amorphous

region and increasing ductility, flexibility, and impact strengtﬁ.

Two more properties for which nylon shows partictlar advantages are abrasion
resistance and,coefficient offrictions These properties;make-the-material suitable for use
in, for example, unlubricated bearings and intermeshing ‘gears;“nylon has been used in
such applications from an_early, stage.in,its development. Wear and friction properties
can be further improved by’ use offappropriate additives.'Fable 2.2-2.7 below showed

properties of nylon-6 and nylon-6/glass fiber.



Table 2.2 Mechanical Properties of Nylon-6 [7]

Conditions
Mechanical Properties
State 1 State 2 ASTM
42 - 166 at break D638
Tensile Strength (MPa) 91 at yield dry (0.2% water content) | D638
52 at yield 50% relative humidity D638
Compressive
90 ~111 D695
Strength(MPa)
Flexural Strength
109 dry (0.2% water content) [ D790
(MPa)
Flexural Strength )
44 50% relative humidity D790
(MPa)
Izod Impact (J/cm) 0.3F 12 \ dry (0.2% water content) | D256A
16, 50% relative humidity | D256A
Table 2.3 Physical and Processing Propertieé_ef'l_’\lylon-G [7]
E Conditions
Physical and-Processing Properties
State ASTM
8.5-10 Saturated D570
Water Absorption (% weight increase)
1.3-19 after 24 hrs D570
Melt Flow (gm/10 min) 0.5-10 D1238
210 = 220 T orystaliine
Processing Temperature (°C) 227 - 288 Injection molding
227 - 274 Extrusion
Molding Pressure (MPa) 7-138
Compression Ratio 3-4
Linear Mold Shrinkage (cm/cm) 0.003-0.015 D955
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Table 2.4 Mechanical Properties of 15 wt% Glass Fiber Reinforced Nylon-6 Composite

[7]

Conditions

Mechanical Properties
State 1 State 2 ASTM

131 at break | Dry (0.2% water content) | D638
Tensile Strength (MPa)

71 at break 50% relative humidity D638

Izod Impact (J/cm) 0.6 D256A

Table 2.5 Physical and.Rrocessing Properties of 15 wt% Glass Fiber Reinforced Nylon-6
i

Composite [#]

i

o L

Conditions
Physical and Progessing Propeﬂi_§§ i
£y, State ASTM
Specific Gravity o l23 D792
7 7 saturated D570
Water Absorption (% weight increase) - ,
—— — 26 .~ after 24 hrs D570
Melting Temperature (°C) 220 , fm, crystalline
Processing Temperature (°C) 272 - 291 I general
Linear Mold Shrinkage (em/cm) 0:002 20003 D955
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Table 2.6 Mechanical Properties of 30 wt% Glass Fiber Reinforced Nylon-6 Composite

[7]

Conditions
Mechanical Properties
State 1 State 2 ASTM
166 - 191 | at break | dry (0.2% water content) | D638
Tensile Strength (MPa)

131 at break | 50% relative humidity D638

Compressive Strength (MPa) | 132- 166 D695
Flexural Strength (MPa) 235 - 249 dry (0.2% water content) | D790
Flexural Strength (MPa) 145 50% relative humidity D790
Elongation at break (%) 8+4 dry (0.2% water content) | D638
Izod Impact (J/cm) L 85| 2 dry (0.2% water content) | D256A
Izod Impact (J/cm) 50% relative humidity | D256A

20 _29 -

Table 2.7 Physical and Progessing Propertie

Composite [7]

#

s of 30 wt% Glass Fiber Reinforced Nylon-6

Conditions
Physical & Elecirical Properiies
State ASTM
Specific Gravity 1.35-1.42 D792
6.41-if Saturated D570
Water Absorption (%.weight increase)
09-12 after 24 hrs D570
Melting-Temperature,(°G) 210 -,220 T, erystalline
Processing Temperature (°C) 238 - 288 injection molding

d) Chemical Properties

Effect of Chemicals and Solvents: Resistance is least to strong acids and

phenols which are most effective at disrupting the hydrogen bonding and which can

sometimes dissolve the nylon. Highly polar materials such as alcohols are absorbed and

sometimes dissolve the nylons containing lower concentrations of amide groups.
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Ethylene glycol, which is used in engine coolants, is absorbed by polyamide and
dissolves nylon-6/6 (and nylon-6) above 160 °C. Certain metal salts can attack nylon
causing stress cracking, eg, zinc or calcium chloride, or even dissolve the material in
alcoholic solution, eg, lithium chloride.

Table 2.8 below showed the chemical resistance of nylon-6 in comparison with

the other engineering thermoplastics.

Table 2.8 Chemical Resistance of Engineering Thermoplastics [1]

Material | Ketones Acid v Alkali - Hydrocarbons | Greases
Dilute_=Conc. (aromatic) and oil
PET G P \ = G s
PBT G F ¥ i G G G G
PC F/G AE e o G 5
PMMA G F G bl F B > o
i ¢ | o f v P
PA6,6 P P G G s G G
PAG P P g S S

Note: G = Good, F = F;air, P = Poor

2.1.3 Reinforcement

The tensile strength 6f nylon=6 is increased by mare thah 2.5 times and stiffness
by almost 4 times by adding 30 wt% glass fiber.«€lass fiber reinférced also improves
dimensional stability, notched impaet strength, temperature_performance and long-term
creep, and is normally used in the 15-60 wt% range. The fibers are normally added as 3-
or 4.5-mm chopped strands (bunches of filaments), but the final product drops to a
fraction of a millimeter after dispersion in the extruder. Other reinforcements include
mineral fibers, carbon fiber, and para-aramid fibers (Kevlar). Carbon fibers give very
high stiffness but are much more expensive than glass; aramid fibers increase abrasion

resistance.
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2.1.4 Processing

Nylons need to be processed dry to avoid molecular weight loss and processing
problems. Extrusion applications require lower moisture contents (max 0.1-0.15% for
nylon-6/6 and nylon-6) as do some other nylon types (eg, max 0.1% for nylon-11 and
nylon-12; 0.05% for nylon-4/6). The materials are normally supplied dry by the
manufactuer in moistureproof packaging such as foil-lined 25-kg bags or lined 1-ton
boxes. Material that has absorbed some maisture can be redried using a vacuum oven
at 80 °C or a dehumidifier hopper drier.

Material should not be processed at too high temperature, eg, preferably not
above 310 °C for nylon-6/6 _or 290 °C for nylon-6, in order to avoid degradation.
Residence times at the higher temperatur?s should be kept to a minimum.

Generally, nylon scgap or regrind can be reused satisfactorily, provided that it is
dry. The level allowed.depgnds on the arf,foupt of degradation and the specification of

the final products. i

2.1.5 Applications

gl

More than 60% of nylon is used in injection-molding applications. About 55% of

this use in the trans:b_ortation industries, and most of,r‘i“,h’is use is concerned with
automobile production..

a) Automotive

The rapid increase ip the number of mew applications issstrongly influencing the
overall growth rates for the polymenitype. Metal replacement is being driven by both
weight Savings (and therefore fuel.efficiency) and lower manufacturing costs.

Interior: Again, polyamides have been used for some time for switches, handles,
seat belt components, etc. Big new applications include air bag containers, pedals, and

pedal boxes. Polyamides have also been used to replaced metals in seat systems.
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Figure 2.3 Examples of Applications, such as Pedals, Gear Shift Console,

Airbag Canister Housings [3]

Exterior: Probably the bi lications for polyamides is for wheel

covers where mineral rein d to get the required degree of
dimensional stability an pl|cat|ons include sun roof

surrounds, door handl of flaps, etc. O pecial application is the use of a

\2

b) Electrical/Electroni
Uses include cable t|es connectors, Ilght housings, plugs, and switches. Flame-

retardant matﬁ ﬁ ﬂ fJ %dﬂrﬂﬁn%rﬂﬂﬂﬁrelays circuit breaker

components, and terminal strips. The advent of hlgher melting, hlgher heat-distortion

R WINITI ATTFINE T

onvert to plastics
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Figure 2.5 Examples of Applications are Low Voltage Switchgear, Connectors, Lighting

Electronics [3]

2.2 Gasohol ’
S

Gasohol is a bleﬁnle@ed@nd 99.5 % ethanol, mixed at
different ratio. In the M m

oxygenates value and

as an additive to enhance
ormally rendered by Methyl-
Tertiary-Butyl-Ether ( ohol has higher octane, or
antiknock, properties coolly, and completely [12].

by distillation, using crops,

than general 95 octane gasofing, and

e *.,.__-:, E

hydrocarbon, benzar)a and dust emission fro [15].

221 Backgroug

¢ o Q/

The usﬁfuagl @c%lirj %ﬁ(ﬁ/%l&ligﬂeﬁ new technology nor a

new concept. Tﬁére is extensive Iiter"ature on the subject dating b@ into the 20’s and
=9

seon G AE T HAGAY £ 6 2

Alternate energy sources must meet certain criteria to be competitive with
conversional fuels. Some of special requirements [16] these energy supplies will have to
meet are as follows:

1. Fuels must be capable of being stored over extended time periods,

2. Storage, transportation and distribution of fuels used should be economical,

3. Handling of alternate fuels should not involve additional hazards such as fire,

explosion, etc., in comparison to conventional fuels,



16

4. Alternate fuels should not impose major engineering changes to processes

and/or systems using them.

Mixing alcohol with gasoline produces gasohol. Advantages of fuel blends are
that alcohol tends to increase the octane rating, which is particularly important in
unleaded fuel, and reduce carbon monoxide (CO) emissions from the engine. The
primary disadvantage of mixing methyl and ethyl alcohol with gasoline is that under
certain conditions these alcohols may separate from the gasoline. An engine adjusted to
burn gasoline efficiently will produce less power from alcohol should it separate from the
gasoline. Separation is caused by the polairnature of the alcohol molecules and their
tendency to absorb wateryalso a polar'substance:Methyl alcohol is the most likely to
separate, butyl alcohol the leasilikely. The tendency for separation increases as the
temperature decreases, the quaniity of water absorbed increases, and the quality of the
gasoline decreases [13]. X

The proportion”of ethanol used inTGasohol is generally 10 percent across the
world, including Thailand because this pr;port_ion of mixture can be used in vehicles
without engines modification. Hovveyer, maé‘dyd.oountries are now trying to promote the
use of ethanol by mixing it at/a higher préb&iion with gasoline. Brazil is one such
country, which embraces ethanol-blend fﬁq;n',ﬁo percent (E20) up to pure ethanol
(E100). Besides Gasohol E5 or E10, the United States Canada and Sweden also use
Gasohol 85, which has-enly 15 percent of gasoline in its mixture. The gasoline content is
kept in this formula beCause it helps engines to start easily during the cold weather.

Gasohol with 85%percent concentrationsof ethanelihas as, highsan octane rating as 105,

which can boostythe vehicle engine’s performances [10].

E20

E20 contains 20 vol% ethanol and 80 vol% gasoline. Since February 2006, this is
the standard ethanol-gasoline mixture sold in Brazil, where concerns with the alcohol
supply resulted in a drop in the ethanol percentage, previously at 25 vol%. Brazilian
flexible-fuel cars are set up to run with gasoline in such concentration range and few will
work properly with lower concentrations of ethanol. U.S. FFV can run below 20 vol%

ethanol, but up to E85. This fuel is not yet widely used in Australia or the United States. It



17

will be mandated by the U.S. state of Minnesota by 2013. Available also in Thailand with
tax reductions for "E20" engine cars [4].

E85

E85 is a mixture of 85 vol% ethanol and 15 vol% gasoline, and is generally the
highest ethanol fuel mixture found in the United States. It is common in Sweden, and
there are more than 1000 public E85 fuel pumps in the U.S. as of 2006, mostly
concentrated in the Midwest, with over half of those in Minnesota. This mixture has an
octane rating of about 105. This is. down 'significantly from pure ethanol but still much
higher than normal gasoline 87 octane. The/addition.of a small amount of gasoline helps
a conventional engine start-when-using-this fuel-under cold conditions. E85 does not
always contain exactly 85 _wvol%" ethanol. In winter, especially in colder climates,
additional gasoline is added (i@ facilitate‘i cold start). E85 contains approximately 27%
less energy per gallon thaniConventional (iasoline, although ethanol typically burns more
efficiently. This results®in affuel ec_onbmy?logfs of less than the energy content would
imply [4]. J*

E100 . T

i " ] F’
akd v ol
E100 is ethanol with up 1(_):4_vol% wat—_g_'_r,!:yyhich is most widely used in Brazil and

Argentina. Operation in ambient _témperatq@s: below 15 °C (59 °F) causes problems

with pure, or so—oa_ll-ei_d neat, ethanol for starting enginés_._ The most common cold

weather solution is to‘s;dd an additional small gasoline resemoir to increase the gasoline
content momentarily te<permit starting the engine. Once started, the engine is then
switched back_te neat_ethanol. Ethanol used as,a.fuel.in Brazil is the azeotrope (the
highest concentration of‘ethanol ‘that can bBe achieved via distillation) and contains 4

vol% of water [4].



2.2.2 Ethanol in Automotive Fuel

Ethanol
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has a Btu content significantly higher than that of methanol

(approximately 12,780 Btu/lb vs 9,500 Btu/lb for methanol). However, ethanol’s Btu value

is still significantly lower than gasoline’s. A gallon of ethanol contains about 0.7 the Btu

capacity of gasoline. The addition of ethanol to gasoline causes the Btu capacity to

drop. In addition, there is much concern and controversy as to the mpg efficiency

between ethanol-gasoline blends and gasoline:

-

Table 2.9 Comparison béetween.theProperties of Isooctane and Ethanol [16]

y.v Isooctane Ethanol
Property % -
— — (CgH,e) (C,H,OH)
Molecular Weight J ' 114.224 46.07
C:H weight ratio 2 5.25 4.0
Boiling Point, °C at 1 atm - .?{t-__. - 99.24 78.3
Vapor Pressure, psi at 37.8 °C ) : T 1.708 2.5
Specific Heat of Liquid, Btu/lo-F at 77 °F and 1 atm 0.5 0.6
Heat of Vaporization, Stu/lb at 25 °C and 1 atm 132 395
Heat of Combustion, Btu/lb at 25 °C
-Higher heating value 20,556 12,780
-Liquid fuel-gaseous H20 19,065 11,550
Octane Number 100 106

Ethanol also has a relatively high octane rating-106-107.5 RON (Research

Octane Number) and 85-100 MON (Motor Octane Number). The addition of ethanol to

nonleaded gasoline causes the octane rating to increase along with the antiknock

capacity of the fuel [16].
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2.2.3 Fuel Property Change with Ethanol Addition

The addition of ethanol to gasoline results in changes to the properties of the
fuel. When fuel properties change they can affect engine performance in many ways.
This includes exhaust and evaporative emissions, fuel economy, operability, full load
performance (power) and durability. The extent to which changes in fuel composition

affects these engine performance qualities are very dependent on the engine itself,

7) rol system, as well as emissions control
equipment. N __/ZJ
Table 2.10 summa&meq‘ thé@perties of gasoline, ethanol, and

thal Soline. This is assuming splash

including engine design, fuel syst

mixtures of 10% and 2

blending of the compo the gasoline component.

® Volatility

Fuel volatility e, each of which is important

in understanding what i f satisfying engine operability

alcohol alone. The molecules gﬁ@_a; e strongly hydrogen-bonded, but with
- - I‘_J] -_- . _:-* H _, +

small amounts of alcehol in @ non-polar materiz

much less extensive

with their low moIecuI;ight. Thus the alcohol becomes
AUEINENINYINg
ARIAN TN INY Y

n“a manner more in keeping

ore volatile (27).
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Table 2.10 Properties of Gasoline, Ethanol and Gasoline/Ethanol Blends [26]

10% Ethanol / 20% Ethanol /
Property Gasoline | Ethanol )
Gasoline Blend | Gasoline Blend
Specific Gravity @ 15.5 °C 0.72-0.75 0.79 0.73-0.76 0.735-0.765
Heating Value
(MJ/kg) 43.5 27 41.9 40
(BTU/Ib) 18,700 115600 18,000 17,200
Heating Value
(MJ/litre) 32 21.3 30.9 29.9
(BTU/gal) 7,000 _ |1 76,000 112,900 109,000
Approx Reid Vapour Pressure @ -T—_
. ; 59 okl N 64 63.4
37.8°C (kPa) ‘,
Stoichiometric Air/Fuel Ratio + 14.6/704%4s 9 14 13.5
Oxygen Content (% _by weight)— 0 o S 85 3.5 7

® Reid Vapour Pressure

Guibet[(13) states that increases in‘the ‘Reid VapoufrRréssure (RVP) of 6 — 8 kPa

can be expectéd with ethanol additions of only 3% to base gasoline with normal

volatilityyThissinCrease, in RVP4s confirmed by @wem&Coley (11).ThefRVP is a measure

of the vapour pressure of a liquid as measured by the ASTM D 323 procedure and is

commonly applied to automotive fuels. For automotive fuels, the Reid Vapour Pressure

(RVP) measured at 37.8 deg C is used to define the fuel volatility (28).

Figure 2.6 shows RVP of the fuel for different ethanol blend content. The RVP

only drops consistently below the gasoline RVP with blends of ethanol greater than 30%.
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2.3 Chemical Resistance

The ability of some polymers to resist strong acids, alkalis, and solvent is
notable. The primary factors affecting the ability of a polymer to retain original physical
properties after exposure to a reactive chemical are the exact chemical and
morphological nature of the polymeric compound, type and concentration of the

chemical, time and temperature of exposure, part thickness, and the mechanical

|

stresses that are simultaneously acti

” sample. In general, chemical resistance
tests, as conducted by resi ippli &aunders, involve exposure of thin,
molded plaques to a repr&ran@ of@ one chemical at a time , over a

WI stress. Immediately after

1, velume swell, hardness and tensile

limited range of temperat
exposure the samples ar
properties, all at room te a small section of a chemical
resistance rating tabl

There are only product samples have been
exposed to the combine hanical stresses for periods of

years to approximate realis

e

published. The most notable__ﬂ__:e;r:_lgﬁ@_g{!%

Differences betwee

combined environmental fa /¢ resent by careful extrapolation

of test results and in-d

AUEINENINYINS
ARIAN TN INAE

pth studies of degradation mechanisms in laboratory.
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Table 2.12 Effects of Chemicals on Properties of Nylon-12 [18]

Modulus of
Temp. | Time | Weight Notched
Chemical Elasticity
(°C) (hr) (%) Izod (kJ/m2)
(GPa)
Control sample - - - 1.44 5.8
23 1170 +0.9 1.13 NB
Sulfuric acid (1N)
90 331 +1.7 0.83 4.3
23 1298 +0.9 1.10 NB
Sodium hydroxide (1N) 3
90 330 i, 0.86 NB
28 1672 3, e 0.91 NB
Benzene 1
70/ L8B30 | +103 0.63 NB
28" + 1606 |\ +1.9 1.18 43
ASTM fuel B ——
70 314 |\ +6.7 0.71 NB
231711672 4 +14.2 0.55 NB
Fuel B + 20% ethanol — —
7047~ 332 | +16,7 0.40 NB
L5 R 2.3 0.96 NB
Methylethyl ketone =7
, ~ 68 300 [ +5.1 ~ 042 NB

Note: NB = No Breaka@e

The commonly rused chemical resistance tests are briefly described as follows:
in immersion tésts| with: liquid chemicals, molded -or machined tensile test samples
(dumbbells) are’ completely immersed in the test liquid, which should be in a
temperature  controiled™ bath.“Samples are withdrawn periodicaiy and subjected to
standarditensile stress strain tests, weight, thickness, and hardness measurements at
room temperature immediately afterward. ISO 175 (ASTM D543) describes procedure in
detail and gives a list of about 50 different reagents to cover the span of potentially
damaging chemicals. Test data is relative, but with experience in particular product
applications, results of a minor compound change to a new polymer, can be fairly
reliable when combined with other data and understanding of the chemical nature of

polymers. The main flaw is that the samples are under zero mechanical load during
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immersion. To correct this flaw, some simple tests are in use that combine mechanical
stress with chemical attack over time.

In an immersion test in which the polymer does not actually breakdown because
of chemical reactions with the reagent, excessive volumetric swelling will be a limiting
criterion. There two stages in the process of chemical swelling by liquids. First, liquid
solvent is dissolved into or absorbed on the surface of the polymer solute. Second,
solvent diffuses through the free volume of the polymer. The first step occurs because
solvent-solvent bonds, polymer-polymer bonds, and polymer-solvent chemical bonds for
certain combinations are sufficiently similar'thermodynamically that little thermal energy
is needed to form solvent=pelymer bonds. Forconvenience, imagine that the polymer is
a liquid also, and that the cohesive interaction between molecules of this liquid can be
measured by thermodynamic method. This interaction is measured by a property of the
polymer called the cohesive energy density (CED), and values have been measured
and published for many polymers and sol\Zéngs. If the polymer CED is sufficiently similar
to the solvent CED, the'two materials will"j:be (_:ompatible and the polymer will rapidly
absorb the chemical solvent. Ratei(_)f diffu:_'sjf_)_!n- of the chemical into the polymer then
depends on viscosity and size/gi‘the chem’ilc-','a.‘J{moIecule, free volume of the polymer,

temperature, and similar purely--physical fgétbjs- As the chemical diffuses into the

polymer, the polymerincreases in volume or swells, and the.weak interactions between

macromolecules become even weaker. If the polymer is under mechanical stress, it will
fail at a lower load thanif it had not been chemically attacked. If a swollen polymer is not
stressed, it mayicompletely=recoven itsyoriginah propertiesswhen the solvent is allowed
time to diffuse back to the surface and evaporate. If it does recover completely, the
reversipility, is .an indication that-uptake .of, the .chemical ,did neot Jead to chemical
reactions with' the polymer. Another indication of reversibility is that there is a maximum
degree of swelling; that is, if weight change is plotted against time of exposure there will
be an asymptote or maximum value

Water absorption is another very important property for several reasons: one is
that water, the “universal solvent,” reacts chemically with the backbone chain and
irreversibly degrades many polymers. A hydrolysis reaction, typified by water and nylon-

6, is illustrated in Fig.2.7.
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(a)

610 nylon

Figure 2.7 Mechanism of water absorption i (a) and nylon-6/10 (b). The
greater density of pathways in (2 an 8.5% absorption compared to only
3.5% in (b). Reactio MW when in the presence
of high H,O concen y 'qE ty can lead to the reverse
reaction, increasing M@ Raising ¢ = raturﬂfavors reaction (c) for nylons

and other hygroscopic pli»sgs [18]

erof@} 3o B4 QSR BHYIS 4 RJAEMGrom no stness, nd

increased cree;alstraln The chemlciJ mechanlsm of the hydroly3|s of nylons is that H
atoms Q—(%ﬁﬂw@eﬁltﬂ%}mw % ﬂéauw M’q) ﬂhﬂylon associate
with theQeIectronegatlve O atoms, and cause chain scission. Alcohols, and partly
halogenated hydrocarbons, such as chloroform, act similarly on some nylons.
Fortunately, at ordinary ambient temperatures, hydrolysis reactions are rapidly only in
the amorphous regions of semicrystalline plastics, such as nylons. However, at elevated
temperatures, especially in the melt phase, hydrolysis reactions occur much more
rapidly; thus, it is imperative to dry nylons and other hygroscopic plastics very

thoroughly before melt processing, such as extrusion or injection molding. Hydrolysis
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reactions are possible with other condensation plastics, such as polyesters and
polyurethanes, in addition to nylons, which have similar weak points. To aid in safely
processing such plastics, processing stabilizers are added which, in conjunction with
predrying to remove the bulk of the absorbed moisture, prevent degradation by reacting
with the remaining water in the polymer during melt processing. In other plastics,
improved hydrolytic stability can sometimes be provided by changes in types of end
groups or composition of the backbone in the polymer. These chemical modifications
must not decrease other physical properties/while they improve the processing stability.

A second effect of water is physical @destruction of adhesive bonds between
polymers and fillers or reinforeing fibers. This causes strength loss in fiber-reinforced
composites, and chalking arpigment diffusion to the surface (bloom) in other cases. A
third effect of water is phai@chemical, involving generation of hydroxyl radicals or other
reactive species, which can thénpromote other free radical reactions. Finally, excessive
water absorption can lead o distortion jof a_:mglded part as a result of lowering the glass
transition temperature by plastification. J '

In addition to effects onr_lmeoha:hjf;da-l properties and thermal processing,
absorbed moisture can affect;,dimensiona’[f-ﬁsﬁébility of parts and reduce electrical
insulating properties. There are..also potehﬁal,;hazards when moisture absorption is

combined with other g@mical attack factors or with weathering. As an example of the

effects of long-term humid aging on nylon-12 with 30% fiberglass content, samples
tested for 10 months Th dry heat at 93 °C increased slightly in tensile strength and
elongation, butrdegreased by 66% ginjkoth facters whemexposed with no load at 93 °C
and 100% relative humidity. Samples of nylon-6/6 with 33% glass fiber showed 40% to
50% reductions«in tensile and flexural strengths-after 4.years of-exposure to a jungle test
site. Nylan-11"showed only 20% to 25%10sses in‘the same‘exposure.

A quick and simple test to determine if a polymer may be sensitive to
degradation by hydrolysis is the 24-hour water absorption test (ASTM D 570) in distilled
water at 23 °C (Table 2). ASTM D 570 and ISO 62 also describe tests for longer
durations (up to equilibrium uptake) and in boiling water. Percentage water absorption

by weight is the reported value in all cases.
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In reality, the 24-hr immersion test can be deceiving because it does not
represent the equilibrium water uptake, which can take many weeks to attain for many
important plastics. For example, for nylon-11, a 1-mm thick sample takes 5 weeks to
reach a final water absorption of 1.9%, and a 2-mm thick sample requires 20 weeks.
Nylon-11 reinforced with 30% glass fibers takes 10 weeks to reach equilibrium at 1.4%.
Equilibrium moisture content of a polymer depends not only on thickness and filler
content, but also on temperature, relative humidity, and plasticizer content. Glass fibers
often decrease moisture vapor diffusion because the silane used to treat the glass fiber
surface for adhesion to the resin matrix ishydrophobic; this tends to prevent water
diffusion along the fiberss=On-the other hand; moisture absorption and diffusion in
thermosetting plastics without fillers is very low, but will increase if hydroscopic fillers
(diluents), such as wood flotr are added.

The effect of morpholegy on chemical resistance is important. Reduced free
volume in semicrystalline polymers, reduc_,és their permeability and improves chemical

resistance, as does cross-linking.

2.4 Polymer Solubility T 24 ;-Hi‘

Liquid envirgaments can have positive and negati_vé effects on the properties of

polymeric materials."Some chemical or solvents can have detrimental effects on a
polymer component. Figure 2.8 shows results of creep rupture tests done on PVC tubes
as a function of-the, hoop,siress. At cansbe seen that,the-lifespan.of the tubes in contact
with iso-octane ,and“isopropanol 'has been“significantly ‘reduced as compared to the
tube in contact with water [29,30].

The'measured data for' the pipes exposed-toliso-octaneiclearly show a slope
reduction with a visible endurance limit, making it possible to do long-life predictions.
On the other hand, the sample exposed to isopropanol do not exhibit such a slope
reduction, suggesting that isopropanol is a harmful environment with acts as a solving

agent and leads to gradual degradation on the PVC surface.
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Hoop stress (psi x 10-9)

The question of w ‘ a specific polymeric material
needs to be address [ : | " is to be placed in a possibly
7 chemical reaction between a
polymer and another substancée > jover ne bbs free energy equation. If the

change in enthalpy AH, is-negativ : " chemical reaction will occur between the

241 The Somion Process

‘ a Q
Dissolv@ Mﬂglsﬂsa/mci;maﬂcgrn jo stages. First, solvent
molecules sl diffuse into t iﬁ r to pr Li \(v Il e‘iﬂ%’]may be all that
happe%fﬁﬁa&gtﬁj Zﬁrﬁ iiir ﬂl%j?jﬁr igh because of
crosslinking, crystallinity, or strong hydrogen bonding. But if this forces can be
overcome by the introduction of strong polymer-solvent interactions, the second stage of
solution can take place. Here the gel gradually disintegrates into a true solution. Only

this stage can be materially speeded by agitation. Even so, the solution process can be

quite slow (days or a weeks) for materials of very high molecular weight.
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2.4.2 Polymer Texture and Solubility

From what has already been said, it is clear that the topology of the polymer is
highly important in determining its solubility. Crosslinked polymers do not dissolve, but
only swell if indeed they interact with the solvent at all. In part, at least, the degree of this
interaction is determined by the extent of crosslinking: Lightly crosslinked rubbers swell
extensively in solvents in which the unvulcanized material would dissolve, but hard
rubbers, like many thermosetting resins, may not swell appreciably in contact with any
solvent.

The absorbance of solubility does not imply crosslinking, however. Other
features may give rise to sufficiently high intermolecularforces to prevent solubility. The
presence of crystallinity is the coemmon eifample. Many crystalline polymers, particularly
nopolar ones, do not dissolve except ai temperatures near their crystalline melting
points. Because crystallinity decreases a“\s' Ehe melting point is approached and the
melting point is itself depressed by the pré,.?ernce of the solvent, solubility can often be
achieved at temperatures significént:-ly belogi/;ihjé melting point. Thus linear polyethylene,

ald v ol
with crystalline melting point 7, = 135 °C,--_j_s__}_§<pluble in many liquids at temperature

above 100 °C, while even poly_tgat_raﬂyoroethy@r__we‘g,__Tm = 325 °C, is soluble in some of the

few liquids that exist -a‘-_bove 300 °C. More polar crystalline_-"'polymers, such as nylon-66,

T, =265°C, can diss‘o‘iye at room temperature in solvent that interact strongly with them

(for example, to form hydrogen bonds). ~
2.4.3 ISolubility.Parameters

Solubility loecursiwhen thesfree gnergy of mixing isinegative. lttwas long thought
that
AG = AH-TAS [29]

the entropy of mixing AS was always positive, and therefore the sign of AG was

determined by the sign and magnitude of the heat of mixing AH. For reasonably
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nonpolar molecules and in the absence of hydrogen bonding, AH is positive and was

assumed to be the same as that derived for the mixing of small molecules.

2.5 Composite Materials

Materials consisting of more than a single phase can justifiably be described as
composite materials [19]. In practice, most composites consist of a bulk material (the
matrix), and a reinforcement of some kind, added primarily to increase the strength and
stiffness of the matrix. This work aims to study ihespolymer matrix composites.

Polymer Matrix Composites (PME) is-a-materials brought about by combining
materials differing in composition or form on a macroseale for the purpose of obtaining
specific characteristics"andsproperties. Ihe constituents retain their identity such that
they can be physically«identified and_];hey:_ez(.hibit an interface between one another [20].

The first reinforced plastics wege all based on thermoset polymers. These are versatile,

L 4

inexpensive polymers, Jdused extensivel;ﬁ_‘ with' glass-fiber reinforcement, often in

substantial plastic components (sﬁch as stdfég% tanks, pipes, boat hulls and seating for
; )
Abd vl ok
public places). Recent years, nowever, have.§e_feﬁ rapid growth in the used of reinforced

thermoplastics polymers. A major advantage_f fa thermoplastics matrix is that forming is

ol [t -

possible by normal injection moulding or extrusion teehhiques. These are the most

economical processeg’yvhen cheap and precise manufact_are of very large quantities of
components is required. Allowance must be made fot.the effect of the reinforcing
particles on the flow of ‘mélien plastic during forming; the viscosity, for example, is
significantly increased../Astia result, 'some modifications| t@ tooling and process

parameters are usually necessary [21].
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2.5.1 Common Categories of Composite Materials

Generally, a composite material is composed of reinforcement (fibers, particles,

flakes, and/or fillers) embedded in a matrix (polymers, metals, or ceramics). The matrix

holds the reinforcement to form the desired shape while the reinforcement improves the

overall mechanical properties of the matrix. When designed properly, the new combined

material exhibits better strength than would each individual material. Based on the form

of reinforcement, common composite materials.ean be classified as follows [7]:

1. Fibers as the reinforcement (Fibrous Cemposites):

a. Random fiber (short fiber)

reinforced composites

2. Particles as the reinforcement

(Particulate composites)

b. Continuous fiber (long fiber)

reinforced composites

3. Flat flakes &s the reinforcement

(Flake composites)

<0 OD
o OD g
0%l
=202
) [
GDDQQ o5
00 =7 |2
o 2
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In this work, the polymer composites, which comprise of polyamide 6 (PA6) as

polymer matrix and glass fibers as reinforcement are studied.

2.5.2 Reinforcement

Reinforced materials are referred to as composite or filled plastics. Filler

materials or reinforcements can y/ graphite, alumina fibers, woven and
unwoven textiles, sisal, wo other@
form in the shape of sphe les ng nularform or can be fibrous in shape. The

n be applied as a powder, pellet

purpose of fillers are t S 1" he plastics to which they are

applied. They can redu ( | s ing time, minimize shrinkage,
improve thermal endura oo na and mechanical properties and
enhance electrical and ¢ [

Polymer/glass \ g 'onally high levels of strength,
stiffness and impact strengt bined wi de sity substantially lower than those of

L1 i
structure metal and alloys. Strei stiffness arise from the properties of the
reinforcing fibers, which ar small in diarr d copsequently substantially free
from the flaws that -y Iy reduce the streng materials from high theoretical

values to the low practii | values fe sal plesr 9, 24, 6].

ﬂumwﬂmwmni
QW']éWﬂ‘iﬂJ UAIINYAY
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2.6 Physical and Mechanical Property Testing

2.6.1 Morphology Characterization

The morphology of the composites were examined by Scanning Electron

Microscope (SEM). The scanning electron microscope (SEM) is a type of electron

microscope that images the sample surface by scanning it with a high-energy beam of

electrons in a raster scan pattern. R i

sample producing signals

i/) interact with the atoms that make up the
al %\on about the sample's surface
: as electrical conductivity.The

"rwn coated with gold palladium

Figure 2.9:Scanning Electron' Microscope (SEM) [32]

ﬂUEJ’MEmﬁWEJ']ﬂ‘ﬁ

2.6.2 Teﬂ%lle Test

ARIAINTUNMINIA Y

The tensile test is performed to characterize stress-strain behavior of material.

However, standardized tests such as DIN 53457 and ASTM D638 are available to

evaluate the stress-strain behavior of polymeric materials [30]. The ASTM D638 test also

uses one rate of deformation per material to measure the modulus; a slow speed for

brittle materials and fast speed for ductile ones. The relationship between the applied

force, or load, and the elongation the specimen exhibits is linear. In this linear region,
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the line obeys the relationship defined as "Hooke's Law" where the ratio of stress to

strain is a constant, or

E=2
&

E is the slope of the line in this region where stress (O) is proportional to strain
(€) and is called the "Modulus of Elasticity" or "Young's Modulus'[30]. By its basic

definition the uniaxial stress is given by:

where

Fgre 2.10 lllustration of Tensile Moﬂlus [34]

AUYANYNTNYNS

The ger%ral factors, affecting the toughrﬂss of a materware temperature,

i RpSEAAART RIIA TSR b s

of stresg concentration (notch) on the specimen surface. Fracture toughness is

indicated by the area below the curve on strain-stress diagram (see the Fig.2.11):
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Toughness
Brittle fracture
Ductile fracture
Z
Figure 2.11 Tallg f the-Ductile a e of Materials [35]

® Test procedure:

A minimum of fiv shal be P epared by machining operation or
die cutting the materials in sheet, _. similar form. Specimens can also be
prepared by injection or com -'-:,- "*- V material to be tested. Test speed is
specification in the VT%‘ If no speed is specified,
then use the lowest speed (5 vhichgive rupture within 0.5 to 5.0
minutes. Modulus testlng‘may be conducted at the same speed as the other tensile

properties proﬁuﬁé}%‘}ﬁm% E‘M’T ﬂ ﬁequate Extensometers

are required for'determining strain at y|eId and tensne modulus [36]

Qﬁﬂﬂﬂﬂ‘im UANAINYA Y

® Specimen size:
The dog-bone shape specimens are prepared for tensile testing following ASTM
D638 (or ISO 527). The appearance and the dimension of sample are shown in Figure
2.12 and 2.13, respectively. At least five measurements are taken using Instron universal
testing machine as presented in Figure 2.14. An average value and a standard deviation

are statistically calculated.



Figure 2.12 Dog-bone Shape Specimen for tensile strength evaluation

W: Width of narrow parall%}( —g 10 £ 0.5 mm.
L: Length of narrow para‘frlffj&)n _‘: f: A 60 £ 0.5 mm.
WO: Width at ends , A JL‘ 20 + 0.5 mm.
LO: Length overall, minimum’ "_ jf‘ 160 mm.

G: Distance between referencedine - E72Sye _ 50+0.5mm.
D: Initial distance be"cv';%ﬂn grips éj 115 £ 5 mm.
R: Radius of fillet T ~ 60mm.

=, -

Figure 2.13,Dimension of Dog-bane shape Specimen (ASTM D638 or ISO 527)
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2.6.3 Flexural T

A4 ) '
A -, ) o
The flexure test acca qg‘%ASTM% serves determining strength and form

= -

for polymers shown\;@ Figure 2.15. Results are plgttaq.f:ib a stress-strain diagram.
. i . . i} : . . .
Flexural strength |S£é§£|ned as the maximum WL_ e outermost fiber. This is

calculated at the surfa!:e of the specimen on the comvex or tension side. Flexural

modulus is caﬁaﬁﬁ%ﬁeﬁpe oﬁe Qﬁﬁ VS, y]ﬂe tic%(:urve. If the curve has
no linear region, lin€lis i a%lo e‘ji e cEJete rll ope [37].

U

BRI UNINGIAY

In the three-point bend test, maximum flexural stress at break o, is calculated

change properties under bendiqg}@ding.ﬁ%;point flexure test is the most common
" 'I_ i‘ " ‘--—-

from fracture load F:[36]

, _6M _ 3FL
" Bd* 2Bd?

M is maximum bending moment
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is the load (force) at the fracture point
is the length of the support span

E
L
B is width of specimen
D

is thickness of specimen

® Test Procedure‘J - U
Most commonly tg.e specimen lies on a support span and the load is applied to

the center by ﬁ Hdﬂ ﬁgs% ﬂwﬁ %\‘bﬂt{})ﬂ@ at a specified rate. A

support span- tdﬂjept ratio shall be of 16:1. The spe0|men is deflected until rupture
R VR L LR (N
reachedfiwhichever occurs first. Procedure employs a strain rate of 0.01 mm/mm/min
[39].
® Specimen size:
A variety of specimen shapes can be used for this test, but the most commonly

used specimen size is 12.7 x 64 x 3.2 mm’ (WxLxD) for ASTM (Figure 2.16).
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Figure 2.16 Bar shape specimen of PVC / glass fiber composite

stock

/.

2.6.4 Compressive Test ' 4

-
— |

A compression tg,%ﬁg fines behavior of materials under crushing loads. The

specimen is compressed an "deformatién at various leads is recorded. Compressive
stress and strain are calcul f. gn&j‘;ploit’é;d as a stress-strain diagram [30]. A large
Iaidir_lg q&eétion and specimen configurations were
developed to measure the c mpr@éjéionfjs;repgth of composite materials [36]. The

£
number of relatively complex |

# il
compressive strength of the ate:iél:woul@fc._,orrespond to the stress at the red point

) ke

shown on the curve. o _' A
¥ - :'_?l;“ e
A f
Stress 4
Mpal A X
B
Strain

Even in a compression test, there is a linear region where the material follows

Hooke's Law. Hence for this region [38] :
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O =E&
where this time E refers to the Young's Modulus for compression. There is a
difference between the engineering stress and the true stress. By its basic definition the

uniaxial stress is given by:

where,

Figure 2.17 U_r)i\/"ersalr_Test_i_ng Vl\/‘lachirfes_ (Ir_ystrgn_ Model T609-109) for
"KL d) d bomp;ré.ésivé %osd [ | d

L -'Te;’:i?rocegﬁ:ré:‘—
fhe specimen is placed between compressive plates parallel to the surface. The
specimen is then compressed at a uniform rate. The maximum load is recorded along
with stress-strain data. An extensometer attached to the front of the fixture is used to

determine modulus [39].
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® Specimen size:
Specimens are blocks shape for ASTM, the typical blocks are 12.7 x 25.4 x 12.7
m” (WxLxD). For ISO, the preferred specimens are 50 x 10 x 4 mm” (WxLxD) for

modulus, 10 x 10 x 4 mm’ (WxLxD) for strength as shown in Figure 2.18.

2.6.5 Impact T TS
A

eI
Notched izod im ﬁg‘}e ' easures a materials resistance
to impact from a swinging pencﬂ@@n ed impact test, a notch is cut into the

,.l":‘-'f‘l . .f,:l'r‘_ ] = . .

specimen. By notcgg, a sﬁeég“-cor)p on as. well_as an increase in crack
propagation rate is achievea-at-the-front-of-the-crack: \. this way, a break can be
achieved even on tou- -p astics ~alk WW unnotched specimens are

used. lzod impact is d(la‘tlned as the klnetlc energy needed to initiate fracture and

continue the ﬁ % &Ilqéﬁw ﬁé %ﬂ qﬂpﬁlmens are notched to

prevent deformation of the spemmen upon |mpact For the test, pendulum hammers are
=R W ﬂ“ﬁﬂﬁﬂi LA Bt A
Izod configuration [36]. ASTM impact energy is expressed in J/m or ft-Ib/in. Impact
strength is calculated by dividing impact energy in J by the thickness of the specimen

[37].
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® Test procedure:

The specimen is clamped into the pendulum impact test fixture with the notched
side facing the striking edge of the pendulum. The pendulum is released and allowed to
strike through the specimen. If breakage does not occur, a heavier hammer is used until
failure occurs. ASTM impact energy is expressed in J/m or ft-Ib/in. Impact strength is
calculated by dividing impact energy in J (or ft-Ib) by the thickness of the specimen. At
least five, preferably 10 specimens shall ‘o prepared from sheets, composites, or

>

molded specimens [39].

® Specimen size:
The bar shape/@mens are’ prepared for lzod impact strength testing
following ASTM D256 (yé)’ 180) as shoWn in Figure 2.19 . The standard specimen for
ASTM is 12.7 x 64 x 3.2 m W><L><D aé; shown in Figure 2.20. The depth under the

F |

—

notch of the specimen is 1,46 mn.. The lmpact tester (Yasuda) is shown in Figure 2.21.

Thes e ——
A= 1016 x ADSHM T -
—— E f.ﬁﬁzﬂ.lﬁmm

o R =0.25 + 0.05mm -

Figure 2.19 Dimension of impacttest specimen ASTM D256 [39]

Figure 2.20 Bar shape Specimen for Izod Impact strength evaluation
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CHAPTER Il

LITERATURE REVIEWS

A. Gullu et al. [11] in 2006 investigated the effect of 15 and 30 wt% glass fiber
reinforcement on the mechanical properties of nylon 6 (PA6). Glass fibers (E glass), 13
pMm in diameter and 6 mm in length, were used as reinforced in PA6. For this purpose, a
die was designed and manufactured to_pr

using various injection paramete q,\:
) \

I/1I/111, injection pressure and gate types). @microsoopy examination after the
fire-ashes tests revealed that fibe! osites decreased with increasing

duce tension and notched impact specimens
p , screw speed, heater temperatures

AU INENINYINS
AN TUNN NN Y
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PA 6, unreinforced PA 6, fibre reinforced, 15 % PA 6, fibre reinforced, 30 %
80
1001+ 1204
®
I~ 1004
] g
NE E 2 i
2 0 2 80 %"
5 2
"y a ﬁ 80
g
.~ 2] -
w2 b o
2
20 20
o { ]
0 E 100 150 0 — = A ——]| ¢ s ° b
Strain, % . Y & ® Strain, %

Figure 3.1 Stress—Strain'Diagrams for Unreinforeed and Fiber Reinforced Nylon-6
Materials [11]
'1
It was observed that fibef reinforcément ‘had different mechanisms on the impact
energy. The 15 wt% fiber remforoement decneased the impact energy of PA6 by 21%,
while the 30 wt% fiber reinforcement mcre_%sled the impact energy 9%. Depending on
the fiber length in the composite, ilr_mfzreasm;g.:__ﬂber length improved the tensile strength
and increasing fiber fracture {irhpioved tﬁi:;iq'}lpact energy value. With increasing

injection speed, fiber fractures.mcre‘ased an.d"i:h’é: fibers were oriented perpendicularly to

the flow direction. Tensne strength —decreased —and lmpact energy increased with

increasing injection Speed and injection unit screw speed- Among injection parameters,
increasing injection back pressure, feeding unit temperature and gate cross section

increased tensile strength and decreasediimpact energy:

B. Jones, et«al~[22] .in. 2008 ,compared .thexeffects ~of E204versus E10 and
gasoline ~on "plastic” materials® found “in' automotive "and~small* engine fuel system
components. The eight materials included in this study were Acrylonitrile Butadiene
Styrene (ABS), Polyamide 6 or Nylon-6 (PA6), Polyamide 66 or Nylon-66 (PA66),
Polybutylene Terephthalate (PBT), Polyethylene Terephthalate (PET), Polyurethane
(PUR), Polyvinyl Chloride (PVC) and Polyetherimide (PEIl). Plastic samples were
prepared using SAE and ASTM standards and exposed to blends of ASTM Fuel C; 90

vol% Fuel C and 10 vol% aggressive ethanol called E10; and 80 vol% Fuel C with 20
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vol% aggressive ethanol called E20 at an elevated temperature of 55 °C for 3,024 hours.
The fuel was changed in weekly intervals for the 18-week study. The test samples were
placed in 2-L glass jars with Teflon® lids. Stainless safety wire was used to suspend the
samples in the test fluid and glass beads were used to keep the samples separated
during the soaking period. The appropriate test solution was added to each of the jars
and the test specimens were hung from the inner liner of the cap by stainless wire. The

soaking apparatus was shown in Figure 3.2 below.

Examples of the varici"| ere displayed in Figure 3.3.

)

The study focused on companson of the changes in the physical properties of the

materials afterﬁ ﬂrﬂeﬁecﬂn E]:Wsﬁrw Erﬂ]of‘]wﬁ‘naterlals demonstrated

more discoloratign when exposed to hlgher Conoentratlons of ethanol based fuels.

quaﬁﬂ‘im UANINYA Y
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The study found that four ofithe matﬂ% °AB, PAGBE, PET, and PEI, were compatible
\BS, PUR, PVC, and PBT, were

with the three test fuels. The oiﬁ‘%‘%' ateric \\‘

affected by all three test fuels tg,varying de e ABS specimens failed after less

than one week of immersion E : The specimens turned to a jelly-like

mass in the bottom e tlble with any of the fuels.
Finally, no automotiv * ations of ABS could be located,

quite possibly due tom moompatlblllty with fuel. PVC (fiexible version) demonstrated
significant chapnge ﬁ ﬁ%ﬁ el to a higher degree in
ethanol fuels. % Mﬂa Tlﬂﬂ fj;]@ ﬁmpaot resistance in all
three fuels_but to a gre xte qn the 90A durometer
hardne% ﬁ ﬁ %pm ’iﬁ\(ﬁrg-l i ﬁéﬂ cracking and
changes in mass, volume, tensile strength, and elongation. In each case with PVC, PUR,
and PBT both E10 and E20 caused large enough changes to raise a concern. Because
of this, these materials would be a poor choice for use with either E10 or E20. Finally, no
fuel system components made of either PUR or PVC could be located. Different degrees

of discoloration were observed in many of the other test samples, slight yellowing of

plastics occurred on a few samples with E20 causing more yellowing. Samples were
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marked with an engraver for identification purposes. All can still be easily read with the
exception of the PUR sample immersed in E20. Discoloration does not mean a failure in

an automotive fuel system component.

T. Jiang et al. [25] in 2005 prepared nylon6/clay nanocomposite by mixing
organized montmorillonite with PAB. Solvent permeation resistance of nanocomposite
was measured to estimate the resistance to solvent permeation. The permeation barrier
“’/r determined based on their hot-pressed

P d PAG/OMMT resins are difficult to
ir Qﬂor 4 hs. The dried pellets were hot-
s|anc

Wlar sheets with a diameter of

4.5 cm. The circular shee 7 5 on the top of test flasks filled with 30 ml

roperties of PA6 and PA6/OMMT
prop \:\

sheets, because it was well

process by blow moldin
pressed into about 0.5 mm
of the solvents (toluen tion barrier properties were
determined by measu r placing the flasks at 50 °C
for 14 days. The per ets of PA6 and PAG/OMMT

d 3.5. The toluene and ethanol

permeation resistance of na ocgiﬁ-@(ié eTs eets. better than those of the pure PA6
sheet, and the barrier improﬂ&ﬁéﬁ@?& ihe nylon6/OMMT nanocomposites sheets

reached the maximum_ v : AT Zobtained in the PAG/OMMT

nanocomposite approﬁw

pure PAG to toluene and ethanol, respectively.

AUEINENINYINS
ARIAN TN INAE

and 4 times slower than that of
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Figure 3.4 Toluene Perme )composites as a Function of
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Figure 3.5 Ethanol Permeation Rates of PA6/OMMT Nanocomposites as a Function of

OMMT [25]



However, the permeation rate of the solvent in PA6/OMMT nanocomposites tended to

increase with the increasing contents of OMMT.

AULINENINYINS
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CHAPTER IV

EXPERIMENTS

4.1 Materials, Chemicals and Equipments

4.1.1 Materials

»

PAB6 resin (1015B) ompou [ wt% glass fiber (1015GC3) and

30 wt% glass fiber (1079/ vided -ln§ Thailand Limited.

All test fuels use /met/SA - ) S riteria. The four test fuels used
included: C(EO),, C(E20) 5) i ia vj . The chemical required for fuels

preparation was obtained fro --—J-H- ere:

® Isoo

TquI ne

Sodlummhlorlde AR Grade, Merck Cherr&l

oLy litieb L utiE
’é] W’lﬁnﬂtﬂ‘im URIAINY1A Y

® Universal testing machine

® Compression molding
® |mpact tester -
® |njection molding

® \acuum oven
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® Digital vernier calipers
® Notching machine
® Mettler balance

® Scanning Electron Microsope (SEM)

4.2 Test Specimens Preparation

Both PA6 resin and PAG Q\ \A',f E dried in a vacuum oven at 80 °C for

24h. The materials testing requi es di aped test specimens. The shaped

test specimens included arEe E?elovfand—mrg 41
® Disk - %ng
° ‘ N
® Bar

Figure 4.1 The Shape Test Specimens: Disk (a), Block( b), Izod (c) Dumbbell (d) and
Bar (e)
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4.2.1 Injection Molding

Dry PA6 and PA6/GF composites pellets were injection molded into standard
tensile bar (ASTM D638) by Injection Molding Machine (Manumold) for measuring the
tensile strength, young’s modulus and flexural strength. The specimens were molded at
250, 260 and 270 °C for unreinforced PAB, glass fiber reinforced PA6 15 wt% and 30

wt% respectively. The injction pressure was 130 bar. After molding, the specimens were

placed in the vacuum desiccators “T W

A L} ?{lﬂ NANLND5.
azma\mm UANINYA Y

Dry PA6 and PAB/GF composites pellets were placed at 220°C into mold by

Compression Molding Machine (as shown in Fig. 4.3). The compression process was

started using parameters given in Table 4.1
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Table 4.1 The Process parameters Setting of Compression Molding Machine

Procoess Parameters Setting
Mold Temperature (°C) 225
Preheating Time (min.) 2
Heating Time (min.) 4
Cooling Time (min.) 6
Molding Pressure (bar) ‘\\?\\‘ I 0-90

2.y
P
4

Figure 4.3 Compression Molding Machine
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4.3 Test Fuels Preparation

The test fuels used in this study were based on the test fuels standard specified
in SAE J1681, Gasoline alcohol and diesel fuel surrogates for materials testing. Fuel C
represents a worst-case-scenario gasoline due to its composition of 50 vol% iso-octane

and 50 vol% toluene [9]. The four test fuels used in this study included

1. C(E0), = Fuel C 100 vol% + Aggressive ethanol 0 vol%

”%}sive ethanol 20 vol%
e

A
2. C(E20), = Fuel C
3. C(E85), = %o & ethanol 85 vol%
4. C(E100), = e a1l 100 voi%

Formulation of ag ' anol .s make 1.0 L are:

Boog 4%\ iric acid 0.021 g

- synthetic ethan
Sl
- de-ionized wate ‘ 1%%;; N - | acetic acid  0.061 g
, o \

o T
: . i il Gl s
- sodium chloride ~ 0.004 g

7 b /h 7 4 .::

o ~ —

v, X
4.4 Test Procedure m m

The te i ‘ﬁ I diw jars test materials were
separated jarﬂﬂiﬁﬁin ﬁﬂn il t aezlmﬂrefjment (for 16 weeks) at
room t e and fu ﬂfjn e e e ng king apparatus
was shﬁqiﬁ;ﬁ ﬁ bdlﬁ ﬁie ﬁdﬁﬁﬁ WEF-] ﬁ
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The specimen
testing. Weights and r changing test fuels while

. . ¥ = th .
mechanical properties were - and 16 week using Instron

Five pieces of dis# gg.ecimen are dri&d}in an vacuum oven for 24 h at 80°C and

then placed | i %Eﬂa@ %ﬂﬁnﬁjwlﬂp’o} ﬂoﬁg, the specimens are

tested.

APININUUMIINYAY

ater Absorption

The material is then emerged in DI water at room temperature. Specimens are
removed, patted dry with a lint free cloth, and weighed at 0", 4", 10" and 16" week

using Mettler Balance.
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4.5.2 Mass and Volume Change

The material is then emerged in each test fuels at room temperature. Specimens
are removed, patted dry with a lint free cloth, weighed and dimension measured after

changing test fuels using Mettler Balance and Digital Vernier Calipers.

4.5.3 Morphology

4.6.2 Flexural Pio&rty Measureme t

ﬂumwﬂmwmm

The barﬁpemmens were measured by Umversal Testlng Machine (INSTRON

Instru W mwﬁa Tﬁ |n were usd for
nuremforqed relnforced Al ata for at least spemmens were statistically

averaged to obtain the flexural strength of PA6/GF composites.
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4.6.3 Compressive Property Measurement

The block specimens were measured by Universal Testing Machine (INSTRON
Instrument) according to ASTM D695. The compression rate of speed 5 and 1.2 mm/min
were usd for nureinforced and reinforced PA6. Data for at least 5 specimens were

statistically averaged to obtain the compressive strength of PA6/GF composites.

4.6.4 Impact Property Meas

The izod specimenswere- easu déester according to ASTM D256.

Data for at least 10 speci were statistically.av ] to obtain the Impact strength

A >
of PA6/GF composite 7 \\%
N
: R“x\
RS

\

AULINENINYINS
AN TUNN NN Y



CHAPTER V

RESULTS AND DISCUSSIONS

5.1 The Influences of Gasohols on Physical Properties of PA6/GF

Composites

5.1.1 Scanning Electron Microscop'fef(iyll) of PA6/GF Composites
— ~ e
The characteristiesofthe_cor posites was observed under the Scanning Electron

Microscope (SEM). Th iIcrographs of the through-thickness cross sections of

i

|

specimens Fig. 5.1-5.3; i 5 é_genti}o‘lwhich morpholegy is dictated by glass fiber

loading conditions. - <

Figure 5.1 Scanning Micrographs of PAB.

Fig. 5.1 showed SEM micrograph of pure PA6. Figure 5.2 compared the fracture surface
morphologies of the specimens 15 wt% (Left) and 30 wt% (Right) glass fiber reinforced
PAB. The micrographs revealed the glass fiber seem to be uniformly and sparsely
distributed all over the surface, but as the glass fiber content increases from 15 wt% to
30 wt% the reinforced phase seems to coalesce. When injected into fibers through

pores in an machine, the composites chains tend to align because of viscous flow.
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o
T — . I
Figure 5.2 Scanning Micregraphs (x200)'of PAG/GF Gomposites, PA6 matrix containing
f‘,

30 wt.% GF "wi.% GF (Left and Right), respectively

Figure 5.3'Scanning Micrographs (x2,000) of PAG/GF Caomposites, PA6 matrix

containirng 30 wt.% GF and_ 30 wt.% GF (Left and Right), respectively

Fig. 5.3 showed the SEM micrographs of PA6/GF composites (2,000x). The
images indicated the good interfacial adhesion between the glass fiber and PA6 matrix.
This indicated the use of PAG6 matrix was excellent adhesion to glass fiber reinforcement.
It because of PA6 was tough. This result is in agreement with that has been reported by
G. Ozkoc, 2005 [41]. This morphology investigation via SEM clearly demonstrates that

using glass fiber as reinforcement excellent dispersion and adhesion to PAG matrix.
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5.1.2 Water Absorption of PA6/GF Composites

Water absorption is another very important property for several reasons: one is
that water, the “universal solvent,” reacts chemically with the backbone chain and

irreversibly degrades many polymers especially PA6 [18].

Water absorption is used to determine the amount of water absorbed under
specified conditions. Factors affecti 7 ter absorption include: type of plastic,
additives used, temperature a .'*’ n i While all polymers absorb water to
some degree, some are ficiently.| yd@oh”@ absorb large enough quantities

of water to Signifioantl( m absorption is expressed as
NN

Percent Water Abso veight 7 ) ' Dry weight] x 100 [40]

ASIJ% i /GF Composites
. " 15%GF 30%GF
."i‘i
Dry Wéérlt () 7.3013 8.3474
[}
| | 4015 8.4318
Wet Weight (gﬂ u 8 | 7.8230 8.8612
'y
o | 8012 pisg o 9P o) 88y | 10118
- SATHRNT SRR T S B TR s
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Table 5.2 Percent Water Absorption of PA6/GF [7]

PA6/GF Composites
ASTM D570
0%GF 15%GF 30%GF
After 24 hrs 1.3-1.9 2.6 0.91.2
% Water Absorption
Saturated 8.5-10 8.0 6.4-7

The water absorption of this experimegnts showed in Table 5.1. This results were

in ranged on referent data (fable 5.2). From the'results, a characteristic of PA6 was the
v

ability to absorbed significantramounts of water. This.related to the polar amide groups
around which water melécules ean become coordinated. Water absorption has the
effect of plasticizing thesmaterial’by interrgp’t.ing the polymer hydrogen bonding, making
it more flexible (with lower tensilg strén_gth)-:aﬁd increasing the impact strength [7].

Figure 5.4 shown percent water ablllif_so;btion of PAB6/GF composites. It shown that

il

the water absorption of theiCompesites were increased with increasing immersion time.
; i

F o'
Water absorption has increased rapidly during the first four weeks and saturated about
b Ttk
week 7". The unreinforced PAG promoted more water absorption than the glass fiber

o

reinforced PAB. Thisresult ind-ié'éféd that thé‘l Uég_élass fiber reinforced PA6 decreased

absorption of water due to the absorption of waters into sp:f'g_(;imens were mainly by PAG
matrix as shown in Fig. 55 when the weight increase rest{lts were adjusted to weight of
PA6 matrix in composites’ only. This relatedsto the polar amide groups (-CO-NH-) that
exhibit very polar and hydrophilici characteristics'could become coordinated with water

molecules.
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10

- —@—0%GF --#--15%GF --4- 30%GF

th & -1 & 2

% Water Absorption

12 14 16 18
ersion )

nd PA6/GF composites
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9 |
8 -
7 -
. 'ﬁr
v

EE % Water Absorption

4 6 8 llh12 14 16&,18

’quﬂﬂﬂ‘iﬁﬂ‘ﬂd‘%ﬂﬂﬂ‘ﬂ'{ﬂﬂﬂ

Figure 5.5 Percent water absorption of PA6 and PA6/GF composites (based on mass of

PAB matrix only)
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5.1.3 Mass Change of PA6/GF Composites

10.0
95 | ——0%GF --®--15%GF --¢- 30%GF
9.0 |
B S
2 80 f
2 75 g
= 7.0
6.5
o C(EOA
5.5
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Figure 5.6 Mas s immersed in C(EO),

- Q’-
o

78 muwnwmﬂﬂ

0 10 12 14 16 18

Immersion Time (week)

- ﬂmsslncrease
Y

6331

o

Figure 5.7 Percent mass increase of PA6/GF composites immersed in C(EO),
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Figure 5.9 Percent mass increase of PA6/GF composites immersed in C(E20),
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Figure 5.11 Percent mass increase of PA6/GF composites immersed in C(E85),
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Figure 5.12 Massi€hange of PAG6/GF composites immersed in C(E100),
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Figure 5.13 Percent mass increase of PA6/GF composites immersed in C(E100),

Fig. 5.6-5.13 showed that the weight change of specimens immersed in test
fuels were increased with increasing of immersion time. The cause of this was the
absorption of the fuels into the polymer matrix. This was often a slow process due to the

vastly different dimensions of solvent and polymer molecules so the immersion time of
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this experiment not enough for saturation of mass increase. Considering the influences
of glass fiber contents, the high fiber content showed the good results for the materials.
The increase amount of glass fiber content in the composites could decreased the

absorption that were mainly by PAG matrix.

7.8

—e— C(ED)A - C(E20)A
- - C(ES5)A - A - C(E100)A
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Figure 5.14 Mass change of'.!'?AEJS_immersed in test fuels
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Figure 5.15 Mass change of PA6/GF (15 wt%) immersed in test fuels
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Figure 5.16 Percent mass increase Q|f PAB/GF (30 wt%) immersed in test fuels
Fig. 5.14-5.16 showed the mass ehange of the unreinforced PA6 and the glass
fiber reinforced PA6 15 wit% and 30 wit% ir_ﬁ_mérsed In each test fuels. The effects of the
test fuels with the differ amount of aiggresé'j\}"e ‘ethanol content were investigated. From
‘o
the figure, the surrogate gasohols’:{hat Were:;(j_)(E2O)A, C(E85), and C(E100), had the

F i

similar value and affected more than the @kqgate gasoline, C(E0), due to it more
absorbed. Ethanol which Wasitlf-{é main com'.p-o-;itic‘)n, about 99 vol%, in the aggressive
ethanol had a high rp:é)lvar chemical. It could become cobr,dinated with the hydrophilic
amide groups (-CO-NH-). However, the mass of the test samples immersed in the
surrogate gasoline was slightly increased with' increasing immersion time. This was the

results from the hydrophobi¢ paraffinic’ chains af [PA6 could e absorbed non polar

toluene and isooctane that were compositions in thessurrogate gasofine.

Considering volume change as shown in Fig. 5.13-5.23, the test fuels could be
affected dimensional stability. It was cause swelling of test samples. This result revealed
consistent the mass change. The swelling could not be seen due to it very little
changed.

Besides polar characteristic, solubility parameter was important concept for

predicting the simplest polymer/fluid interactions. The solubility parameter for PAG is
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12

27.8 MPa'? and the solubility parameter for ethanol is 26.0 MPa"” [42]. Both solubility
parameters small differ so it was good interactions. For this experiment, PA6 did not
dissolve, but slightly swell in the presence of solvent. Here was one good reason for
approving the gasohols had more effects on physical properties of PA6 than the
gasolines.

Bruce Jones and et.al. compared the effects of E20 versus E10 and gasoline on

plastic materials. The mass and the volume change of PA6 immersed in E10 and E20
*/ﬁ ompared to Fuel C, surrogate gasoline

}nge of PA6 immersed in C(E20),
heﬂoo -

yielded approximately 7%7N

the lower percent increase

yielded approximately a 10% incr

[41]. For This study, the mass &

urrogate gasoline. This showed

ion time than previous test.

Volume Change (cm®)

),
s

Y 0 2 4‘6 81‘0112 14 16y18
ARTANNIREARTINY IR Y

Figure 5.17 Volume change of PA6/GF composites immersed in C(EOQ),
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.21 Volume change of PA6/GF composites immersed in C(E85),
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Figure 5.25 Volume change of PA6 immersed in test fuels
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5.2 The Influences of Gasohols on Mechanical Properties of PA6/GF

Composites

The mechanical testing included tensile, impact, flexural and compressive tests.
From tensile test two properties were investigated: tensile strength and tensile modulus;
the impact test gave only breaking energy. The aim of testing these materials was to see
whether there was an improvement of mechanical properties when the glass fiber were
used and which test fuels gave the best properties.

The mechanical properties data colleetedsalong the study was compared to
baseline. The samples weretook to measured these properties on week 4th, 10" and 16"
and compared to the value.récorded before immersion that were used as based line.
The average and the standardsdeviation of were compared to determine test variance.
Ten pieces of measuring were used-tc collect for the impact strength while five pieces
were used for tensile”strength, young's ;.:podulus, flexural strength and compressive
strength. =
';_:’._.

5.2.1 The influences of glass fiber content on the mechanical properties

| el

Three test matrevrials (unreinforced PA6 and glass fiber reinforced PA6 15 wt%
and 30 wt%) that immérsed in four test fuels were compared to investigate the effect of
glass fiber content. Refer to Fig. 5.28, 5.40, 5.52, 5.64~and 5.72 for a plot show the
tensile strength,.young’s .modulus, flexural strength, impact, strength and compressive
strength, respectively beforefimmersion. These figure‘comparing the influences of glass
fiber content on mechanical properties. It _showed that glass fiber reinforced PAG6
exhibited improvement in mechanical properties. It Was observed that tensile strength of
test materials increased depending on fiber reinforcement and fiber content. As is seen
from Fig. 5.28, the tensile strength for the un reinforced PA6 was found to be 78.6 MPa,
while it increased to 118.7 and 170.0 MPa with the addition of 15 and 30 wt% glass fiber
reinforcement, respectively. Thus, when PA6 was reinforced with 15 and 30 wt% glass

fiber, 51% and 117% increment in the tensile strength were observed, respectively. This

result was consistency with the study of the effect of glass fiber on mechanical
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properties of PAB, it was showed 74% and 111% increment in tensile strength [11]. Fig.
5.40 showed 76% and 145% increment in young’s modulus with the addition of 15 and
30 wt% glass fiber reinforcement, respectively. The flexural strength of three test
materials showed in Fig. 5.52 was compared. It was showed the increment of this
property 60% and 122% with the use glass fiber reinforced PA6 15 and 30 wt%,
respectively. Compressive strength of the reinforced with 15 and 30 wt% glass fiber
showed 43% and 73% increased in this property change when compared to the
unreinforced PA6. These were observed thatimprovement in tensile strength, young'’s
modulus, flexural strength and compressivessirength showed a linear relationship with
the fiber weight fraction.impaet test was showed in Fig. 5.64 comparing the impact
strength of each material. [his showed the impact strength increased with increasing
the glass fiber content. The change in the 15 wi% glass fiber content increased 8%,
while 30 wt% glass fiber gontentincreased 50% when compared with the unreinforced
PAB. This change did not show a IineaF.: relationship. Previously study showed that
impact strength of 15 wt% (glass fiber rei‘;:'rforc_ed PA6, 21% decrease was observed.
Contrary, 9% increase in PA6 whenr _i%_was ré'ije-%ff_?-rced with 30 wt% glass fiber [11].

After immersed in each fest fuels the ;gharacteristic of the test samples were

affected. The tensile strength,.young's moqd_}ug -and flexural strength decreased with

increasing immersion.time, while_the impact strength inCreased. These were rapidly

changed in the first 4.-weeks. Fig. 5.29-2.36 showed the tensile strength and percent
change of tensile strength of the test materials at the various times along immersed in
each test fuelsg#This shawed geod resulisifor:the high fiber.cantent composites. The plot
of young’s modulus and flexural strength were showed in Fig. 5.41-5.48 and Fig. 5.53-
5.60, respectively. Fhese properties showed, the,similar results«<with.the tensile strength.
The impact test result showed 'the impact strength increased with*increasing immersion
time as showed in Fig. 5.65-5.68. This property showed no significant difference
between 15 wt% and 30 wt% glass fiber reinforced PA6. However, the reinforced
samples had the lower impact strength than the unreinforced PA6 significantly. From this
test showed that high fiber content in PA6 provided lower percent change in mechanical

properties than the unreinforced PAG. In the other words, the glass fiber reinforcement
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could be reduced the decreasing of these properties. The mechanical properties had a
positive correlation to the physical properties results.

This was clear that there was adhesion between fiber and matrix. Thus when the
tensile load becomes large enough to fracture the PA6 phase, there was load transfer
from the PA6 matrix to the glass fiber to help. This was clear that the mechanical change
was the results of the physical properties change. And this change could be reduced by
increased fiber content in the composites.

The most important parameters faffecting the mechanical properties of
composite material are fiber content and fioer length [43]. For this study, solvent
absorption as an importantparameter affecting onthesmechanical properties (especially
the material that had nitrogeqsifi stfUcture such as PAB).

The study of the influences of glass fiber content indicated that use glass fiber
as reinforcement in PAG#cadld’ have improved mechanical properties although it
immersed in test fuelsi"Dugto the glass fit;er._composites had the lower PA6 matrix that
was a absorption area than the unreinfcf;rced_ PAB. In addition, fiber direction and
distribution in the PA6 mairix are knoyvn to iri]‘ﬂ;f,l_?nce the mechanical properties.

=7/,

il

5.2.2 The influences of ethanol contern_t_-,_'g;n the mechanical properties

Fig. 5.37-5.3975.49-5.51, 5.61-5.63, 5.69-5.71 and 5.77-5.79 showed the tensile
strength, young’s moduius, flexural strength, impact strength and compressive strength,
respectively. Fon thesexfigure shown;the, test specimens comparing the influences of
ethanol content,in“each’ test fuels:*The" mechanical properties of all samples were
affected. by immersion in all test fuels. From the.test results, the_tensile_strength, young’s
modulusiandflexural'strength of the'samplesiimmersed in‘all testiuels-decreased while
the impact strength increased with increasing immersion time. The mechanical
properties dramatically changed in the first 4 weeks. Then, it slightly changed until finish
test.

The comparing of the influences of each fuels found that C(E0), had a smaller
effect than the ethanol fuels (C(E20),, C(E85), and C(E100),) while the ethanol fuels

showed no significant difference effects. There is little information on the non-linear
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effects of increased blends on materials. This means that as the ethanol as the
concentration of ethanol increase from 0 to 100% there is no model that accurately
predicts the effects on materials. In fact, pure ethanol and pure gasoline often have a
smaller impact on materials than gasoline-ethanol blends [22].

Ethanol that is a main component in aggressive ethanol that more absorbed in
PAB. Due to the solubility parameter showed a few different between ethanol and PAG.
This result indicated fuels absorption was a cause of mechanical properties change.
Absorption was generally concentrated in thespolymer matrix and at the same amount
from the ethanol fuels. It has the effect of plasticizing the material by interrupting the
polymer hydrogen bondingymaking it more flexible(with lower tensile strength, young’s
modulus and flexural strengthwbuihigherimpact strength) [4].

. The aggressive gifianel consists of de-ionize water, ethanol, sodium chloride,
sulfuric acid and acetic agid. Ethanol and water could be caused of hydrolysis reaction
(shown in Fig. 2.7). This reaction ¢an caus_é substantial decrease in tensile strength and
stiffness. The chemicalsmechanism of the?hydr_olysis of nylons is that H atoms in H,O
compete with H atoms in the amjﬁe grou:éé_!(-N—H—O) of the PAB6, associate with the
electronegative O atoms, and eduse-chain ééi;s,éion. Alcohols, and partly halogenated

hydrocarbons act similarly on.some PAG. At“fén'djnary ambient temperatures, hydrolysis

reactions are rapidly=Gnly in the amorphous regions of semicrystalline plastics that was

PAG.

R-GONH:R + F00P R-COOH HisN-R' hydrolysis reaction

The,acidsand, amine,greups, aresproduce,of-the,chain,seission from this reaction.
In general, ‘the amine groups ‘content ‘indicate the*scission”of PAG" chain. The results
from Fourier Transform Infrared Spectroscopy or FT-IR could be confirmed occurs of this
reaction. Fig. 5.80-5.83 showed FT-IR result of the specimens comparing before and
after immersed in each test fuels. The result showed few amount of amine groups (-NH,)
before immersion while after immersion it significantly increased especially in the
ethanol fuels. The amounts of amine groups indicated increasing of chain scission of

PAB. So increasing of amine groups made the mechanical properties loss.
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It was clear that the surrogate gasohols that various ethanol blended had bigger
effect than surrogate gasoline. This could be due to the components in aggressive
ethanol which had high polar such as de-ionized water, ethanol (alcohol), sodium
chloride (metal salt) and sulfuric acid (strong acid). These highly polar solvents were
easily absorbed into PA6. The strong acid was most effective at interrupting the
hydrogen bonding of PA6; the metal salts could be attacked PA6 causing stress

cracking.

The absorption was very i ’ erty of PAG for several reasons: one was

that the water reacted chemi degraded PAG6. In addition, it was
caused of hydrolysis re?couﬂ be@bstantlal decreased in tensile
strength, flexural strength, stiffniess and |i I creep strain (low young's modulus).
Besides chemical reaction erivas iction of adhesive bonds between

PAG matrix and glass fibe , 1 stre s fiber reinforced composites.

U INYNINYING
R mnmﬂmm&‘%

l‘_’—‘aTh'ensile Strength (MPa)

Figure 5.28 Tensile strength of unreinforced PA6 and PA6/GF composites before

immersion in test fuels



81

200
180 i_ C(EO)A —8— 0%GF
s --&-- 15%GF
£ 160 P\ >
ISy - - 30%GF
2 140 [ 5
T 120m e . .-
= rs~ T TT==a_
£ 100 [ - *
7 s0e m
2@ A l-====m-eaeme-m—= -u
g 60
= 40 | * —
20 e

g; 12 14 16 18
Figure 529 T rengtn \\\ immersed in C(EO),

.-—""'"'j
-

o

.

o

[

o

=]

---- 13%GF
- 30%GF 4, C(EO)a

A IMBTI WIS
M TRPT T TE Y

% Change of Tensile Strength




82

200
180 L C(EZO)A —8— 0%GF
- ¢ ---#-- 153%GF
= 160 -\
= - - - - 30%GF
2 140 |
120,
= N
@ 100 - ® - -
% L \\‘\ * ) -‘"“'-..
Z 80
s 0T N T
[ R N et bttt
o

Figure 5.31 T irengtl / somposites immersed in C(E20),

el —

|

3 ';'1—

_7@
- 159%GF

-80
o - 30%GF 0 C(E20)a

-
A RTRIFPIBRMA TRy

% Change of Tensile Strength

e,
EaA



83

200

180 ; C(E85)a —8— 0%GF

160 B --&-- 15%GF
- -4 - 30%GF

140 -

120 ;N

100 [N %o -

- -
- -
-

80

Tensile Strength (MPa)

Figure 5.33 T irengtl / somposites immersed in C(E85),

1 g!;;_
-7
---- 15%GF

80
=% - 30%GF g C(E85)a

ITEITS I
A RTRIFPIREMA TRy

% Change of Tensile Strength

e,
EaA



- e
du SN L D
[— I — R — I —

120
100
80

Tensile Strength (MPa)

Figure 5.35 Te

-80

e

EE % Change of Tensile Strength

J?ﬂ
- 159%GF

- on % - 30%GF o C(E100)a

- C(E100)a —e— 0%GF
* --#-- 15%GF
[ - - 30%GF
B N\
. A"
A
‘_\ \\
‘\ \\
i - *--__
A e

bosites immersed in C(E100),

\\ d

i _-'
,.-l"‘:’—’,d /
f.d
- 3
'
[a—y
[
[a—y
=]

Nty 'H':

A MTRIFPIBEMA TRy

84



100
920

0%GF

—e— C(E0)A
--m-- C(E20)A

80 4
70 |
60
50
40
30

Tensile Strength (MPa)

Tensile Strength (MPa)

- & - C(ES5)A

- -4 - C(E100)A

C(E0)A
- C(E20)A
-+ - C(E85)A
- A - C(E100)A

ng h \\ d in test fuels

0.2

AUEY ﬂlﬂnﬁ@%&l@ﬂ P)

TR

10 12 14 16 18

TN

85



210
30%GF —e— C(EMA
190 F - C(E20)A
170 & - - C(ES5)A
- - C(E100)A

Tensile Strength (MPa)
J—
h
=

- miy rs&eek)

Figure 5.39 T of PR \\\

mmersed in test fuels

3
-
r"’

"l.

Young's Modulus (GPa)

-

ﬁsqﬂﬂmsm31ﬂi

Gl@ss Fiber Content(% wt)

quﬁﬁﬂ‘im AN Y

Figuré 5.40 Young’s modulus of unreinforced PA6 and PA6/GF composites before

immersion in test fuels

86



87

C(EO0)a —— 0%GF
5 ¢ ----- 15%GF
IS - - - 30%GF

Young's Modulus (GPa)

%12 14 16 18

Figure 5.41 Jlus > tes immersed in C(EO),

.;./
[—y
.
[—y
[
[—y
[=<]

-
-
i

% Change of Young's Modulus

Aut Imminems
Figu@lswvé]catQﬂﬁ} m’%)ﬁ %/ﬁqﬂéfﬂ immersed in




C(E20)a

Figure 5.43 Yo

% Change of Young's Modulus

~——
------

Young's Modulus (GPa)
3

12 14 16 18
csion. k)

—

—0— 0%GF
--&-- 15%GF
-4 - 30%GF

——
. ‘\}x es immersed in C(E20),
5 N

[a—
.
[a—
(=)
[
=]

%GF = - 30%GF

—
=
S

¢

AUEIENINEMNI
RRTANTRHRTING Y

88



C(E85)a

Young's Modulus (GPa)

—o— 0%GF
--&---15%GF
-4 - 30%GF

12 14 16 18
k)

Figure 5.45 Yo s/ of PR ‘\n\i es immersed in C(E85),

1 £ 8

% Change of Young's Modulus
o

'~

%o GF ﬂ— 30%GF

—
o
=

AUt I
SRR TN TN e

89



C(E100)a

Young's Modulus (GPa)
¢

% Change of Young's Modulus

-
-

~——
-

-----

—— 0%GF
---&--15%GF
-4 - 30%GF

%12 14 16 18

[a—
.
[a—
(=)
[
=]

2
W
B |

Y |

%o GF ﬂ— 30%GF

AUt Jmminems
RRTRNTRYRTING Y

90



91

3.0
= 09%GF —e— C(E0)A
% 25 1 ---#-- C(E20)A
z L - - C(ES5)A
20 - A - C(EL00)A
B
= 1.5
2 1.0 | N
C] r “-s.,_\‘ -~ =
~ 05 | ~ .

I

0¢2 4 6 8,10 12 14 16 18

SUERNM
AR DIV IR e B




30%GF —o— C(E0)A
--#--C(E20)A
-4 - C(ES5HA
--a - C(EL100)A

Young's Modulus (GPa)

Flexural Strength (MPa)

f ‘IJ"EI’J‘Htlmmlﬂﬂﬁ

Glass Fiber Coﬂent(% wt)

ARIANN I UA1INAY

Flgure 5.52 Flexural strength of unreinforced PA6 and PAB/GF composites before

immersion in test fuels



300

- . C(EQ)a —8— 0%GF
]

e 250 & ---m-- 15%GF
- 200 [ - - - 30%GF
: 150 > Teeeoomene S *
S .

=

s I

=

T

=

£ N
=

,ﬂ' 2 14 16 18
si eek)

s immersed in C(EO),

Figure 5.53 Fle /—/ﬂo .\\
- D

[a—
.
[a—
(=)
[
=]

30%GF

c_—: — (2L - -- 180 O =4

by N E— AY )

% Change of Flexural Strength

m Immersion Time (Wem)

Figure 5.54 ﬂréut &LTJE e ﬂ@&ﬂoﬂﬂﬂipwm mmersed n

¢ C(E0)

amaﬂﬂ‘imwﬁwmaa



_ C(E20)a —e— 0%GF
o

& 250 ¢ - 15%GF
= 200 - - - 30%GF
o LN

» L AR AR -*
=

T

=

g

=

Figure 5.55 F : \G/GF com immersed in C(E20),

.;/
[—y
.
[—y
[
[—y
[=<]

---------

-9® —— 1% % GF -@—m%GF

-100

AU 47 warmwm'ﬂ P)
/N TR RN TN TG oo

C(E20),

% Change of Flexural Strength




95

300
e - C(E85)a —8— 0%GF
S
E 250 T - 15%GF
= 200 f N - - 30%GF
En -\\\ ‘\\
@ 150 | B P G,
2 N o . -
m ‘\‘\
= 100 “a
& -
£ 50
=

Figure 5.57 Fl : \G/GF com immersed in C(E85),

i >
e

% Change of Flexural Strength

ﬁf 5 X
-9® —— 0°%C % GF -@—m%GF
-100

AU 47 warmwm'ﬂ P)
/N ﬁﬂ@ﬂﬁmﬁﬁﬂ@%ﬂﬁrﬁﬁ“md "

C(E85),



- L C(E100)a —— 0%GF
~

& 250 ¢ - 15%GF
= 200 | - - 30%GF
EJ !\\ \\

f:‘ 150 NN

@ b N " eeeemm-- -
= -

T

=

g

=

[a—
.
[a—
(=)
[
=]

% Change of Flexural Strength

AU 9 Wﬁfﬂ‘iwmﬂ P)
AN ﬁﬂ@ﬁﬁmﬁﬁﬂ%ﬂmﬁﬁmmd "

C(E100),




120
= —e— C(E0)A ---- C(E20)A
E 100 |
: r -4 - C(E8S5)A --A- - C(E100)A
= S0 -
= -
E 60 -
m - -
= DR
S 40 b R
= | ‘*-.'...-'.:.-.-.a.-'l—-a.----_s-a‘::-' g
=
= 20 -

\ (E20)A
A - C(E100)A

o
=
=]

RS "t-_ [

hL , 1590GF
AU INENINTAR e o

L Ilgmersmn Tn& e (week)

ARAINIUUNAINGIA Y

Figure 5.62 Flexural strength of PA6/GF (15 wt%) immersed in test fuels

Flexural Strength (MPa)

[

97



150

100

Flexural Strength (MPa)

th
=]

(;lg.

2

g

g

£

!

2 &
- -
?
15‘.

R > |

Figure 5.64

—e—C(E0)A & C(E20)A

- - C(E85)A - 4 - C(E100)A

~
\‘f“ e == === &
\}‘ -------------- .“'“_"j::.-a---:-‘
S im i == I el

¢

U IS
AININANIINYINY

mpact strength of unreinforced PA6 and PA6/GF composites before

immersion in test fuels

98



200

—@— 0%GF C(EO0)a
150 | e 15%GE

- - 30%GF

Impact Strength (kJ/m?)

Figure 5.65I \6/GF G (E0),

Impact Strength (kJ/m?)

- --‘:
-

ﬂﬂﬂ?zﬂ&lﬂ?ﬂ&lﬂﬂ‘is 13

Ingnersnon Tlm‘&(week)

ARIAINIUNNINGIA Y

Figure 5.66 Impact Strength of PA6/GF Composites Immersed in C(E20),

99



200

_ | —@—0%GF
t - 13%GF
‘g 150 -
3 - - 30%GF
=
o
S 100
E
»
g
z 50
E
0
Figure 5.67 Im

Impact Strength (kJ/m?)

0

C(ES5)a

@]um;wﬂmwummﬁ 13

Imgnersnon Tlm‘&(week)

ARIAINIUNNIINGQ Y

Figure 5.68 Impact Strength of PA6/GF Composites Immersed in C(E100),

100



400

e e W W
th < th < th
I

100

Impact Strength (kJ/m?)

th
=]

—
I aY | BN |
th <

Impact Strength (kJ/m?)
i
—]
[—]

ﬂﬂﬂ?zﬂﬁﬂ?ﬂcﬂfﬂﬂ‘ia 13
ARIAIN TN NN Y

Figure 5.70 Impact Strength of PA6/GF (15 wt%) immersed in test fuels
g g

—e—C(ED)A

- C(E20)A
- - C(E85)A

_____
e

15%GF

Ingnersnon Tlm&(week)

101



Figure

- e e D
-1 & I th 1 =
h <« h S« th 2

Impact Strength (kJ/m?)
7]
[—]

5711

Compressive Strength (MPa)

(o
h

—e— C(E0)A
—-m-- C(E20)A
- -+ - C(E85)A

- 4 - C(E100)A

30%GF

Y]

ﬂUB’mElﬁiﬁﬁlﬂﬂz‘%

Gla,ss Fiber Content(% wt)

ARIANN TN 1IN Y

Figure 5 72 Compressive strength of unreinforced PA6 and PA6/GF composites before

immersion in test fuels

102



103

- 500

g C(EO)a —e— 0%GF
2 400 = 15%GF
-}

o i - - 30%GF
f:‘ 300

wn  e--"7 St B

=%}

Z

S

g- 100

=]

]

NGth o 3‘\3}\& ites immersed in C(EO),

500 -' =
=7 '~ 15%GF

- 30%GF

Figure 5.73 Co

A

|

Compressive Strength (MPa)

E

10 12 14 16 18

AU k] W&W@W&%ﬂ P)
k| TR TV Ve B o=,



104

S00
| C(E85)a —e— 0%GF
400 --m-- 15%GF
- - 30%GF
300

Compressive Strength (MPa)

12 14 16 18

Figure 5.75 Com 'f 0 P H:* o es immersed in C(E85),
\

-------

Compressive Strength (MPa)

e
e A

10 12 14 16 18

e TS
RV I IMTRY VL =



105

500

—e— C(E0)A - C(E20)A
400 - -- CESHA -4 - C(E100)A
300

20)A
E100)A

,\

10 12 14 16 18

e TS
R NIRRT IN Y oo



106

| —e—C(E0)A - C(E20)A
400 - --- C(ES5A -4 - C(E100)A

Compressive Strength (MPa)

Absorbance (a.u.)

650 « 4150 1650 2450 2650 3150 3650

SUERHEC
R TR TRIRATHHA B v



107

0.35
—— pre-immersion
030
—_ —C(E200A
=025
o
8 020 e
=
o
= 015 |-
2
= a0 I Tt 1 I
- 0.10 |
0.05 fft WPV A
W Y ‘ —_ T - .
0.00
N uy
650 \ 2650 3150 3650
— Va nuﬁn
Figure 5.81 FTIR s/ fter immersion in C(E20),
A\
0.35 e
- 2 , re-immersion
030 & &0 i . N T E—
—_ AT ES85)A
5 L ﬁ‘%—-‘ ________________________
z 0.25 j,'?
g 020 i b B B
= « I :'_J .
“ =
= 015 | ST IOTIT - S R
2
= 0.103 - Parh i3 V| M-
- 0
0.0
0.00 R — ' —

6500 ~1150 1650 22150 2650 3150 3650

AUEY wmwmm
o AR TR I B,



108

0.40
035 oo ~— pre-immersion.

030 |4 | —c@mna
025 {4
020 4}
0.15 T | | S S —
0.10 . AV S R | | —
0.05 b4 WA M WA\
0.00 LRl

Absorbance (a.u.)

/2650 3150 3650

Figure 5.83 FTIR spéectra of P o) all w'.j:"-\;_._. . and after immersion in C(E100),

ﬂUEI’JVIEWIﬁWEJ’lﬂ‘i
ama\aﬂimumaﬂmaﬂ



CHAPTER VI
CONCLUSIONS AND RECOMMENDATION

6.1 Conclusions

The findings obtained in this work can be summarized as the followings:

1. The PA6 matrix had an excellent adhesion to glass fiber reinforcement. Glass

wperties, i.e. tensile, flexural, compressive

ve.the (@I stability of the specimens by

'mmg crystalline region of the

fiber could improve the me

and impact strengths o
2. CGlass fiber coul
reducing the a
specimens.
3. PAG has the a ater. Water was generally
concentrated | ing it more flexible and thus
4. Test fuels affecte "’1_ * - :i ed PA6 composites. Increasing

and compressive strength while

increased impact strerlgmi st fuels affected the mechanical properties
5 e k . o

ne G

C(E100), affected the tensile

I

strength, flexure
reinforc ¢ ites tﬁ’ E e sorption of water and
aIcohoEjl{jjgl);aﬁ)ta,ﬁDEIy:| dﬁ(gj)f)l ftjfoth unreinforced and
reinforced PAG composites. © — o
LRI URINYA Y

strength and Young's modu'a of both unreinforced and
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6.2 Recommendations

To investigate further the effects of gasohols on glass fiber reinforced PAG6

composites, the following recommendations are suggested.
1. Besides surrogate gasoline and gasohols used in this experiment, the effect of
each component of the surrogate fuels on physical and mechanical properties of

unreinforced and reinforced composites should be studied. The absorption and
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Appendix A1. Water absorption

Table A1-1 Water absorption of PA6 and PA6/GF composites

116

Mass (g)
Week Material Average (g)
1 2 3 4 5

PAG 6.67 | 663 | 665 | 664 | 6.75 | 6.6669+0.0486

0 PABIGF (15wt%) | 7.37 | 741, | 733 | 729 | 7.38 | 7.3576 % 0.0461
PAG/GF (30 wi%) | 841 | 843 /4849 | 843 | 837 | 84255+ 0.0441

PAG 679 | 6.82 |“6®2 | 681 | 6.80 |6.8085%0.0101

1 PAG/GF (15 Wt%) | 7601 749 | 762 | 754 | 7.48 | 7.5071+0.0237
PAG/GF (30 wt%) #8594 /8.8 | 862 15856 | 8.50 | 8.5513+0.0381

PAG /”’_ 605/ 4 (696 | 696 | 696 | 693 |6.9521+00113

2 | PA6/GF (15 wtfy&/’ #ed 7.65; 1786 | 765 | 7.65 |7.6570+0.0052
PAG/GF (30 with). gloel -} 8.69_'5 1868 | 868 | 868 |8.6782+0.0100

pa6 A 7.08. ._57.06 i,‘:.;. 7.09 | 707 | 7.07 |7.0744£0.0133

3 PAG/GF (15 wt%) /| ) T 7720 771 | 7.78 | 7.7548 £0.0398
PAG/GF (30 wt%) | /'8.79°4<8.79 __181':76 878 | 8.83 |8.7887+0.0242

PAG 740 P:' 708 | 742 | 709 | 7.8 | 7.1132+0.0405

4 PAG/GF (15wit%) | 7.80_| 7.82 | 7.74 7?__? 7.78 | 7.7827 +0.0284
PAG/GF (30 With) | 8.78 | 8.86 | 885 | 687 | 873 |88114+0.0543

PA6 | 746 | 742 | 747 | 744 | 7.24 | 7.1653 +0.0443

7 PAG/IGE(15 wt%), [=7.84, | 7.87 1778, | 277 |..7.84 | 7.8179+0.0427
PAG/GF (30Wt%) | ©8.84! |'886 | 8.94/ 8i84a || U879 | 8.8532+0.0556

PAG 714 |€742 | 7A%w| 744 | 7.247 | 7.1620 £ 0.0471

10 P\PAGIGF (16,Wt%) || | 784k |« 787 Y| 7.78¢ |1 776, | | 785 [117.8202 + 0.0458
PAB/GF (30 wt%) | 8.84 | 887 | 895 | 885 | 879 | 8.8598+0.0589

PAG 747 | 746 | 747 | 7.6 | 7.16 | 7.1647 £ 0.0080

13 | PAGIGF (15wt%) | 7.82 | 7.82 | 7.82 | 7.82 | 7.82 | 7.8220+0.0010
PAB/GF (30wt%) | 8.86 | 886 | 886 | 8.86 | 8.86 | 8.8601+0.0070

PAG 747 | 746 | 747 | 746 | 7.7 | 7.1657 £0.0032

16 | PAB/IGF (15wt%) | 7.83 | 7.83 | 7.82 | 7.82 | 7.82 | 7.8230 +0.0046
PAG/GF (30wi%) | 8.86 | 8.86 | 8.86 | 886 | 8.86 | 8.8612+0.0014




Table A1-2 Percent water absorption of PA6 and PA6/GF composites
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% Water Absorption

Week
PAG6 PAG6/GF (15 wt%) PAG6/GF (30 wt%)
0 0.0000 0.0000 0.0000
1 2.1239 2.0319 1.4931
2 4.2779 4.0693 2.9992
3 6.1123 53p89 4.3107
4 6.6943 ST 4.5801
7 7.4757 6.2561 5.0763
10 7.4262 6.2874 5.1546
13 7.4669 6.31619 5.1584
16 7.4810 8.3249% 5.1715
A4

e o
Table A1-3 Percent watef absorption of PA6and PAB/GF composites (based on mass of

PA6 matrix only)

AR #
£
il /N

=y
s i A d

o ¥

% Water Absorption

Week e e —
PAB PAG/GF (15 wt%) PAG/GF (30 wt%)
0 0.0000] 0:0000 ] 0.0000
1 21239 2.3905 - 2.1330
2 42779 | 4.7874 N 4.2846
3 6:1123 63512 6.1582
4 6.6943 6.7973 6.5431
7 7.4757 7.3601 7.2518
10 7.4262 7.3969 7.3637
13 7.4669 7.4246 7.3691
16 7.4810 7.4410 7.3878




Appendix A2. Mass Change

Table A2-1 Mass change of PA6 immersed in test fuels
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Week | Test Fuels Mass (o) Average (g) % Error
1 2 3 4 5

C(E0), 6.6376 | 6.6793 | 6.6054 | 6.6272 | 6.6882 | 6.6475+0.0352 | 0.5292
C(E20), 6.6686 | 6.6730 | 6.6263 | 6.6470 | 6.6160 | 6.6462 + 0.0251 0.3783
° C(ES85), 6.6186 | 6.6337 | 6.6290 7_,626206 6.6470 | 6.6298 +0.0114 | 0.1723
C(E100), | 6.6536 | 6.6424 | 6.6661 6.63’2? 6.7016 | 6.6552 +0.0328 | 0.4924
C(E0), 6.68594+6:7292 | 6.6540 | 6:6747+6.7344 | 6.6956 + 0.0350 | 0.5225
C(E20), 6.8458 | 6.8442"| 6.8106 | 6.8260 | ©6.7994 | 6.8252 +0.0204 | 0.2989

2 T Ty
C(E85), 6.7546}4;6’;741 6.7?99 6.7605 | 6.7916 | 6.7703 +0.0142 | 0.2103
C(E100), | 6.8 4_{4;6;:-8099 6..82(-_J7Jf; 6.7889 | 6.8750 | 6.8214 +0.0322 | 0.4718
C(E0), 6.7985 "..7___468 6:675? 6.6925 | 6.7545 | 6.7155+0.0342 | 0.5091
. C(E20), 6.907 9'.’50_2'4-: 6.877'-%_,‘ i’-6.8858 6.8623 | 6.8871+0.0184 | 0.2667
C(E85), 6.8365 .f'r68553 .6.8603;'%* 6:8411 | 6.8729 | 6.8532+0.0147 | 0.2150
C(E100), | 6.8902 6:8991_,_-.-.6.9013:}'5,@;8805 6.9613 | 6.9065 + 0.0317 | 0.4594
C(E0), 6.7416 %.78#2;&7109:@'_:{303 6.7884 | 6.7506 + 0.0335 | 0.4956
C(E20), 6.9607 | 6.9564-1-6.9374 fﬁa‘.ép;m 6.9199 | 6.9431 £0.0163 | 0.2346
! C(E85), .__6-:3%227 6.9453 | 6.9536 | 6.9335 6.96554; 6.9431 +0.0152 | 0.2187
C(E100), "6£5_I§81 7.0032 | 6.9928 | 6.9904 7.0§38"l 7.0077 £0.0319 | 0.4554
C(E0), 6.7584 | 6.8073 | 6.8182 | 6.7356 | 6.7687 | 6.7776 +£0.0344 | 0.5080
C(E20), 7.0866 =7.0602 | 7.0655 4L7.0506 | 7.0664 | 7.0658 + 0.0131 0.1861
" C(E85), 7.0808 |,7.0846 (| 7.0352 4 7.0699 || 7.0131/| #.0407 +£0.0220 | 0.3125
C(E100)," | 7.0942 | 7.1245 | 7.1280 | 7.1883 | 7.0941 | 7.1258 +0.0385 | 0.5397
G(EQ), 5.7955"(1 6.8366 | |6.7627 | 6.7858| |6.84568 | 6.8653'£ 0.0350 | 0.5149
C(E20), 7.1420 | 7.1206 | 7.1221 | 7.1028 | 7.1192 | 7.1213 £0.0139 | 0.1956
" C(E85), 7.0811 | 7.1057 | 7.1305 | 7.1041 | 7.1479 | 7.1139 £ 0.0258 | 0.3632
C(E100), | 7.2734 | 7.2057 | 7.1566 | 7.1684 | 7.2035 | 7.2015+0.0456 | 0.6326
C(E0), 6.8103 | 6.8500 | 6.7753 | 6.7991 | 6.8614 | 6.8192 +0.0358 | 0.5257
C(E20), 7.3418 | 7.3178 | 7.3269 | 7.3212 | 7.3129 | 7.3241 +0.0111 0.1518
0 C(E85), 7.2203 | 7.2389 | 7.2841 | 7.2403 | 7.2803 | 7.2528 +0.0280 | 0.3864
C(E100), | 7.2636 | 7.2844 | 7.2653 | 7.2736 | 7.3560 | 7.2886 +0.0386 | 0.5293




Table A2-2 Mass change of PAG/GF (15 wt%) immersed in test fuels
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Mass (Q)
Week | Test Fuels Average (g) % Error
1 2 3 4 5
C(E0), |7.3720 | 7.3556 | 7.4896 | 7.3769 | 7.2954 | 7.3779 + 0.0704 | 0.9540
C(E20), |7.3771|7.3542 | 7.4309 | 7.3996 | 7.3236 | 7.3771 + 0.0412 | 0.5584
’ C(E85), |7.3890 | 7.3291 | 7.4290 | 7.3072 | 7.5268 | 7.3962 + 0.0875 | 1.1827
C(E100), | 7.3381 | 7.3684 | 7.2927 | 7.3730 | 7.4098 | 7.3564 + 0.0438 | 0.5950
C(E0), |7.4189 | 74081 | 76386 4 #%489 | 7.3377 | 7.4226 £ 0.0706 | 0.9510
C(E20), | 7.4927 |"74743 | 7.5473 | 764617 7.4390 | 7.4939 + 0.0411 | 0.5479
’ C(E85), | 7.54200p 74030 7.5854 | 7466076794 | 7.5532 + 0.0841 | 1.1139
C(E100), | 7.4984"| Z46146//7.4302 | 7.5297 | 76643 | 7.5068 £ 0.0495 | 0.6591
C(E0), |7.4485 | #4307 7.5622'. 7.4526 | 74690 | 7.4736 +0.0528 | 0.7066
C(E20), | 7.5408 | #.5495 76009 | 7.5682\ 7.4887 | 7.5495 + 0.0475 | 0.6294
’ C(Es5), | 7.6033 75563 7,.647b 75249 | 7.7400 | 7.6145 + 0.0845 | 1.1100
C(E100), | 7.5724 7.5854 -'7.5006-?-715093 7.6401 | 7.5814 +0.0523 | 0.6900
C(E0), |7.4756 7.5616-~7.593§:-f"254804 7.3969 | 7.5016 + 0.0776 | 1.0347
C(E20), |7.6159 7.6624}7.6738;2’355117 7.5611 | 7.6190 + 0.0423 | 0.5551
! C(ES5), |7.6749.| 76344 [7.7215| 1.5995 7.8153 | 7.6891+0.0840 | 1.0920
C(E100), 765% 7660075 740--6088=FF256 | 7.6625 + 0.0565 | 0.7379
C(E0), 7.4979 | 7.5049 | 7.4852 | 76176 | 74195 | 7.5050 £ 0.0715 | 0.9523
C(E20), | 7.7207 | 7.7258 | 7.7862 | 7.6746 | 7.7566 | 7.7328 £ 0.0418 | 0.5410
" C(E85),| 11717950 {7.8895() 7.6718% 7746® || 77148, |<7.7630 + 0.0840 | 1.0826
C(E100)y1 | 7.6480 | 7.7427 | 7.8073 | 7.7778 | 7.7404 | 7.7432 + 0.0600 | 0.7743
GUEQ) ¢~ 752404, 76075, | 17 64118 |y 16277 7744689 |-7.52F44 0.0709 | 0.9419
C(E20), ' ["7.7659 |'7.7674""718260 |'7.7976 | 7.7169 | 7.7748'+0.0407 | 0.5236
" C(E85), |7.7914 | 7.7575 | 7.8398 | 7.7169 | 7.9364 | 7.8084 + 0.0846 | 1.0833
C(E100), | 7.7919 | 7.7899 | 7.6912 | 7.8329 | 7.8515 | 7.7915 + 0.0620 | 0.7958
C(E0), |7.6586 | 7.5235 | 7.5379 | 7.4588 | 7.5438 | 7.5445 + 0.0722 | 0.9569
C(E20), |7.9565 | 7.9001 | 7.9863 | 7.9920 | 7.9548 | 7.9579 + 0.0365 | 0.4584
° C(E85), |7.8424 | 7.8704 | 7.9166 | 8.0139 | 7.7975 | 7.8882 + 0.0825 | 1.0463
C(E100), | 7.8722 | 7.9303 | 7.9091 | 7.8754 | 7.7724 | 7.8719 + 0.0606 | 0.7703




Table A2-3 Mass change of PAG/GF (30 wt%) immersed in test fuels
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Week | Test Fuels Mass (g) Average (g) % Error
1 2 3 4 5
C(E0), |8.3649 | 8.4239 | 8.3128 | 8.4392 | 8.3267 | 8.3735 + 0.0566 | 0.6757
C(E20), |8.3930 | 8.3630 | 8.5397 | 8.5627 | 8.6384 | 8.4994 +0.1171 | 1.3781
’ C(E85), |8.2612 | 8.4837 | 8.4830 | 8.3643 | 8.3766 | 8.3938 + 0.0933 | 1.1110
C(E100), | 8.6164 | 8.3624 | 84164 | 8.3938 | 8.4599 | 8.4502 + 0.0995 | 1.1777
C(E0), | 8.4030 | 8.4654 | 83513 (BA781 | 8.3684 | 8.4132 + 0.0567 | 0.6745
, | ClE2D), | 8484284545 | 6.6290 &6496.4+8.7330 | 8.5901 +0.1173 | 1.3660
C(E85), | 8.3873.,.8:6008 | 8.5968 | 84818 84877 | 8.5109 + 0.0896 | 1.0529
C(E100), | 8.7506¢"E,4608 | 46443 | 8.5208 | 85658 | 8.5784 £ 0.1024 | 1.1938
C(E0), | 8.4201"| adaf3|8.3673 | B.49s1.| 83843 | 84296+ 0.0570 | 0.6750
C(E20), | 8.5272" /5000 "8_:6723"’ 8.6909.| 87785 | 8.6338  0.1172 | 1.3575
* C(E85), | 8.44444f 8,6530 8l6488 (85362 | 8.5374 | 8.5640 + 0.0879 | 1.0268
C(E100), | 8.8069 85478 | 66083 |,8,6820 | 8.6445 | 8.6379 £ 0.1018 | 1.1791
C(E0), |8.4516'| 856129,184009 }18 5267| 84154 | 8.4615 + 0.0565 | 0.6682
C(E20), |8.6230 |'8.5979| 87687 | 8.7822 | 8.8747 | 8.7293+0.1163 | 1.3317
! C(ESS), | 8.2323 | 87142/ 8.7102 | 8:6005 | 8.5989 | 8.5712 £ 0.1976 | 2.3059
C(E100), | 88728+ B.6106 | 8.6700 + B.6488 + 82415/ | 87031 +0.1014 | 1.1647
C(ED), | 67594 | 8.4848 | 85407 | 84338 | 6 4460 | 6.4929 = 0.0558 | 0.6573
C(E20), | 8.6766 | 8.6532 | 8.8311 | 8.9030 | 8.8212 | 8.7770 £ 0.1074 | 1.2240
b C(E85)pt |18i7654 |-8.7684 4 8.6539--8:6488, | 86710, [8:6795 + 0.0821 | 0.9461
C(E100), |'86775 | 8.7130-6.7343 | 819354+{ 8.7751 | B.7672 £ 0.1004 | 1.1452
C(E0), . | 8.5058 | 8.5621 |'8.4497 | 8.5779+| 8.4664 | 8.5124 + 0.0567 | 0.6659
C(E20), | |817169 | l8.6935 {(e:8602||5.8687 | 8.9730 | 8.8223(£.0.1164 | 1.3192
b C(EB5), |8.6201 | 8.8069 | 8.8024 | 8.7012 | 8.6911 | 8.7243 +0.0797 | 0.9137
C(E100), | 8.9731 | 8.7183 | 8.7741 | 8.7565 | 8.8195 | 8.8083 + 0.0990 | 1.1244
C(E0), |8.5768 | 8.4612 | 8.5167 | 8.5919 | 8.4796 | 8.5252 + 0.0578 | 0.6779
C(E20), |8.9783 | 8.8380 | 8.8220 | 8.9796 | 9.0996 | 8.9435 + 0.1149 | 1.2843
0 C(EB5), |8.8694 | 8.8740 | 8.7573 | 8.7765 | 8.7076 | 8.7970 + 0.0727 | 0.8268
C(E100), | 8.8672 | 8.8203 | 8.7612 | 9.0205 | 8.8099 | 8.8558 + 0.0995 | 1.1231




Table A2-4 Percent mass increase of PA6 and PA6/GF composites
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Average Mass (g)

% Mass Increase (g)

Week | Test Fuels
0%GF | 15%GF | 30%GF | 0%GF | 15%GF | 30%GF
C(E0), 6.6475 | 7.3779 | 8.3735 0.0000 | 0.0000 | 0.0000
C(E20), | 6.6462 | 7.3771 8.4994 0.0000 | 0.0000 | 0.0000
’ C(E85), | 6.6298 | 7.3962 | 8.3938 0.0000 | 0.0000 | 0.0000
C(E100), | 6.6552 | 7.3564 ;| 8.4502 0.0000 | 0.0000 | 0.0000
C(E0), 6.6956 | 7.4226/ /I 8132 0.7236 | 0.6064 | 0.4746
C(E20), | 6.8262. | 74939 | =880 2.6933 | 1.5833 | 1.0671
’ C(E85), | 6.7408w7.5532 | 85109 21192 | 21219 | 1.3953
C(E100), | 68214 775068 |\ 85784 24973 | 2.0450 | 15169
C(E0), a5t f k738 |\ 84206 1.0229 | 12971 | 0.6702
C(E20), 68874 7."53_495;" 8.6338 3.6246 | 23376 | 1.5815
: C(E85), | 68632 |f 7.6145 ‘) 48,5640 3.3696 | 29510 | 2.0282
C(E100), | %6.9065 f|., 7,584 'f;,f_, 8.6379 3.7760 | 3.0591 | 2.2213
C(E0), 67508 | 750164 4184618 15510 | 1.6761 | 1.0509
C(E20), | 6.9431 4=76100 | 8293 | 44672 | 32791 | 2.7054
! C(E85), | 6.9431- 1 76891 /85712 47256 | 3.9601 | 2.1142
C(E100), \[=2.0077 | 7.6625 | 8.7031 §.2966 41610 | 2.9935
C(E0), o776 | 75050 | 84929 | -Tes71 17230 | 1.4264
C(E20), | *7.0858 | 7.7328 | 87770 | 76.3134 | 4.8217 | 3.2668
b C(E8B),¢y || ¢7:0407 o by /7630 = 86795 6:1978 | 4.9587 | 3.4042
C(E1Q0), Y 1258 T|! #7482" |V 87672 7.0712 | 52586 | 3.7521
C(EQ), 6.8053_ | 75294 | 85124 23738 120532 | 1.6586
C(E20),01 W.1213¢ |bwr7s8 | | 8.8228 7.1484 3| 53908 | 3.7993
" C(E85), | 7.1139 | 7.8084 | 87243 7.3019 | 55728 | 3.9384
C(E100), | 7.2015 | 7.7915 | 8.8083 8.2086 | 5.9143 | 4.2380
C(E0), 6.8192 | 7.5445 | 85252 25829 | 22584 | 1.8121
C(E20), | 7.3241 | 7.9579 | 89435 | 10.1998 | 7.8738 | 5.2256
° C(E85), | 7.2528 | 7.8882 | 8.7970 9.3970 | 6.6512 | 4.8036
C(E100), | 7.2886 | 7.8719 | 8.8558 9.5174 | 7.0072 | 4.8004




Table A2-5 Percent mass of PA6 and PA6/GF composites (based on mass of PA6
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matrix only)
% Mass Increase (g)
Week Test Fuels (Based on Mass of Matrix)

0%GF 15%GF 30%GF
C(E0), 0.0000 0.0000 0.0000
C(E20), 0.0000 0.0000 0.0000
° C(E85), /00004 _ 0.0000 0.0000
C(E100), 000004 0.0000 0.0000
C(E0), o236 0.7134 0.6780
C(E200 16933 1.8627 1.5245

2 — t
C(ESE), 4 24192 2.4963 1.9933
C(E?ﬁ[ | 24973 2.4059 2.1670
C(W v 10229 1.5260 0.9574
\ C(E2()[ [ F 3.6};516‘ 2.7501 2.2593
cefo) g flu i 5984 3.4717 2.8974
C(E100), / »7- 3.7@@: 3.5989 31732
co), § A5 rest0 1.9719 15013
C(E20), . 4,467t 3.8577 3.8648
! CiE85), 4.7256 4.6500 3.0203
CE100), 5.2966 b3 4.2765
C(ED), 19571 12,0270 2.0377
C(E20), 6.3134 5.6726 4.6669
" C(EBS), 6.1978 5.8338 4.8631
C(E100), 7.0712 6.1865 5.3602
C(ED) o B o556 2.3694
C(E20), 7.1484 6.3421 5.4276
" C(E85), 7.3019 6.5563 5.6263
C(E100), 8.2086 6.9580 6.0543
C(EO0), 25829 2.6569 25888
C(E20), 10.1998 9.2633 7.4651
° C(ES5), 9.3970 7.8250 6.8622
C(E100), 9.5174 8.2438 6.8577




Appendix A3. Dimension Change

Table A3-1 Thickness of PAG6 immersed in test fuels
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Thickness (mm)

Week | Test Fuels Average (mm) % Error
1 2 3 4 5

C(E0), | 3.1700 | 3.1667 | 3.1433 | 3.1383 | 3.2000 | 3.1637 0.0246 | 0.7787

C(E20), | 3.1833 | 3.1733 | 31700 | 3.1750 | 3.1516 | 3.1706+0.0117 | 0.3696

° C(EBS), | 3.1650 | 3.1683 | 3.1666/| 81633 | 3.1883 | 3.1703:00102 | 0.3227

CE100), | 3.1816 | 6.1566 | 817351 58aa"| 3.1833 | 3.1756 £0.0114 | 0.3593

C(E0), | 3.1433ww8:1833"| 3.1667 | -3:1400=+81267 | 3.14200.0152 | 0.5225

, C(E20), | 31933 340 5.1703 | 81700 [ 81767 | 3.1707£00194 | 02989

C(ES5), 3.15?:?3)({‘{’;800 3.17%57 31600 | 3.1867 | 3.1713+0.0141 | 0.2103

C(E100), | 3483 6.18°8 [ 32100, 8.1967 | 32867 | 3.194020.0323 | 0.4718

CE0), | 3.1588 | 81867 3;13313 31483 | 31900 | 3.1553+0.0214 | 0.5091

C(E20), | 3.2233| 32585° 3.226-%},‘ 32300 314833 | 3.2233+0.0253 | 0.2667

’ C(E85), | 3.2400 13,2233 43,2100/ 4312300 | 8.2100 | 3.2227 +0.0130 | 0.2150

C(E100), | 3.2400 | 32333.,8.2167 |18.2367 | 32300 | 3.2313+0.0090 | 0.4594

C(E0), | 3.1233 |'3.1500°1 31433 | 34800 | 3.1667 | 3.1427£0.0171 | 0.4956

C(E20), | 32333 | 32000 | 31967 |/8.0688 | 52233 | 3.0273%0.0242 | 02346

! C(ES5), ._3-:74933 3.3867 | 3.3600 | 3.3133 3.4o§7; 3.3740+0.0386 | 0.2187

C(E100), | 38133 | 3.3000 | 3.2700 | 3.3367 | 3.3200"| 3.3080 +0.0250 | 0.4554

C(E0), | 3.1800 | 3.1867 | 3.1733 | 3.1933 | 3.2400 | 3.1947 +0.0264 | 0.5080

C(E20), | 3.2667 |=8.2667 | 3.2667 1.3.2700 | 3.2333 | 3.2607 +0.0153 | 0.1861

" c(Ess). | ||3.2600 | 3.2200 | 3.2400 323007 13.2833|| 32467 +0.0253 | 0.3125

C(E100)," | 3.2733 | 3.2500 | 3.2733 | 3.2767 | 3.2733 | 3.2693+0.0109 | 0.5397

SIED)) [3.15007) 35648) | |394b6) 13760 | B1787] 3. 6202 0.0159 | 05149

C(E20), | 3.2667 | 3.2433 | 3.2533 | 3.2333 | 3.2167 | 3.2427+0.0191 | 0.1956

" C(ES5), | 3.2467 | 3.2467 | 3.2800 | 3.2767 | 3.3100 | 3.2720+0.0265 | 0.3632

C(E100), | 3.2600 | 3.2300 | 3.2533 | 3.2433 | 3.2300 | 3.2433+0.0135 | 0.6326

C(E0), | 3.2067 | 3.1667 | 3.1600 | 3.1833 | 3.1767 | 3.1787+0.0180 | 0.5257

C(E20), | 3.2433 | 3.2467 | 3.2267 | 3.2500 | 3.2600 | 3.2453+0.0122 | 0.1518

0 C(E85), | 3.2400 | 3.2300 | 3.2367 | 3.2100 | 3.2233 | 3.2280 +0.0119 | 0.3864

C(E100), | 3.2633 | 3.2467 | 3.2300 | 3.2433 | 3.2233 | 3.2413+0.0156 | 0.5293




Table A3-2 Thickness of PAG/GF (15 wt%) immersed in test fuels
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Thickness (mm)

Week | Test Fuels Average (mm) | % Error
1 2 3 4 5
C(E0), |3.1960 | 3.2140 | 3.2320 | 3.1680 | 3.2060 | 3.2032 + 0.0237 | 0.7396
C(E20), | 3.1840 | 3.1800 | 3.2180 | 3.1900 | 3.2100 | 3.1964 + 0.0167 | 0.5224
’ C(E85), | 3.2020 | 3.2120 | 3.1980 | 3.1740 | 3.1900 | 3.1952 + 0.0143 | 0.4461
C(E100), | 3.1760 | 3.1860 | 3.4880 | 3.2040 | 3.1940 | 3.1896 + 0.0103 | 0.3240
C(E0), |3.1267 | 3.1383 | 3.1700 ({34233 | 3.1667 | 3.1440 + 0.0225 | 0.7167
C(E20), | 3.17004:8.1800 |'3.1900 |°3:24354:3.2033 | 3.1973 +0.0285 | 0.8920
’ C(E85), | 3.2200.(.8:223313.2300 | 3.1900.{ 3:2433 | 3.2213 +0.0197 | 0.6104
C(E100), | 3.246#"5.24%3 | 52153 | 8.2767 |'8:2200 | 3.2400 £ 0.0251 | 0.7733
C(E0), | 3.1600" 358552183 | 3.2067.| 31633 | 3.1853 £ 0.0243 | 0.7640
C(E20), |3.2138"| 32400 3_256Z 3.2167.| 3.2733 | 3.2400 + 0.0257 | 0.7936
’ C(E85), | 3.27674] 32687~ 3_.250_?9 '8.2867 | 3.2167 | 3.2493 £ 0.0239 | 0.7340
C(E100), | 3.2500 482733 _3.236%}__,3,?667 18.2667 | 3.2587 +0.0150 | 0.4609
C(E0), |3.1967 3.1861_;3.1467?1{@..2367 3.1833 | 3.1900 + 0.0322 | 1.0104
O(E20), |3.2333 |'3.2667-1:32200 82067 | 3.1967 | 3.2247 +0.0272 | 0.8449
! C(E85), |3.2133 | 34900 3.2267/3:2400 3.2333 | 3.2207 £ 0.0198 | 0.6141
C(E100), |@7H867.| 3.2733 | 3.2467 | 3.2500 3.26@7—- 3.2447 +0.0343 | 1.0567
C(E0), 34600 | 32167 | 32833 | 8.1833 | 52500 | 5.2087 + 0.0367 | 1.1442
C(E20), | 3.3000 | 3.2600 | 3.2833 | 3.2967 | 3.2733 | 3.2827 + 0.0166 | 0.5047
b C(E85)x¢ 14312533 [-3.3100 d 3.2983:-3:2633, |1 3:3367% [8:2913 £ 0.0340 | 1.0343
C(E100), . | 32683 | 3.33331+8.2433 | 3.3233+ 3.2767"| 3.2880 + 0.0388 | 1.1814
C(E0), . |.3.1800_| 3.1700 |'3.2200 | 3.1967%| 3.2167 | 3.1967 + 0.0220 | 0.6877
C(E2D), | |3313400 |13.3633 {(3.8733|/3.3067 | 8.4667 | 3.38380£.0.0485 | 1.4302
" C(E85), | 3.2567 | 3.2700 | 3.2600 | 3.2567 | 3.2967 | 3.2680 + 0.0169 | 0.5181
C(E100), | 3.2533 | 3.2700 | 3.2600 | 3.2933 | 3.2933 | 3.2740 + 0.0186 | 0.5687
C(E0), |3.2133 | 3.2267 | 3.2000 | 3.2167 | 3.2333 | 3.2180 + 0.0128 | 0.3985
C(E20), |3.2633 | 3.2533 | 3.2667 | 3.2733 | 3.2900 | 3.2694 + 0.0136 | 0.4167
° C(E85), | 3.2333 | 3.2967 | 3.3000 | 3.2533 | 3.2567 | 3.2680 + 0.0291 | 0.8910
C(E100), | 3.2867 | 3.2867 | 3.2967 | 3.2700 | 3.2667 | 3.2813 + 0.0126 | 0.3841




Table A3-3 Thickness of PAG/GF (30 wt%) immersed in test fuels
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Thickness (mm)

Week | Test Fuels Average (mm) | % Error
1 2 3 4 5
C(E0), | 3.2960 | 3.2520 | 3.2600 | 3.2760 | 3.2200 | 3.2608 + 0.0283 | 0.8691
C(E20), | 3.2480 | 3.3100 | 3.3440 | 3.3520 | 3.3720 | 3.3252 £ 0.0486 | 1.4619
’ C(E85), | 3.2520 | 3.2740 | 3.2520 | 3.2580 | 3.2120 | 3.2496 + 0.0229 | 0.7036
C(E100), | 3.3060 | 3.2260 | 3.2420 | 3.2540 | 3.2600 | 3.2576 + 0.0300 | 0.9213
C(E0), | 3.2433 | 3.1867 | 3.1767 /52067 | 3.1533 | 3.1873 £ 0.0378 | 1.1864
, | ClE20), | 32433133600 | 33433 5@400.:3.3800 | 3.3333 + 0.0528 | 1.5827
C(E85), | 3.2233(.3:2467 | 3.2833 | 3.2867.{3,:2000 | 3.2380 + 0.0308 | 0.9508
C(E100), | 3.323845,26007) 52567, | 32700 | 82667 | 3.2793 £ 0.0281 | 0.8577
C(E0), | 3.3000| 36785 /5.1867 | 3.2633 | 3.2267 | 3.2480 £ 0.0436 | 1.3412
C(E20), |3.2799f| 38300/| 33767 | 33867 314000 | 3.3527 £ 0.0532 | 1.5867
) C(Ess), | 3.28674 38100+ 313167 {'8.3333 | 32833 | 3.3060 + 0.0210 | 0.6353
C(E100), | 3.3583 #8.3200 | 33133 38133 33000 | 3.3200 + 0.0200 | 0.6024
C(E0), | 3.2767 | 318000,{,3:2733 1g.2400,| 32467 | 3.2673 £ 0.0243 | 0.7441
C(E20), |3.2367 |'3.2483 32367 | 32633 | 3.2900 | 3.2540 +0.0229 | 0.7038
! C(ESS), | 3.2700 | 32867 | 3.2067 | 8:2883 | 3.2700 | 3.2613 +0.0326 | 1.0004
C(E100), | 813633 | 3.2600 | 3.0967 | 3.3733 3.3967/| 3.3220 + 0.0451 | 1.3566
C(E0), | 32967 | 3.2400 | 32700 | 3:3400 |'3.2467 | 3.2767 £ 0.0409 | 1.2464
C(E20), |3.3433 | 3.3633 | 3.3900 | 3.4233 | 3.4433 | 3.3927 £ 0.0413 | 1.2161
h C(E85)3¢ 133400 |-3.3267 ) 3.34674-3:3400, |, 3:3267, |8:3360 + 0.0089 | 0.2681
C(E100), . 34000 |8.3500-3.3233 { 3.3300+ 3.4067'| 83620 + 0.0391 | 1.1618
C(E0),. |3.2600 | 3.2833 |3.2633 | 3,2967+| 3,1933 | 3.250d + 0.0398 | 1.2217
C(E20), | 1812283 |13.2800 {(3.2367/|13.2838 | 8.2600 | 3.2367.0.0139 | 0.4308
h C(E85), | 3.3100 | 3.3467 | 3.3400 | 3.2967 | 3.2867 | 3.3160 + 0.0264 | 0.7960
C(E100), |3.3067 | 3.3033 | 3.3967 | 3.3367 | 3.3500 | 3.3387 +0.0380 | 1.1375
C(E0), |3.2433 | 3.3167 | 3.3133 | 3.2533 | 3.2700 | 3.2793 + 0.0339 | 1.0351
C(E20), |3.4533 |3.3967 | 3.3633 | 3.3700 | 3.4000 | 3.3967 + 0.0355 | 1.0455
° C(E85), |3.3233 | 3.3133 | 3.2800 | 3.3300 | 3.3333 | 3.3160 + 0.0215 | 0.6491
C(E100), |3.3233 | 3.3767 | 3.3200 | 3.3133 | 3.3467 | 3.3360 + 0.0260 | 0.7785




Table A3-4 Diameter of PA6 immersed in test fuels
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Diameter (mm)

Week | Test Fuels Average (mm) % Error
1 2 3 4 5

C(E0), |50.09 | 50.06 | 50.10 | 49.94 | 50.08 | 50.0505 +0.0662 | 0.1323

C(E20), | 49.95 | 50.08 | 49.96 | 49.95 | 50.05 | 49.9970 + 0.0621 | 0.1242

’ C(E85), |50.06 | 50.06 | 50.05 | 50.10 | 49.98 | 50.0503 +0.0422 | 0.0843

C(E100), |50.09 | 50.11 | 50411 | 49.95 | 50.08 | 50.0672 +0.0664 | 0.1326

C(E0), | 50.14 | 5010 | 50.08' |/49.94 | 50.60 | 50.1720 +0.252 | 0.5020

C(E20), | 50.12:60.19 | £0.11 | S0-415.60:22 | 50.1500+0.0504 | 0.1006

’ C(E85), | 50.16.(60:7 1 50.19 | 50.22+4-60.10 | 50.1673 +0.0440 | 0.0877

C(E100), | 50,269"0274]/50.22 | 80,14 | 8028y 50.2273 £ 0.0537 | 0.1069

C(E0), |5028" 5017 | B021 | 50.06 | 50204, 50.1740 + 0.0663 | 0.1322

C(E20), | 50.34"| 5048 | S034| 50.32 | 6043.| 50.3633 £ 0.0588 | 0.1167

’ C(E8SS), |50.31 50.32 /50131 | 50.37 | 8021 | 50.3027 £0.0573 | 0.1139

C(E100), | 5027 5084, | 50.41 | 60,39 | 5042 | 50.3667 +0.0595 | 0.1182

C(E0), | 50.29'| 50.13 ;6074 50,28 | 5025 | 50.2387 +0.0626 | 0.1245

C(E20), |50.53 ['5046 15041 | 5045 | 50.54 | 50.4840 +0.0545 | 0.1079

! C(ESS), | 5051 | 505215041 | 50471 50.56 | 50.4927 £ 0.0564 | 0.1118

C(E100), |£50:56 | 50.66 | 50.54 + 5071 { 50.58"450.6080  0.0712 | 0.1407

C(E0), | 504 | 50.33 | 50.31 | 5024 | 80.35 50,3133+ 00439 | 00873

C(E20), | 50772 | 50.76 | 50.74 | 50.68 | 50.90"| 50.7607 +0.0809 | 0.1594

b C(ESS) o] 50471 JB0470 5047 |6079| 50.78, | 60,7387 + 0.0364 | 0.0718

C(E100), 1B0:93 |%5171 [50.81'| 51.00"| '51.10'| 50.9913 + 0.1262 | 0.2475

C(ED), | 50,39 | 50.37 | 50,39 | 50.25 £%60,36 | 50.3507%/0.0576 | 0.1144

C(ER0), {50908 |I50:08 [6107 |/51.22 51106 |-51.0667 % 0.1041 | 0.2040

" C(E85), | 51.01 | 51.04 | 51.14 | 51.13 | 51.06 | 51.0760 + 0.0586 | 0.1148

C(E100), | 51.39 | 51.37 | 51.14 | 51.20 | 51.39 | 51.2987 +0.1196 | 0.2331

C(E0), |50.39 | 50.36 | 50.34 | 50.34 | 50.35 | 50.3560 +0.0196 | 0.0390

C(E20), |51.47 | 51.41 | 5147 | 51.37 | 51.56 | 51.4567 +0.0710 | 0.1380

° C(E85), |51.39 | 51.37 | 51.55 | 51.52 | 51.42 | 51.4480 +0.0802 | 0.1559

C(E100), | 51.40 | 5153 | 51.38 | 51.44 | 51.56 | 51.4613 +0.0779 | 0.1513




Table A3-5 Diameter of PAG/GF (15 wt%) immersed in test fuels
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Diameter (mm)

Week | Test Fuels Average (mm) % Error
1 2 3 | 4 5
C(E0), |50.32 | 50.35 | 50.23 | 50.39 | 50.03 | 50.2624 £ 0.1419 |  0.2824
C(E20), |50.39 | 50.34 | 50.32 | 50.37 | 50.38 | 50.3584 £ 0.0304 |  0.0605
’ C(E85), |50.35|50.25 | 50.21 | 50.33 | 50.29 | 50.2852 £ 0.0587 |  0.1167
C(E100), |50.32 | 50.32 | 50.19 | 50.32 | 50.20 | 502728 0.0684 |  0.1361
C(E0), | 50.31 | 50.32] 50.19 | /50824 50.02 | 50.2413£0.1392 | 02770
C(E20), |50.50 |60.44 | 50.37 | 50445048 | 50.4427 +0.0492 |  0.0975
. C(E85), |50.45 | 50:36150.31 | 5044 {60.36 | 50.3820 £ 0.0581 |  0.1152
C(E100), | 50.47"50.49 5028 | 50.42 | 50.30,{50.3920 + 0.0935 |  0.1856
C(E0), 50.494”%?).45 £0.32 115046 | 50.17°{50.3620 + 0.1198 |  0.2379
, | 0, 50.5‘3/@).51 50’.{3 §5.58 5051 [150.5142 + 0.0609 |  0.1205
C(E85), | 50.57 (#5046 50.42 | 507 | 50.48\| 50.4793 £ 0.0560 |  0.1110
C(E100), | 50.56 | 50.48 | 50,32 | 50,67 | 5036 | 504600 £0.1136 | 02250
C(E0), | 50.504 50120 | 5047 | 504 | 5042 503847 £0.1211 | 02403
C(E20), |50.64 | 50.6%450:50 | 5066 4'50.68 | 50.6347 +0.0386 | 0.0763
! C(ESS), | 50.68 | 5064 50.64 | 50584 60.60 | 505073 £ 0.0642 |  0.1268
C(E100), | B0M9 5071 | 50.64 + 50.64 +50.55 1608040 + 0.0860 |  0.1700
C(ED), | 5048 | 50.53 | 50.38 | 50.68 | 5022 | 504260 + 0.1394 | 02764
C(E20), | 5076 | 50.83 | 50.72 | 50.85 | 50.76 |50.7840 £ 0.0539 |  0.1062
b C(E85)et [450.70;| 50.74 | 5069|5082, | 50:76,450:7320 £ 0.0908 |  0.1790
C(E100),. | '50.88'| 50.84 | 50774 |'50'83'| 5072 | '50.8007 + 0.0687 |  0.1352
C(E0), | 50.48 | 5052 | 50:39 | 50,57 | 50:27 | 50.4453 £©41195 |  0.2369
C(E20), | [150.98 | 51.00 150.90 50.99 | 50:90 | 50.944050.0471 | 0.0925
v C(E85), |51.3150.84 | 50.74 | 50.93 | 50.84 | 50.9340 £ 0.2211 |  0.4340
C(E100), | 50.84 | 50.85 | 51.03 | 50.93 | 51.02 | 50.9353 + 0.0894 |  0.1755
C(E0), |50.43 | 5054 | 50.50 | 50.21 | 50.58 | 50.4540 £ 0.1468 |  0.2910
C(E20), |51.14|51.18 | 51.02 | 51.26 | 51.22 | 51.1633 £ 0.0905 |  0.1769
° C(E85), |50.99 | 51.12 | 50.91 | 51.02 | 51.07 | 51.0227 £0.0786 |  0.1541
C(E100), | 51.11 | 51.00 | 51.16 | 51.15 | 50.99 | 51.0813 +0.0809 |  0.1583




Table A3-6 Diameter of PAGS/GF (30 wt%) immersed in test fuels
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Diameter (mm)

Week | Test Fuels Average (g) % Error
1 2 3 4 5

C(E0), | 50.39 | 50.38 | 50.29 | 50.38 | 50.41 | 50.3692 % 0.0478 | 0.0950

C(E20), | 50.45 | 50.31 | 50.22 | 50.40 | 50.34 | 50.3448 £ 0.0869 | 0.1726

’ C(E85), | 50.37 | 50.43 | 50.42 | 50.39 | 50.39 | 50.3984 +0.0259 | 0.0514

C(E100), | 50.42 | 50.35 | 5042 | 50.27 | 50.46 | 50.3833 +0.0746 | 0.1481

C(E0), |50.38 | 50,41 | 50.32 | 50.41 | 50.46 | 50.3967 +0.0511 | 0.1014

, | C(E20), | 50.58 |03 | 50.33 | 6042 50.34 | 50.4107 +0.0813 | 0.1613

C(ES5), | 50.46 508 | 50.46 | 50.47{-50.45 | 50.4653 0.0110 | 0.0217

C(E100), | 5054 39:—38 50145 |, 60.82.| 50i47,| 50.4307 +0.0827 | 0.1639

C(E0), | 504 5043 | 8032 | 5043 | 50.474| 50.4240+0.0625 | 0.1240

C(E20), 50.5/8/4 50.50 5%;38;: 5055 | 5045, | 50.4907 £ 0.0809 | 0.1603

’ C(E85), 50.53}f 559" /60,52 | 5052 {15068 | 505413+0.0272 | 0.0539

C(E100), | 5060 |#5044, /5055, 5040 | 50.54'| 504833 +0.0835 | 0.1654

C(E0), | 50.34"| 50.54 /5046 {16049 | 6062 | 504687 £0.0765 | 0.1517

C(E20), | 50.44 |'50.57150.50 | 501 | 50.54 | 50.5700+0.0995 | 0.1968

! C(ESS), | 50.62 | 506315064 | 50,634 50.65 506340 £ 0.0095 | 0.0189

C(E100), |\§065+-50.54 1 50.65 | 50,66 + 50.48:4°60,6007 + 0.0849 | 0.1678

C(E0), | 5055 | 50.50 | 50.42 | 8067 | 806" 50.5327 £ 0.0722 | 0.1430

C(E20), | 50176 | 50.68 | 50.51 | 50.67 | 50.59"| 50.6413 +0.0949 | 0.1874

b C(E8S) h 5041 [-50:66, <5065, 6062 |50.64 |~50:6567 +0.0363 | 0.0716

C(E100),. ["B0'79 | B0.63' [“50.75'| B0.54" |'50.73 | 508887 +0.0996 | 0.1964

C(E0), |.50.55 | 5058 | 50.46 | 50.58 460,60 | 50.5547%4 00534 | 0.1056

C(E20),| h50'85! | 5078y | 6086 |50.75 (50,71 |/50.7520 £0/0728 | 0.1435

" C(E85), | 50.79 | 50.75 | 50.74 | 50.84 | 50.77 | 50.7773+0.0383 | 0.0753

C(E100), | 50.66 | 50.87 | 50.84 | 50.72 | 50.84 | 50.7873 +0.0939 | 0.1849

C(E0), | 50.60 | 50.45 | 50.58 | 50.56 | 50.61 | 50.5600 % 0.0635 | 0.1255

C(E20), | 50.87 | 51.03 | 50.97 | 50.80 | 50.91 | 50.9160 +0.0866 | 0.1701

° C(E85), | 50.84 | 50.91 | 50.86 | 50.92 | 51.00 | 50.9067 £ 0.0594 | 0.1168

C(E100), | 50.92 | 50.93 | 50.82 | 50.91 | 50.78 | 50.8713+0.1318 | 0.1318
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Table A3-7 Volume of PA6 and PA6/GF composites immersed in test fuels

Volume (cm3)

Week Test Fuels
0%GF 15%GF 30%GF

C(E0), 6.2241 + 0.0586 6.3552 + 0.0462 6.4971 + 0.0561

C(E20), 6.2244 + 0.0189 6.3660 + 0.0312 6.6188 + 0.0875

’ C(E85), 6.2370 + 0.0109 6.3451 + 0.0266 6.4823 + 0.0486
C(E100), 6.2517 +0.0198 6.3310 + 0.0253 6.4944 + 0.0686

C(E0), 6.2114 + 0.0535 4 |4 6.2324 + 0.0219 6.3576 + 0.0725

, C(E20), 6.2626 +0.0358 £.3892 + 0.0591 6.6523 + 0.0889
C(E85), 6:2682.+,0.0235 6:4217.¢ 0.0315 6.4763 + 0.0629
C(E100),__oo*6,32827 010624 6.4616.£.0.0687 6.5500 + 0.0681

C(E0), " 68385/ 0.0493 5.3450 £0.0652 6.4858 + 0.0994

) C(E20), ,4/ " 6diogo J_r"o_.b563"' 6.4928 + 0.0514 6.7122 + 0.0956
C(E85), '__,.-""6.4042& 0,036 4| 6.5026,+ 0.0555 6.6322 + 0.0377

C(E100), | 46.4877 ;_@.oméf;ﬁ, | 6.5163 £0.0494 6.6511 £ 0.0529

C(E0), | 6.2293;_&;0.0302{,-'}1 6.3600 + 0.0627 6.5358 + 0.0512

C(E20), | 6.4388400530 | 16.4929£0.0492 | 6.7761:0.0549

! C(ESS), | 6448600302 /| 16542400427 | 66606+ 0.0495
C(E100)y | 6.5264 + 0.0781 65588 £ 0.0616 6.6801 + 0.1039

C(oni"i | 6.3512 £ 0.0572 6.4075 £0.0578 6.5752 + 0.0879

C(E20), ™| 6.5981+0.0122 6.6488 £0.0350 6.8330 + 0.0730

" G(ESH); 6.5641 & 0.0497 6.6527¢ 0:0643 6.7230 + 0.0214
C(E100), 6.6760 +0.0289 6.6641 + 0.0880 6.7841 + 0.0960

C(EQ), 6.2800 +0.0385 6:3885 + 0.0313 6.5420 + 0.0786

C(E29), 6.6885 #0.0364 6.6690 & 0.0480 618534 + 0.0893

" C(E85), 6.6313  0.0347 6.6583 + 0.0553 6.7145 + 0.0470
C(E100), 6.7030 + 0.0343 6.6709  0.0513 6.7632 + 0.0891

C(E0), 6.3301 + 0.0396 6.4335 + 0.0513 6.5835 + 0.0595

C(E20), 6.7485 + 0.0349 6.7211 + 0.0426 6.9155 + 0.0733

' C(E85), 6.7102 £ 0.0271 6.6815 + 0.0629 6.7489 + 0.0540

C(E100),

6.7414 + 0.0309

6.7242 + 0.0388

6.7801 + 0.0577
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Table A3-8 Percent volume increase of PA6 and PA6/GF composites immersed in

test fuels
% Volume Increase
Week Test Fuels
0%GF 15%GF 30%GF

C(EO), 0.0000 0.0000 0.0000

C(E20), 0.0000 0.0000 0.0000
0

C(E85), 0.0000 0.0000 0.0000

C(E100), 0.0000 ¢+ 00000 0.0000

C(EO), -0.2030 " 1.9318 -2.1468

C(E20), 06139 * 03646 0.5058
2

C(E85), _"0:010 1.2060 -0.0922

il 1

C(E100), 4 2208 E 20643 0.8567

C(E0), £00%50 <5 & 20,1611 -0.1735

C(E20), /’ L5 1.9918 1.4107
4 F- :

C(E85), A/r / 26304 EiJ 24818 23129

C(E100), / [ 2080 | 4 29287 2.4124

C(E0), J oesr —Sda, " R00731 0.5967

C(E20), G815 | ' 19938 2.3762
7 T =

C(E8S), <5396 S 3 1033 2.7508

d F
C(E100) 4.3946 355597 2.8599
el S

C(EO0), "= 2.0427 08219 1.2025

C(E20), 6.0044 4.4498 3.2346
10

C(ES5), 5.0453 4.8467 3.7135

C(E100), 617863 5.0624 4.4610

C(E0), 0.8938 0.5231 0.6923

C(E20), 616527 417593 3.5438
13

C(E85), 6.3214 4.9351 3.5827

C(E100), 7.2181 5.3702 4.1394

C(E0), 1.7038 1.2314 1.3307

C(E20), 8.4204 5.5785 4.4821
16

C(E85), 7.5865 5.3008 41125

C(E100), 7.8324 6.2122 4.3995
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Appendix B1. Impact Test

Table B1-1 Impact strength of PA6 immersed in test fuels

132

Impact Strength (kJ/m?) Average
Week | Test Fuels )
5|6 |7 |8 10 | (kd/m?)
C(EO0),
C(E20), | ,
0 § 21 | 22 | 22 22 | 20.85
C(E85), ' |
C(E100), n
—
C(EO0), \ 5168 | 51 75 | 62.41
C(E20), \0\ | 10678 | 94 99 | 96.58
4 . N
C(E8S5), @!@ \Q 83 43 | 63.44
C(E100), 44|96 67 | 101 73 | 67.19
C(E0), 694 o3 |\ 6 3| 69 108 | 78.35
C(E20), ,.,1&@*‘ 0| 287 200 | 260 229 | 23351
10
C(E85), 101 | 88 49 | 85.13
C(E100), 2| 56 | 194 65 | 106.94
-
C(EO), .ﬁ 85 88 | 102.95
C(E20), 205 | 263 274 | 269.37
16 o
C(E85), 220 | 114 | 78 | 199 77 | 146.33
-
238 | 243.55

C(E1ﬁm
v ¢ o o/
ARIANNIUARTINE IR Y

N

3;6




Table B1-2 Impact strength of PAG/GF (15 wt%) immersed in test fuels
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Impact Strength (kJ/m?) Averag
Test
Week e
Fuels 112 3 | 4] 5 7181910 )
(kJ/m")
C(E0),
C(E20),
0 22 22 | 23| 25| 25 | 2260
C(E85),
C(E100),
C(E0), | 32 .30 | 34| 35| 29 | 33.10
C(E20), | 50 47 | 49 | 52 | 49 | 49.30
4 .
C(E85), | 6 49 | 54 | 50 | 51.50
C(E100), | 4 47 | 58 | 58 | 52.19
C(E0), | 4 Ay _ 37| 38| 41| 20 | 3643
C(E20), | 654 6 9 hﬁ:a 54 | 63 | 60 | 62 | 60.48
10 R -
C(E85), | 53 53, 259 14 53 49 | 58 | 51 | 57 | 53.53
| e I d
C(E100), | 53 | 56" | /82| 60 47 | 63 | 46 | 50 | 55.24
C(E0), |30 |41 | 4 ;5;;,3__4_? 44 | 50 | 31 | 37 | 39.38
C(E20), “\éiﬁgz 102 | 82 | 9198 | 87 | 107 | 9501
16 _
C(E85), “7@ 78 | 5| 78 | 72| 73 | 73.94
C(E100), | 7 87| 88 | 96| 83 | 79 gé 83 | 76 | 81 | 83.34
AU INYNINYINT
'Q - L. L
a/
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Table B1-3 Impact strength of PAG/GF (30 wt%) immersed in test fuels

134

Impact Strength (kJ/m?) Average
Week | Test Fuels )
1123 |4 |56 |7 8|9 10 (kJ/m”)
C(EQ),
C(E20),
0 25 30| 30 [ 39 31|32 |31 | 29 |40 26 31.38
C(E85),
C(E100),
C(E0), 52 | 45 | 46 42.99
C(E20), 57 | 51| 60 56.44
’ C(E85), 556 | 49 | 50 49.46
C(E100), 47 | 47 | 55 50.49
C(E0), 49 | 46 | 51 52.28
C(E20), 8|90 |63] 62 66.01
b C(E85), 63 | 67 | 67 59.59
C(E100), 64 | 57 | 67 59.54
C(EQ), 78 | 61 | 54 55.67
C(E20), 102 | 98 | 93 99.56
16 C(ES5), il 44 |73 |87 | 7623
C(E100), '] 76| 7 77 180 | 89 84.43
~

1
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Table B1-4 Percent Impact strength increase of PA6 and PA6/GF composites

135

Impact Strength (kJ/mz)

% Impact Strength Increase

Week | Test Fuels
0%GF | 15%GF | 30%GF | 0%GF | 15%GF | 30%GF
C(E0),
C(E20),
0 20.85 | 22.60 31.38 0 0 0
C(E85),
C(E100), NV
AN/
C(E0), ‘\\2 j 42"99 199 46 37
— 2
C(E20), | 96:68-f49.30" | ~56:44 363 118 80
A - N
C(E85) 63.44 515 204 128 58
A " S
s, A1 \\az\ o |
C(E20), 123 i 020 168 110
10 (E20% " ﬂ -
C(E85), l 137 elo)
C(E100), 144 90
C(E0), 74 77
C(E20), 320 217
16 -
C(E8S), 3 227 143
C(E100 269 169

ﬂumwﬂmwmm
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Appendix B2. Compressive Test

Table B2-1 Compressive strength of PA6 immersed in test fuels

136

Compressive Strength (MPa)
Week | Test Fuels Average (MPa) | % Error
1 2 3 4 5
C(E0),
C(E20),
0 146 | 1 | 145 | 144.61£2.10 1.46
C(E85), S, | /
0, NE=3
C(EO0), \%“Hﬁ* 172.12 + 6.68 3.88
C(E20), 4 136 | 134.87 + 1.49 111
4
C(E85), 2 47114459+ 11.96 | 827
C(E100), 9 | T \@i 146.81 + 6.43 4.38
C(EO), 189 | 4914 194\ | 497y | 19181386 | 2.0
C(E20), | 12 28 | V144,136 1‘2 133.73 £ 6.08 4.54
10 : e
C(E8S5), | 132 f 1361 138 41 | 137.24 +3.56 2.59
C(E100), | 116 | 123 4 125 ) 131 | 125.06 + 6.01 4.81
C(E0), {iém 180 78.20 + 2.51 1.41
C(E20), | 115 | 12 1711453 £3.27 2.86
16 L |
C(E85), 12 | 125 | 121 | 120 112’1 118.31 £ 5.71 4.83
.7
C(E100), 185 |0 136) /35:15 £ 1.11 0.82
i1l o

N ¢ o v/
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Table B2-2 Compressive strength of PAG/GF (15 wt%) immersed in test fuels
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Compressive Strength (MPa)
Week Test Fuels Average (MPa) | % Error
1 2 3 4 5
C(E0),
C(E20),
0 212 | 198 | 210 | 209 | 210 | 207.84+558 | 2.68
C(E85),
C(E100),
C(E0), | 211 | 229 | 218.36+8.35 | 3.82
C(E20), 196 198 | 197.32+0.75 | 0.38
A > |3
C(E85), 241 10 | 207.69+4.15 | 2.00
C(E100), 206 | 08 | 204.55+3.68 | 1.80
C(E0), 1 DS gei 229.21+6.18 | 2.69
C(E20), 81 1190 13(%&1& 190.89 +6.27 | 3.28
10 s
C(E85), 1 1898 190 | 190 | 19047248 | 1.30
sl diicl <
C(E100), 18874171 18 189 | 184.39+256 | 1.44
C(E0), | 201 {4208 | 206 | 215 | 200 | 205.66+5.99 | 2.91
C(E20), | 156+4=488 ] 1. 159 | 157.18+3.13 | 1.99
16 — / £
C(E8S YRtttz 167.36 +7.41 | 4.43
C(E100) I- 174 | E? 176.24 +585 | 3.32

AUEINENINYINg
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Table B2-3 Compressive strength of PAG/GF (30 wt%) immersed in test fuels
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Compressive Strength (MPa)

Week | Test Fuels Average (MPa) | % Error
1 2 3 4 5
C(E0),
C(E20),
0 253 | 243 | 259 | 244 | 251 | 249.82+6.76 | 2.71
C(E85),
C(E100),
T
C(E0), 259 : 273 | 264.38+555 | 2.10
C(E20), | 25 262 273 | 26438555 | 2.10
4 . .
E 2 260 265.48 + 10. 7
C(E85), A;’f 0 R /9 | 265481003 | 378
C(E100), | 249 2 2 264 | 255.99+6.80 | 2.66
C(E0), | 237 /2400|243, 1249 | 241132506 | 2.10
C(E20), 3 3 23 ,@&\@ 230.42+6.76 | 2.94
10 -
C(E85), 3 & ! 084 | 24649+449 | 182
o _ ey
C(E100), | 22 32 237 | 232|239 | 232.72:7.02 | 3.02
C(E0), | 263 | 2704 247 | 273 | 266 | 263.84+9.96 | 3.78
C(E20), | 209 | 215-F 218 199 | 209.43+593 | 2.83
16 ) .
C(ES5), (Fpddmim2d2 bt 2 4| 211492115 | 056
C(E100), | 233 | 22 225114221 | 0.98
-
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Table B2-4 Percent compressive strength increase of PA6 and PA6/GF composites

Week | Test Fuels Compressive Strength (MPa) | % Compressive Strength Increase
0%GF | 15%GF | 30%GF 0%GF 15%GF 30%GF
C(E0),
C(E20),
0 144.61 | 208.84 249.82 0.00 0.00 0.00
C(E85),
C(E100),
C(EO0), 4.56 5.83
C(E20), -5.52 5.83
) C(E85), -0.55 6.27
C(E100), -2.05 2.47
C(EO), 9.75 -3.48
C(E20), -8.59 -1.76
" C(E85), -8.79 -1.33
C(E100), -11.71 -6.90
C(E0), -1.52 5.61
C(E20), | 114.53 45718 [ 20 2080 | 2473 16.17
16 C(E85) =183 0730 e -19.86 -15.34
C(E100), ‘1‘?5‘15, —ﬁ4 -15.61 -9.89

ﬂumwﬂmwmm
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Appendix B3. Tensile Test

Table B3-1 Tensile strength of PA6 immersed in test fuels

Tensile Strength (MPa)
Test Fuels Average (MPa) % Error
1 2 3 4 5
C(E0),
C(E20), N
71 73 \ 80 76.23 + 4.24 5.57
C(E85), N /
—— ,
C(E100), |
E 1 0”250 13402 51
C(E0), 5 “r"r; 3 50.13 + 0.26 0.5
o A +
C(E20), 38 A £ / A ‘ 37.20 + 0.43 1.16
cEss), | 40 | 46 j// TREY: 39.40 + 0.25 0.63
C(E100), 36 I’ 6 (| 36.16 + 0.94 2.6
d o
C(E0), 47 4 lr _ApHhps ‘ 45.81 £ 0.86 1.88
C(E20), 30 30 _.2%&;53{ 29.53 + 0.33 1.10
C(E85), 33 38 YRty 31.59 + 0.90 2.86
C(E100), 30 29 A PG ' 7 28.43 + 0.83 2.93
C(EO), 4384 43 07 + 060 1.40
C(E20), 27 1 28 27.61 +0.21 0.76
) LA
C(E85), 27 | 27 27 26 28 26.70 £ 0.78 2.92
(E100) 1~ 5 9) 28
T ﬂ LI

N ¢ o v/
ARIANNIUARTINE IR Y



Table B3-2 Tensile strength of PA6/GF (15 wt%) immersed in test fuels

141

Tensile Strength (MPa)

Week Test Fuels Average (MPa) | % Error
1 2 3 | 4 5
C(E0),
C(E20),
0 118 | 118 | 118 | 120 | 119 | 118.71£0.82 | 0.69
C(ES5),
C(E100),
C(E0), | 8 78 | 80.61+1.47 | 182
C(E20), 63 63 | 63.60+093 | 1.46
4 e
' ' ! +
C(ES5), 7 N 65 | 6567065 | 0.98
C(E100), 59 9 | 59.69+123 | 2.06
C(E0), Z B 1 | 7052+040 | 057
C(E20), " [© 4857313 | 644
10 7ot
C(ES5), 56| 55.73+1.07 | 1.92
C(E100), |54l | 531 5841 49\ | 48 | 5143258 | 501
P
C(E0), o 2| 71 | 71.85+049 | 068
C(E20) =47 48 | 48.96+050 | 1.03
16 W £
C(E85). = 5447 +0.54 | 1.00
C(E100), 53 | 5238056 | 1.08

-
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Table B3-3 Tensile strength of PA6/GF (30 wt%) immersed in test fuels
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Tensile Strength (MPa)

Week | Test Fuels Average (MPa) | % Error
1 2 3 4 5
C(E0),
C(E20),
0 167 | 168 | 168 | 170 | 173 | 169.2412.53 1.49
C(E85),
C(E100),
C(E0), 118 / 117 | 117.77+068 | 0.58
k.
C(E20), | 10 11’1 . 00 | 100.95+0.80 | 0.79
4
C(E85), | 104 102 | 103.14+0.77 | 0.75
C(E100), | 97 < 96.19+0.57 | 0.60
C(E0), 11 P 13 | 113.05+0.47 | 042
C(E20), 9 4| (o 9 97.84+0.80 | 082
10
C(E85), ) % 3¢ 98.71 4 1.02 1.04
C(E100), | 9 94 Hiop 92 W o2 | 9200+1.09 | 147
E l’f’ .-af‘.- - -
C(E0), 104 1‘&%&1 : 4 | 102 | 103.33+0.72 | 0.69
C(E20), | 80 |80 % 7 77 | 7836+139 | 1.77
16 AW £
C(E85), 84.89 + 0.86 1.01
C(E100), ﬁ} 82.60+1.01 | 122

i
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Table B3-4 Percent tensile strength increase of PA6 and PAG/GF composites

Tensile Strength (MPa) % Tensile Strength Increase
Week Test Fuels
0%GF | 15%GF | 30%GF | 0%GF | 15%GF | 30%GF
C(EO),
C(E20),
0 76.23 | 118.71 | 16924 | 000 | 0.00 0.00
C(E8S5),
C(E100),
o
C(E0), | 50448 | 80617 7 | 3424 | -32.09 | -30.41
C(E20), : 63.60 | 10095 -5120 | -46.42 | -40.35
4
C(E8S), o6 (| 10344, | 4832 | -44.68 | -30.06
C(E100), | 361 69 | 9619 | -5257 | -4972 | -43.16
C(EO), . 70.52- | 113.05 1| -39.90 | -40.60 | -33.20
‘ !
C(E20), 58 [aags7h 97, 61.26 | -59.09 | -42.19
10 ;
C(Ess), (Fausof | 4573 1. |-5856 | -53.05 | -41.67
C(E100), | ©8.48 | 16143 f, 92 62.71 | -56.68 | -45.11
C(E0), | 43.07°4 7185 | 10333 | -4350 | -39.48 | -38.94
C(E20), | 2761 4596 4° 78 | -58.76 | -53.70
16 :
C(E8S)} ~—26:#6——bd:A7——B4:89— 64.98 | -54.37 | -49.84
C(E100), 7| 26.14 | 76570 | 5588 | -51.19

AUEINENINYINg
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Table B3-5 Young’'s modulus of PA6 immersed in test fuels
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Young's Modulus (GPa)
Week | Test Fuels Average (GPa) | % Error
1 2 3 4 5
C(E0),
C(E20),
0 2.06 | 2.06 | 2.08 | 219 | 2.25 2.13+0.09 4.00
C(E85),
C(E100),
C(EO), 1.50 + 0.02 1.34
C(E20), 0.98 + 0.02 2.06
4
C(E85), 1.08 £+ 0.04 3.58
C(E100), 1.02 £0.04 3.61
C(EO), 1.24 +0.05 4.14
C(E20), 0.43 +0.03 7.74
10
C(E85), 0.72 £0.07 9.43
C(E100), 0.39 £0.05 13.13
C(EO), 1.06 £+ 0.03 2.68
C(E20), 0.32 +0.01 3.92
16 T
C(E85), 0.23 +£0.02 7.97
C(E100), 0.22 £ 0.01 4.52
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Table B3-6 Young’s modulus of PAG/GF (15 wt%) immersed in test fuels

145

Young's Modulus (GPa)

Week Test Fuels Average (GPa) | % Error
1 2 | 3| 4 | s
C(E0),
C(E20),
0 367 | 353 | 369 | 364 | 338 | 358+0.13 | 3.56
C(ES5),
C(E100),
C(E0), | 25 271 | 255+012 | 465
C(E20), 7 [4.86 10| 011£0.11 | 551
4 ,
C(ES5), | b 4.1 210 | 211+003 | 160
f} i{ '1.\. o, 9
C(E100), 21 % 205+007 | 3.20
C(E0), 41229 1. 06 | 207+014 | 6.89
C(E20), off #:32 11 1. 1.31+£0.07 5.24
10 - %
cess), 1. ;:%53 47 1162 | 151 | 1524007 | 4.46
C(E100), | 4.40'| 135" 125, 1.46 | 1.36 | 1.36+0.08 | 5.70
C(E0), | 1.96 [4494 | 202 {204 | 203 | 200£005 | 2.27
117£004 | 3.30
16
124003 | 2.76
117£006 | 501
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Table B3-7 Young’s modulus of PAG/GF (30 wt%) immersed in test fuels
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Young's Modulus(GPa)
Week | Test Fuels Average (GPa) | % Error
1 2 3 4 5
C(EO),
C(E20),
0 497 | 490 | 469 | 450 | 545 | 492:034 | 6.81
C(E8S5),
C(E100),
C(E0), | 4.19 |41 / 338 | 3.92:033 | 847
C(E20), | 3.2 37 330 | 330£033 | 463
* C(E85), | 3.66 888 | 864 367 | 360£012 | 335
C(E100), | 34 ,_ ) 1| 337+009 | 258
C(E0), | 3.3 #3246 \310, 834 | 335:011 | 322
C(E20), | 8.07 4 294 H30 3.00£0.06 | 1.92
" c(ess), | 3%6 J 327 3‘3’1‘!}_ 15 | 347+009 | 277
C(E100), | 2.9 .7_8‘_,,{;«;‘.@ 201 | 291 | 288007 | 237
C(E0), | 3.1 | 364t s 3| 321 | 313:006 | 1.91
C(E20), 266 22’@ 217+008 | 3.56
° C(E8S5), 231006 | 274
217010 | 4.64

ﬂﬂﬂ’)‘ﬂﬂ‘ﬂ’ﬁﬂﬁ?ﬂ‘i
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Table B3-8 Percent young’s modulus increase of PA6 and PA6/GF composites

147

Young's Modulus (GPa)

% Young's Modulus Increase

Week | Test Fuels
0%GF | 15%GF | 30%GF | 0%GF | 15%GF | 30%GF
C(E0),
C(E20),
0 213 | 3.58 4.92 0.00 0.00 0.00
C(E85),
C(E100), \
C(E0), | 150 2028 | -28.93 | -20.29
C(E20), o] = 5414 | -43.76 | -32.99
’ C(E85), | 1 11| 3 -49.45 | -4123 | -26.88
C(E100), 1 07 | -4284 | -3147
C(E0), 4 07 %5 158 | -42.11 -31.91
C(E20), 3f1 43000 4800 | 7991 | -63.48 -39.12
" C(Ess), [F0@ A, 150 17. | -66.05 | -57.53 | -35.48
C(E100), | 039 | .1.36 | /2.88 81.46 | -61.97 -41.50
C(E0), | 1. ‘Z‘é‘%ﬁé A -50.06 | -4425 | -36.46
C(E20), | 032 F ¥i7 . 6726 | -55.88
° C(E85), ; -65.40 | -52.99
C(E100), -67.34 | -55.82

-@.62
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Appendix B4. Flexural Test

Table B4-1 Flexural strength of PA6 immersed in test fuels

148

Flexural Strength (MPa)
Week | Test Fuels Average (MPa) | % Error
1 2 3 4 5
C(E0),
C(E20), |
0 113 113 | 112794275 | 244
C(E85), > /
C(E100), s BE
C(E0), 4 9 1| 96 .61 | 5362:6.10 11.37
C(E20), | 38 7 ) 37.64 +2.58 6.86
4 L >
C(E85), | 50 45 50.48 + 0.34 0.67
C(E100), | ‘39 .42 : 41.76 + 1.81 4.34
C(E0), . | 7505, 50 4965+1.06 | 214
C(E20), | 3 AT A3 31.92 + 0.88 2.75
10 5
C(E85), | 32 3%%‘33*‘ 35 | 33.43+1.00 3.00
C(E100), | 31 53432 1 | 31.20+0.34 1.08
=
C(E0), 1 150.46 + 1.71 3.39
E2 49 +0. 2.51
5 C(E20), Eis 5!11 35.49 + 0.89 5
C(E85), 30 3 31.09 + 0.96 3.09
LA BTSN Toeom | 2w
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Table B4-2 Flexural strength of PAG/GF (15 wt%) immersed in test fuels

149

Flexural Strength (MPa)

Week Test Fuels Average (MPa) | % Error
1 2 3 4 5
C(E0),
C(E20),
0 180 | 178 | 181 | 178 | 182 | 179.87+1.66 | 0.93
C(E85),
C(E100),
C(E0), 7 86 | 79.77+498 | 6.24
C(E20), a8 49 | 47.06+1.94 | 4.12
4 &
/ d n +
C(E85), 7 N 94 | 88.44+3.16 | 3.57
C(E100), .85 5 | 83.08+313 | 3.77
C(E0), A 00 | 97.08+158 | 1.63
C(E20)," 2 (- 7358 +2.85 | 3.87
10 o
C(Ess), 1" 74 | 71%;-5? \ 73.19 + 2.50 3.42
C(E100), | 708 | 787 74 |75 | 7250+220 | 3.04
o T i R
C(E0), | 1 @ ' 03 | 104 | 101.96+133 | 1.31
C(E20) A=z 73 | 7320+1.00 | 1.36
16 W £
C(E85), = 76.08+1.24 | 163
C(E100), m 75.28 £1.20 1.59

-
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Table B4-3 Flexural strength of PAG/GF (30 wt%) immersed in test fuels

150

Flexural Strength (MPa)
Week | Test Fuels Average (MPa) | % Error
1 2 3 4 5
C(EO),
C(E20),
0 246 | 246 | 248 | 251 | 248 | 247.63+1.89 | 0.76
C(E85),
C(E100), f’
AT
C(E0), | 165 g/ 172 | 169.66+2.85 | 1.68
C(E20), | 12 190 | 33 | 12956+3.09 | 2.39
A |
C(E85), | 142 16 | 150 | 145.16+3.24 | 223
C(E100), | 11 | 123|125 | 11929513 | 4.30
C(E0), | 17 w1 166 | 185 | 174445705 | 4.04
C(E20), 8 N 1 138.93+2.48 | 1.79
10 '
s
C(E85), | f 6 {147k 44 2 | 144972201 | 1.39
C(E100), | 14 45 #1414 143 44 | 14443+195 | 1.35
C(E0), | 168 | 1651 150 £ 471 | 168 | 166.18+4.72 | 284
C(E20), | 121 |23 4 118" 120_| 120.65+1.87 | 1.55
16
C(E85), 12457285 | 207
C(E100), 120 | 12000043 | 033
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Table B4-4 Percent flexural strength increase of PA6 and PA6/GF composites

Flexural Strength (MPa) % Flexural Strength Increase
Week Test Fuels
0%GF | 15%GF | 30%GF | 0%GF | 15%GF | 30%GF
C(E0),
C(E20),
0 11279 | 179.87 | 24763 | 000 | 0.00 0.00
C(E85),
C(E100),
C(E0), | 53 hal 5246 | -55.65 | -31.49
C(E20), ; 47.06 | 12956 -66.63 | -73.84 | -47.68
. | |
C(E85), | 5 44 || 145 5525 | -50.83 | -41.38
C(E100), | 4" J 119, 6298 | -53.81 | -51.83
C(EO), . 089 \ara. §5.98 46.03 | -29.56
C(E20), 92 | 73581 |4 18893 71.70 | -59.09 | -43.90
10 il i
C(ess), (333l 73107, 14497, 7036 | -59.31 | -4146
C(E100), | 81.20 | /7250 L[l 144. 7234 | 5969 | -41.68
C(E0), | 50.46“F 401,96 18 | 5526 | -43.32 | -32.89
C(E20), | 3549 4 7529 68.54 | -59.25 | 5128
16 N , ,
C(E85)] = 444 5771 | -49.70
C(E100), T‘] 3096 00 | 77255 | -58.15 | -4T.87
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