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ABSTRACT

Epoxy resins have become one of the most used polymeric materials in several engineering
applications such as structural composites, adhesives, and tribological coatings. This is due to their
superior adhesive properties, mechanical strength, chemical resistance, and their ability to be
modified. Despite these benefits, there are few limitations that restrict the greater use of epoxies.
The highly cross-linked structure and brittleness of pure epoxy result in poor friction and wear
performance that restricts its use in tribological applications. Moreover, the low fracture toughness
of epoxy leads to rapid crack propagation, which limits its use as a structural adhesive. The low
conductivity also restricts its use in different applications such as sensors, coatings, and adhesives

where electrical and thermal conductivity might be beneficial.

The use of carbon nanofillers showed possibilities of improving the performance of epoxy to some
extent, however, there is a necessity for better design and development of epoxy nanocomposites
for enhanced performance. Tailoring the performance of nanocomposites was found to be largely

dependent on the dispersion as well as the directional orientation of nanofillers in the matrix.

From the above perspective, aligned carbon nanofiber (CNF)/epoxy nanocomposite was
fabricated, and the fracture, tribological, conductivity as well as other multi-functionalities was
investigated. Initially, the alignment of CNFs inside epoxy was carried out using an AC electric

field, followed by the investigation of their dispersion and orientation.

The analysis of the tensile, compressive, and thermomechanical properties of random and aligned
nanocomposites revealed that the mechanical properties improved with CNF addition and their
longitudinal alignment. The nonlinear tensile responses of nanocomposites were accurately
captured by the finite element analysis of a three-dimensional representative volume element (3D-

RVE) model, which considered fiber structure, alignment, concentration, and loading condition.



The DC electrical conductivity and thermal conductivity of nanocomposites increased with CNF
addition and alignment. Electrical conductivity of 0.6 wt% aligned nanocomposites enhanced by
7 and 2 orders of magnitude, while the thermal conductivity improved by 77% and 44% compared
to pure epoxy and random nanocomposites, respectively, for the same filler content. Simple
analytical models, micromechanics and fiber-fiber contact-based, were developed for the electrical
conductivity prediction of polymer composites, which was validated with our experimental results

as well as with the literature data.

The effect of CNF alignment on tribological behavior of epoxy nanocomposites was studied by
carrying out friction and wear tests keeping the sliding direction normal to nanofiber orientation.
At 1wt% CNF content, the aligned nanocomposites exhibited 25 and 7 times improvement in wear
resistance compared to pure epoxy and random composites, while the friction coefficient reduced

from 0.6 for pure epoxy to 0.44 and 0.24 for random and aligned composites, respectively.

The effect of through-thickness CNF alignment was also investigated further on the enhancement
of mode-1, mixed mode, and mode-I1 fracture toughness of CNF/epoxy adhesive joints. The CNF
alignment increased the fracture toughness under all modes of fracture (increased by 195%, 20%,
and 31.5% for mode-1, mixed-mode, and mode-Il, respectively), however, a more profound effect
was observed under mode-1. The numerically predicted load-displacement responses for all joints

matched satisfactorily with experimental findings.

Finally, the electromechanical responses of bulk nanocomposites and nano-adhesive joints were
investigated. The nanocomposites showed excellent strain sensing capability at all CNF
concentrations, however, the highest sensing capability was observed at 0.4 wt% CNF content.
Moreover, the alignment of CNF was found to enhance the crack growth sensing capability of

nano-adhesive joints.



Overall, aligned epoxy nanocomposites have been designed and fabricated with excellent
mechanical, electrical, tribological, and fracture behavior along with damage sensing capability.
The predictive models for mechanical and electrical properties have also been presented. The
fabricated nanocomposites can be used as adhesives, coatings, and other load-bearing applications

with non-destructive damage sensing capability.

vi



vt Y g Sofifafer st S waTene i, faue et o greeictoeRe sife § wed sifuen IuEnT i S
Tl SET Wt § & U o T ¥ 78 Ik ek feaeh aTel O, itk wifth, Temtaen St ST Seii s Y ST rmar
% FROT | 3 A F G, FS I & S v F s § e SwE b st wedt ¥ stafien swi-foids s
3R YTE TRl ST STRAT e T ST Te o Yawi # i It & S Stieerelt STy § 56 ST B wfesti et 21
T STATT, T hl HH Sherer SEHt T sl ¥ U T YHR BT 8, ST ST (9 % §9 H 36 SUFNT ol Hifh saar
R <Terhar e, e SR v oot fafie ST # 36k ST B wfiefa et § et fore ot A srerskar

HRIGHE & Hehdl 2

e AHITBCTH o ST = FS 8 qoh QAT o JaxI H GET 31 GWTET fawrTs, STetiteh, Seat Yav o fo7g T JHIwriiee

% g fesme ofit fohr i STawaehal &1 AHIRFIIRNIE & e &l faTs ST HTH 88 % had & arg-ary Afgew #

ANfred & fexrersr stfufamme ot fvie g mm

I ki &, faa e Freet (CNF) / wditerdt Jepedifsie 1 frmfor fofam e o, sitt e, greeeitiorpet, Terhar
o ATI-HTY 3T Tg-FRATHFATSAT ! e hl 75 off| TRW T, THiet e €T T W@ T Tet fora &= &1 SwinT &
foa T o, 39 WIE I e iR sfufaRe i siie i T

argfeae iR wifad THwrIe % a1, wefifed o emtaenfapet Uit o farsgwor & ar e fof itk ot & Hieaus stg 3k
3o e WU F WY AR AT 8| HIHHIINCH o A R a=ar Siafseenatt s B-smamft gfafaf aon 9@ (3D-
RVE) dieat o uftfira aca fersdwor g wiéier &9 9 heer fomam mam o, 18 wrger ST, ST, Ui iR difen fufa wmm

STt 2|

CNF sits 31k dt@or & |y Hiepwitsied st DC forgd =mererdn it ardir =mererar # g gg1 0.6 Wit dtfaa Hmrifse

1 forera =TerehaT AT o 7 3R 2 SATeRT @ 9 €, St g i wnnlt # T 3rg it o agfees S i

Vii



qemT | A areeRdr § wAen 77% it 44% F1 gun ga @) difer shaitse St faega areehdr sifasamft % fa ae

fasguunerer Hige, AT N BIEsR-FHEsk Guh-3meiia fasfia forg mu 9, 58 gAn warmerss aftomat & arg-arer

aiiEca 221 % 9o 7= fomam T e

U ATRFIITSEE o SIS aeR T HTAUE T & T9Td T TR ouur R Ue o qieer g foRar TR o, S

TATSIET R i e HAERM % fog ey waar 21 AIwt% CNF amaft w, sifigd e 3 6 wiE AT

AgFoseh IS il o1 § Te o faie & 25 3R 7 1 Gar 1 YaxiA fora, Stafes 314 ot % forg =for qorisk 0.6 &

et 0.44 3R g i wiftaa Faifsie & foe srmer: 0.24 &

Hieus/ it foverd ot sttt o Hie-1, ffda Are, A Are-11 e srert it afe W g-Rekg dieTus @@ % Je 6
ot it <t 161 CNF dw@er 3 e o aeft qlishi & e Sherert T shalar i siqn feam (sFmer: 195%, 20% ik #@re- |,
fafira-rre sft wre- 11 % forw 31.5% i 3fg), wrerifer, Tk sifees e svme @ mm wre- || aft Siet % foe @earrs w9

Y AT SATS-foreero Sfafsrad srimrersh et o |1y Sarssies &9 § Je @l &

3 ¥, Foh TIHFISEE S -k T St il Soiae iRt FTdfshaTsTt shi Ste ot 8| SHewmifoed T @t CNF

HigdT § IchY a9 Holad & fa@Ts, graifer, Iwaawn gaad gmar 0.4 wi% CNF amft w 3eft 751 39k 3termar, Hequs i

@ - e aTet STiet il TR g Haa SHaT iS¢ o foTe I T ol

et TR, ERad waraRlt THIRFIITSIed i 3cohe AiTeh, frld, Zrsaiaiioehel SR SR SFER o ATY-Te &l Haa &war &
Ty fesgT ofit Mfifa foram o 21 =ifes iR forega it o forw wiforsr srewamen diee oft SR forarm T @1 R-fommrert afer

HoE AT % AT ¢ T AHIHHAISIE T START Faehl Tt ifed 3R 3T AIe-3T STTANTT o &9 & fohAT ST Tehall 2l

viii



Table of contents

CERTIFICATE .ttt b bt e bt e bttt ae et e e bt s e e nbe et e s i
ACKNOWLEDGEMENTS ...ttt ettt sttt beesnee s ii
AB ST RACT ettt sttt r e bt et e R e Rt et e Rt e Rttt eRe e Rt e teeRe e Reenbenneenbe e enes 1\
TaDIE OF CONTENTS ...t IX
S 0 10 U OSSPSR xii
LISE OF TADIES ... XVil
LiSt OF ADDIEVIALIONS ......viiiiieisi e xviii
Chapter 1: INTTOQUCTION ...t bbbt r et ens 1
1.1. Background and MOTIVALION ...........uieiiiieieieieiees ettt 1
1.2, TNESIS OVEIVIBW ...tttk bbbt bbbt b et b et b 4
Chapter 2: LITErature REVIBW ........ccoiiiiiieieieete sttt 7
0 I O] o o To LY 1 TSP 7
2.2. Matrix and filler MALEIAlS. ........cooviiiieeee e 8
2.2. 1 EPOXY ettt h R e R R R e AR R e R e R R e R R e e r e R e nenre e 8
2.2.2. CarbON NANOTIHIETS ...t 9

2.3. Methods of Nanofiller diSPErSION .........c.ooiiiiiieii e 13
2.4. Filler alignment MethOAOIOGIES .........civiiiiie et nre st 17
2.5. The behavior of epoXY NANOCOMPOSITES.......c.veuiiiiiiiiriitiitei e 22
2.5.1. MeChaniCal PrOPEITIES .......iii ettt sttt e s be e st eete e besbeeneeste e e e sreates 23
2.5.2. CONAUCTIVITY ...ttt b bbbt e bt b ettt nen e 26
T T I 1o Yo oo Tors I o] (o] o1=T TSR 30
2.5.4. Fracture behavior of adhesiVe JOINES .........cccvciiiiiic it 35
2.5.5. DAMAYE SENSING ... .viuteuteiieieetiete sttt sttt ettt b et e e e bt ke s bt b e s b b e e ese e st bt e bt bbb n e 38

2.6, RESBAICIN GAPS. . titiitie ittt ettt e et e st et et eea b he e te et e aheeRe e beeae et e nteentesreeteerenre s 41
2.7. Aim and ODJECiVES OF the STUAY .......cceiiieiciee e 42
Chapter 3: Mechanical DENAVION ............cuiiiiiii e 44
K20 I 1 o o [ Tox 1 o o PSSRSO 44
BB o 1=T o 1< o | SRRSO 47
BL2. 1 IMIBLETTAIS ... 47
3.2.2. Preparation and characterization of random and aligned CNF/epoxy samples...........cc.ccocevee. 48

3.3, SIMUIALION METNOMS ... 50



L T U] £ RPN 57

3.4.1. Experimental reSults: teNSIIE T8ST.......vciiiieie e e 57
3.4.2. Experimental results: compression and thermomechanical ... 62
3.4.3. SIMUIALION FESUITS.........oiiiiiiic e 64
3.5, SUMIMAIY ...t e r e E e et Rt e s Rt e R e r e sR e e R e e R e s Rt e n e n e e e e nrear e e nrenre s 75
AAPPENTIX AL ..ottt h b b e R h R Rttt h b e n e 76
Chapter 4: ConduCtiVIty DENAVIOL ...........cciveiiiiiiie e 81
o I g o [ 8 o o] TSP PSSP PP UR PP 81
O o 1= 1441101 | SR 83
B.2.1 IMTBEETTAIS ...t bbbttt 83
4.2.2. Preparation of random and aligned CNF/epoXy COMPOSILES........cccveeveveveeiieieciesiesieeniesrenes 83
4.2.3. Alignment study, morphology, and conductivity Measurements..........c.ccoeevervrerienenenenennenns 84
R R 1 T=To] Y TSP P TP UP PP PR PPTURPTPPO 86
4.4. Experimental results: alignment study, morphology, and conductivity...........c.cccecevvviveviineienneane. 95
4.5. Analytical MOAEIING FESUILS .......oiviiiiiiicie s 99
4.5.1. Comparison With XPEIIMENTS ........ccueiiiieieie et sre st sre e e e e e e s re e e e sresreebesre s 101
4.5.2. Effect of fiber aspect ratio (AR) and waviness (1) ...ccoooeveereereneennneneseseesesee e 102
4.5.3. Effect OF @AlIgNIMENT.......c.ooiiiiieee e et et e s be e sre et resre s 107
4.5.4. Validating results from HEEIrature ..........c.ocoiiiiiiiiiee e 108
TS U114 Y SRR 110
Chapter 5: Tribological BENAVIOT ..........ccoviiiiiiiiii e 112
5.1 INEFOTUCTION ...tttk bbb bbbttt sttt et n e n e enes 112
5.2, EXPEIMENTAL ......oiiiiitieie ettt st et e et e s beete e besae et e s beeneesreeteenbesreeneenreans 113
5.2.1. Materials and SPECIMEN PrePAratioN. .........ccuiirerieriiieieieese sttt 113
5.2.2. Hardness, dynamic mechanical analysis and surface energy measurements.............ccccceevenean 113
5.2.3. Friction and Wear DENAVION ............coviiiiiiiii e 114
5.3. RESUILS AN TISCUSSION ...ttt nn e 116
5.3.1. Hardness, dynamic mechanical analysis and surface energy .........ccocceoeeoerieneneenesneienennens 116
5.3.2. Friction and Wear DENAVIOL............couiiiiiiiiie e 120
5.4, SUIMIMAIY ...ttt ettt ettt ettt ket e bt ek bt e bt e bt e ehe e Sh e e £ H bt o a ke e ke e bt e e b e e ebe e ehb e e nbe e nbe e sbeesaeesnbeanns 136
Chapter 6: Fracture behavior of adhesiVe JOINTS ..o 138
B. 1. INEFOAUCTION ...ttt r ettt r e nr e ner s 138
6.2. EXperimental METhOUS ..........oiiiii bbb 139



IV 1Y, == =TT 139

6.2.2. AdNESIVE JOINT PrePAration ........c.ciieiiiiiieeiieste et sre et sae st e e s reera e besaeennesre e 140
6.2.3. CArACEITZATION ...ttt b e 143

6.3, EXPEIIMENTAL FESUILS......ecviiiiie et sttt este e e s beere e besaeeneenre e 144
6.3.1. Surface morphology and contact angles of untreated and P2-etch treated samples................ 144
6.3.2. Effect on CNF concentration and alignment on P-3 response of DCB..........cccccooviiiiiniennen. 146
6.3.3. Effect of CNF alignment on P-3 response of ADCB and ENF ...........cccccoeviiiiveiicne e, 148
6.3.4. Fracture surfaces and toughening MeChaniSmMS............cccveiveirinineneneneees e 151

B.4. SIMUIBTION ...ttt b et b bbbt 157
6.4.1. Cohesive ZONe MOTEIING ......coiiiiiiie e 157
6.4.2. SIMUIALION TESUITS.......viviiiiit et 159

5.5, SUMIMAIY ...ttt r e s Rt b e bt s bR e e b e e Rt e e e e b e e e nre e b e e renreennenre e 161
Chapter 7: Damage Sensing DENAVION ...........ccooi i 168
7.1 INEFOTUCTION ...t bbb bbb bbbttt n e 168
7.2. Materials and MELNOUS..........coiiiiieieei s 169
7,20 MIBEETTAIS ...t 169
7.2.2. Preparation of nanocompOoSItes and JOINTS.........coeiererieiieininise e 169
7.2.3. Electromechanical tests, morphology, and condUCLIVItY...........cccccevviiieieieenc s, 170

7.3. RESUIS aNA TISCUSSION .....veuviiiieriiiieitie sttt sie ettt te e tessaeste st estesteeseenbesneeseestaeneesteeseentenseeneenreans 172
7.3.1. Morphology and DC CONAUCTIVILY ......c.ccveiiiiiiicieciec sttt 173
7.3.2. NANOCOMPOSITE SENSING.....evtveteteeestesieieeie sttt sttt sb bbb bbb e et b e e 175
7.3.3. Damage sensing in DCB joints and effect of CNF alignment ............cccocoeeiiviveienin e, 180

T, SUMIMAIY .ot ietee et ee et e e e et e e st e e et e e st e e s te e e asteeeste e e s teeeanteeenseeeseeeanteeeaseeeanteeanteeesnteeennnnens 187
Chapter 8: CONCIUSIONS ANG SCOPE .....ovviiieiieieieite st 189
.1, CONCIUSIONS ...ttt bbbt bbb bbb bbbt e et et n et 189
8.2. Future scopes and reCOMMENAALIONS ...........ovriiririiierieiese ettt eens 193
RETEIENCES ...ttt bbb 196
LiSt OF PUDICALIONS ... 207
=] oo L WSRO PP TRPR 208

xi



List of figures

Figure 2.1. (a) Chemical structure and (b) application [31] of epOXY reSin.........ccccoevereienirnnnnns 9
Figure 2.2. (a) Schematic [43] and TEM image of CNF. (b) Different carbon nanofillers [2] .... 12

Figure 2.3. Different methods for carbon nanofiller dispersion in polymer; (a) ultrasonication, (b)
three-roll milling [23], and (c) shear mixing [23]. .....ccooevviieiiieieeese e 14

Figure 2.4. (a) Functionalized nanofiller (CNT wrapped by Triton X-100 micelles) [46];
Schematic of nanofiller alignment inside matrices by (b) magnetic [18] and (c) AC electric
L1 o SRR 17

Figure 2.5. Mechanical alignment (a) TEM of CNT composite [48]; (b) fracture surface of CNF
composite [49]; SEM of (c) random and (d) magnetic field-aligned CNF/epoxy [52]; TEM
of (e) random and (f) AC electric field aligned CNF/epoXy [5].....ccccovevvriimiireresieiieiiecnnn, 19

Figure 2.6. Nanofiller alignment effect on mechanical and electrical properties. Effect of SWNT
alignment on (a) modulus and (b) tensile strength of epoxy nanocomposites [26]; (c) CNT
alignment effect on storage modulus [25]; Effect of (d) SWNT [26], () CNF and GNP [5],
and (f) CNT [25] alignment on DC electrical conductivity of epoxy nanocomposites......... 26

Figure 2.7. Nanofiller alignment effect on tribological properties. Alignment effect on (a) friction
and (b) wear of CNT/epoxy [47]; wear track of (c) resin, and (d) aligned GNS composites

Figure 2.8. Nanofiller alignment effect on fracture behavior. Effect of through-thickness CNF
and GNP alignment on (a) mode-I fracture energy; SEM of (b) crack bridging at tip and (c)
toughening mechanisms at fracture surface of aligned CNF/epoxy DCB joints [5].............. 36

Figure 3.1. Schematic of aligned CNF/epoxy specimen for (a) tensile test, (b) compression test,
and DMA,; (c) Tensile test setup and strain measurement using video extensometer........... 49

Figure 3.2. (a) Flowchart of RVE generation. (b) Angle distribution of CNFs in random and
aligned composites (normal and uniform distributions are considered to model aligned and
random composites). Schematic of periodic RVE (c) before and (d) after fiber cutting. ..... 52

Figure 3.3. (a) Tensile response of pure epoxy. (b) Optical micrograph of sonicated CNF/epoxy
mixture. (c) SEM of CNF in the composite. (d) Modeling of CNF as straight and wavy fiber.
(e) Orientation of a wavy CNF in 3-dimensional SPaCe. ..........cccccveveeieiieie i 56

Figure 3.4. The experimental tensile stress-strain behavior of pure epoxy, random, and aligned
CNF/epoxy composites. Comparison of tensile behavior of 0.2, 0.4, and 0.6 wt% (a) random
composites and (b) aligned composites with respect to pure EPOXY........cocvvvvervrieervereesnenn 58

Figure 3.5. SEM of fracture surface of (a) pure epoxy. (b) 0.2 wt% random. (c) agglomeration of
CNFs in 0.6 wt% composites. (d) uniform dispersion of CNFs and (e) CNFs alignment.
Black arrow indicated the direction of the applied electric field.............ccocoviiiiiiiiiienns 60

Figure 3.6. Experimental tensile responses of 0.4 wt% (a) random and (b) aligned composites
under different StraIN FALES..........cciiiiieciie e sree s 61

xii



Figure 3.7. Compression behavior of (a) pure epoxy and random composites; (b) random and
longitudinally aligned nanocomposites; (c) Dynamic mechanical behavior of pure epoxy,
random and aligned NANOCOMPOSITES........c..eiviiiiiiiiiieieie e 63

Figure 3.8. Effective elastic modulus variation with (a) RVE length factor and (b) total number
of elements for 0.2 wt% (0.1256 vol%) random RVE. ........cccccooiiiiiiiiiiienieece e 65

Figure 3.9. (a) Effect of a/Leff ratio on normalized effective modulus of straight and wavy fiber
RVEs (single fiber). (b) Comparison of nominal stress-strain responses of 0.2 wt% RVEs
from simulation, with respect to actual experimental result. (c) Stress distribution in matrix
around straight and Wavy FIDEIS. ... 67

Figure 3.10. Effect of concentration on the simulated stress-strain responses of (a) random and
(b) aligned composites. (c) Effect of alignment on tensile responses of 0.2 wt% random
composites. Comparison of simulated tensile behavior between random and aligned
composites with (d) 0.2 wt%. (e) 0.4 wt% and (f) 0.6 Wt%. ........cccerirvriiieieerec e 69

Figure 3.11. Stress distribution in matrix of random composites, at CNF concentration of (a) 0.2
wit%. (b) 0.4 wt%. (c) 0.6 wt%. Stress distribution in matrix for aligned composites (0.4
wt%) (d) higher stress, compared to random composites, carried by matrix; Stress
distribution in matrix around fibers - lower stresses in the top and bottom interfaces; higher
stresses in the side interfaces (e) front view of side faces (X-Y plane) and (f) front view of
tOP TACES (Z-X PIANE) ...t 71

Figure 3.12. Comparison between the experimental and simulation stress-strain responses of (a)
0.2 random. (b) 0.4 random. (c) 0.6 random. (d) 0.2 aligned. (e) 0.4 aligned and (f) 0.6
aligned composites at a fixed strain rate 0f 0.085 MiN™..........ccoovvieecceceeee e, 73

Figure 3.13. (a) Comparison between experimental and simulated stress-strain response and (b)
matrix stress distribution of 0.4 wt% random composite under different strain rates............ 74

Figure Al.1. (a) Node categorization into faces, edges and vertices; (b) Generated periodic RVE
with randomly dispersed NANOFIDEIS.........ccvoiiiicie e 78

Figure 4.1. (a) Schematic of alignment; (b) Alignment studies of uncured 0.1wt% CNF/epoxy in
between parallel electrodes with AC electric field, observed under optical microscope...... 85

Figure 4.2. Schematic of representative CNF with interphase and effective conductivity........... 87

Figure 4.3. 2D representation of percolation phenomena and CNF-CNF overlapping area in
random and aligned composites (Cases I - IV for random and cases I, Il for aligned

(010 0] T TS 1 1) PP PRR 89
Figure 4.4. Representation of percolating CNF chains in (a) random and (b) aligned CNF/epoxy

COMPOSILES (2D CrOSS-SECLION) .. .eiiuiiiiieiieetee sttt e et e e aeesree s 92
Figure 4.5. Equivalent resistor model of CNF/epoXY COMPOSITES .......ccervrvirerieiieiienieniesiesieeieans 93

Figure 4.6. Optical micrographs of in-situ alignment of 0.1wt% CNF/epoxy (liquid form) under
AC electric field of (a) randomly oriented CNF at time t=0 min, (b) Aligned CNFs at t=2
min (c) Aligned CNFs at t=3.5 min. (d) TEM of CNF. SEM images of fracture surface from
(e) 0.4 wt% random and (f) 0.4 wit% Aligned CNF/EPOXY......ccceiiverveiieiieeiesie e eie e 95

Xiii



Figure 4.7. (a) 1-V characteristics curve of 1 wt% random composites; (b) standard and (c) log-
log plot of DC conductivity vs (Vf-Vc) for random and aligned composites, dotted line
represented fit to scaling law; (d) Thermal conductivity of random and aligned composites;

(e) SEM image of wavy CNF ; (f) CNF length distribution............ccoccovviiininiiniiencsins 97
Figure 4.8. Variation of measured conductivity with CNF vol%: effect of varying &a, max for (a)
random; (b) aligned composites (calculated by model I) ........ccccoevveviiiiiiiiii e 100

Figure 4.9. Comparison between experimental and analytical results for (a) random composites
and (b) aligned composites (analytical results were calculated using both models I and I1)

Figure 4.10. DC conductivity vs. CNF volume fraction for random composites: effect of CNF
aspect ratio and waviness factor with model (a,b) I and (c,d) 1. ....ccooorveiiiiiiiies 103

Figure 4.11. DC conductivity vs. CNF volume fraction for aligned composites: effect of CNF
aspect ratio and waviness factor with model (a,b) I and (c,d) 1. .....coooveeiiiiiiiis 104

Figure 4.12. Comparison of electrical conductivity calculated from analytical models with
experimental results from literature. (a), (b), (c) for random composites and (d), (e), (f) for
both random and aligned composites (Dots represent experimental results. Solid and dashed
line represents analytical results by model | and 11, respectively).........ccccooeviiiiiiinnnnnne. 109

Figure 5.1. Ball-on-disc tribometer setup and nanocomposite sample...........ccccccovvvereeviesnenne. 115

Figure 5.2. (a) Vickers micro-hardness for random and aligned composites. (b) Effect of CNF
addition on storage modulus and Tg of epoxy (solid line — storage modulus; dotted line — tan
(011 v ) USSR 117

Figure 5.3. Friction test of pure carbon nanofiber (coated on disc with epoxy adhesive) against
stainless steel counterface, (a) Friction response; (b) digital image of the sample after test
............................................................................................................................................. 121

Figure 5.4. (a) Friction response vs. number of cycles; (b) variation of friction coefficient and
SWR with CNF wt%; for random nanocomposites; (c) Surface energy of pure epoxy,
random and aligned composites; (d) Variation in generated temperature at contact. ......... 122

Figure 5.5. (a) Effect of CNF wt% and load on friction/wear behavior; SEM of wear tracks of
pure epoxy, 0.6, 1 and 2 wt% random nanocomposites samples (1st row) under 10 N load
(2nd row) under 20N load (3rd row) under 30 N load; Optical micrographs of wear tracks
and counterfaces for pure epoxy, 0.6 wt% and 1 wt% nanocomposite under (b) 20 N load
and (c) 10 and 30 N load, (at 0.05 m/s sliding speed) (All the photos were taken after test
duration 0f 2 h or ~ 6000 CYCIES)......coueiviriiiiiiiieicieeee e 125

Figure 5.6. Variation in (a) friction coefficient and (b) SWR with increasing CNF concentration
under different loads; SEM of wear tracks of 0.6 wt% random nanocomposite under
different loads (c) 10 N; (d) 20 N; and (e) 30 N. (Higher magnification images are shown as
inset). (at constant sliding speed 0f 0.05 M/S.) ..cooiiiiiiiiiiee e 127

Figure 5.7. Variation in (a) friction coefficient and (b) SWR rate with increasing CNF
concentration under different speeds; SEM wear tracks of 0.6 wt% random nanocomposite
under sliding speeds (c) 0.05 m/s; (d) 0.1 m/s; and (e) 0.2 m/s. (Higher magnification images
are shown as inset). (at constant 10ad 0f 20 N).......cccooiiiiiiiiiiii s 129

Xiv



Figure 5.8. Effect of alignment on friction/wear properties of 0.6 wt% and 1 wt%
nanocomposites (a) friction coefficient, (b) SWR (at 20 N load); SEM of wear track of 0.6
wit% (c) random (d) aligned composites; Optical micrograph of Counterfaces of 0.6 wt% (e)
random and (f) aligned composites and the schematic of wear mechanisms. ..................... 132

Figure 5.9. Comparison of friction coefficient between random and aligned nanocomposites
under (a) 10 N load; (b) 20 N load; and (c) 30 N load at 0.05m/s sliding speed; (d) SWR
improvement of aligned composites over random composites under 20N load and 0.05m/s

] 1= o USSR 133
Figure 6.1. (a) P2-etching treatment of aluminum substrates, (b) Electric field alignment of CNFs
INSIAE AANESIVE JOINTS......eciiiiiieiireic ettt e e ste e e reenteeeenneenns 140

Figure 6.2. (a) Schematic (with dimensions) and (b) experimental setup of DCB, ADCB and
ENF specimens and (C) the alignment ProCESS.........coveueiieieerie i 142

Figure 6.3. SEM images of (a) sandpaper abraded and (b) P2-etch treated surface of aluminum
SUDSITALES . .eeveeeeictie sttt ettt e et et e e be et e e ae e s be e aeere e reenteareesreeneereenreenneas 145

Figure 6.4. Fracture surfaces of (a) pure epoxy and (b) 0.8 wt% random CNF/epoxy DCB
specimen; P-4 responses of (¢) random and (d) aligned adhesive joints; Variation in (e) peak
load and (f) Mode-I fracture toughness with CNF concentration and alignment................ 147

Figure 6.5. P-6 responses of pure epoxy, 0.8 wt% random and aligned CNF/epoxy with (a)
ADCB and (b) ENF specimens (square dots indicate load corresponding to crack growth);
Fracture surfaces of 0.8 wt% random (c) ADCB and (e) ENF specimen (image taken after
sample was cut for SEM investigation); crack movement from mid-plane to (d) thinner

adherend interface for ADCB; (f) adherend interface for ENF............ccccoooeiiiiiiiieieenn, 149
Figure 6.6. Comparison among the Mode-I, Mode-11 and mixed-mode fracture toughness of pure
epoxy, 0.8 wt% random and aligned CNF/epoXy SPECIMENS ..........ccoveveerieiieveeiiecieieenns 151

Figure 6.7. SEM of fracture surfaces of (a) epoxy and (b) CNF/epoxy DCB joints, (c) Correlation
of load-displacement curve and stress-whitening zone (optical micrograph and SEM)..... 152

Figure 6.8. SEM and FESEM of fracture surface of (a) 0.4 wt% random, (b) 0.4 wt% aligned, (c)
0.8 wt% random, (d) 0.8 wt% aligned, (e) 1.2 wt% random, (f) 1.2 wt% aligned DCB..... 154

Figure 6.9. FESEM of fracture surface of 0.8 wt% (a) random and (b) aligned ADCB specimens;

0.8 wt% (c) random and (d) aligned ENF SPECIMENS. .......ccccccveiveriiiieiieie e 155
Figure 6.10. (a) Bilinear traction separation law for mode-1I, mode-Il and mixed-mode. Meshed
numerical model of (b) DCB, ADCB and ENF with boundary conditions......................... 158

Figure 6.11. (a) Fracture energy (GIC) vs. crack length for random and aligned DCB specimens
at different CNF concentrations; Fracture of (b) DCB, (c) ADCB and (d) ENF specimens:
FE modeling. Comparison between experimentally and numerically obtained P- 6 curves
(Solid lines — experimental; Dashed lines — simulation) ..........c.cccocevveivinie e 161

Figure Al. Optical micrographs of sonicated 0.8 wt% CNF/epoxy after (a) 7 min, (b) 10 min, (c)
15 min, (d) 20 min, and (¢) 30 min. (f) SEM of CNF distribution in nanocomposite......... 163

Figure A2. Dispersion and alignment of CNFs. Electron micrographs of random (a) 0.4R, (b)
0.8R, (c) 1.2R and aligned (d) 0.4A, (e) 0.8A, (f) 1.2A nanoCOMPOSItES. ........ccvevveerveennen. 165

XV



Figure A3. (a) Compliance correction of load-displacement (P-d) response of DCB test; (b) load-
displacement response of ENF test (finding critical load corresponding to crack growth) 166

Figure A4. Fracture surfaces of (a) DCB (0.8 aligned CNF/epoxy) and ADCB (b, 0.8 aligned and

C, PUIE EPOXY) SPECIMENS. ... veeueeiteeitreteeseesteesteaseesteetesseesteeseaseesseessesssesseesesseesseesesseesseensens 166
Figure A5. Schematic of toughening in mode-1 and mixed mode fracture ............c.ccoeevevernenne. 167
Figure A6. DSC data of cured (a) pure epoxy and (b) 0.8 Wt% CNF/€POXY .......cccevvverververreenne. 167
Figure 7.1. (a) Experimental setup and (b) schematic of electric field alignment of CNFs inside

nanocomposite DCB adhesSiVe JOINT ........c.ccoeiieiiiie e 170
Figure 7.2. Electro-mechanical test setup for (a) tensile and (b) DCB specimens..................... 171

Figure 7.3. Dispersion and agglomeration of CNFs in randomly dispersed nanocomposites. (a)
0.4 wt%, (b) 0.8 wt% and (c) 1.2 wt% (dispersed CNFs are shown by arrow), (d) DC
electrical conductivity of random and aligned nanocomposites at different CNF

(010 ) T=] 01 =1 o 1SRRI 173
Figure 7.4. Alignment of CNFs in (a) 0.4 wt%, (b) 0.8 wt%, (c) 1.2 wt% aligned nanocomposites
(Electric field direction was indicated by the black arrow)” .........c.ccocvviviviiieieniienee 175

Figure 7.5. Comparison of tensile stress-strain and sensitivity-strain responses for bulk
nanocomposite specimens of different concentrations (0.4 wt%, 0.8 wt%, and 1.2 wt%

100 0] 0 ) TSRS 177
Figure 7.6. Nanocomposite sensitivity variation with strain: Experimental vs Analytical. (a) 0.4
Wt%0, (D) 0.8 W90, (C) 1.2 WEYO. .eoveerieieieiie ettt e 179

Figure 7.7. Different failure types in DCB joints and corresponding load-displacement and
sensitivity responses. (a) cohesive and stick-slip crack growth, (b) cohesive and gradual
crack growth, (c) mixed type of failure, (d) interfacial failure...........cccccoooviveiieieiieieens 181

Figure 7.8. Magnified portion of piezoresistivity in adhesive joints. P-6 (without compliance
correction) vs sensitivity responses before crack propagation. (a) defect-free pre-crack and
(b) pre-crack with a slight interfacial patch............cccocoevi i 182

Figure 7.9. Representative load-displacement and sensitivity responses for (a) random and (b)
aligned nanocomposite DCB SPECIMENS ........ccveiieiiiieieeie st e et sra e 184

Figure 7.10. Effect of alignment on sensitivity responses of DCB specimens. (a) 0.4 wt%, (b) 0.8
wit% and (c) 1.2 wt% (solid line and dotted line represent load-displacement and normalized
SeNSItivity reSPONSES, FESPECLIVEIY)......oiviiiiiiiiiiiieee e 186

XVi



List of tables

Table 2.1. Properties of carbon nanomaterials [2,22,37] ......cccoeiiiiiiiiiiecee s 11

Table 2.2. Mechanical properties of carbon nanofiller/polymer composites (R and E.F.A stand
for random and electric field-aligned, reSpectively) ... 25

Table 2.3. Electrical and thermal conductivity of carbon nanofiller/polymer composites. (E.C.
and T.C. represents DC electrical and thermal conductivity, while R and E.F.A represents

random and electric field-aligned, reSpPectively) ........ccccvvveiiiii i 28
Table 2.4. Tribological properties of carbon nanofiller/polymer composites ..........cccccevvvevennenne. 34
Table 2.5. Fracture and damage sensing behavior of bulk CNF/epoxy and nanocomposite

AANESIVE JOINES ...ttt b e bbbt bbb bbb 37
Table 3.1. Stress distribution in matrix and fibers at different cross-sections (e.g. Figure 3.11(a-

c)) of 0.4 wt% random RVE (S — Straight fiber; W — Wavy fiber) .........ccccevvninniinnnn 70
Table 3.2. Stress distribution in matrix and fibers at different cross-sections (e.g. Figure 3.11(d-

f)) of 0.4 wt% aligned RVE (S — Straight fiber; W — Wavy fiber).........ccooviiiiiininnn 72
Table Al.1. Elastic modulus and tensile strength of pure epoxy, random and aligned CNF/epoxy

(0101001 010 (=S TP PSP PP TP PRI 78

Table Al.2. Tensile modulus and tensile strength of pure epoxy and 0.4 wt% random and
transversely aligned nanocomposite under different strain rates............ccoccevveviviienieenennnn 79

Table A1.3. Compressive behavior of pure epoxy, random and longitudinally aligned
NANOCOIMPOSITES ...ttt sttt et b etk ettt e bt e bbbkt e b e e s e et e b e st e nbenbeebeebeeneas 79

Table 4.1: Parameters used in analytical model for conductivity prediction of carbon
nanofiller/polymer composite (experimental data taken from literature as well as from this
] (110 1Y) ISR RSTPSN 106

Table 5.1: Surface energies of all samples with polar and dispersive components................... 118

Effect of CNF content could be well understood from Figure 5.5a. Very rough surface of pure
............................................................................................................................................. 123

Table 5.2. (a) EDAX analysis (element wt%) of steel ball after sliding (2 h) against pure epoxy
and 0.6 wt% random CNF/epoxy composites; (b) Surface roughness of samples and

COUNTEITACE ...ttt ettt b e bt bt et bt e be et e e bt e sbe et s beenbeenne s 124
Table 6.1. Surface roughness (Ra), as well as water and epoxy contact angles of sand abraded

and P2-etch, treated aluminum SUDSEIAES ..........coviiiiiiiiie e 145
Table 6.2. Mechanical properties of adherend and adhesSiVes ...........ccccveeviveiviin e 157
Table 6.3: Cohesive zone model parameters for DCB, ENF and ADCB specimens ................. 160
Table 7.1. Mode-1 fracture toughness of random and aligned nanocomposite DCB specimens

with different CNF CONCENTIALIONS ..........ooiiiiiiieiieie e s 184
Table 7.2. Crack growth sensitivity values for all random and aligned DCB joints................... 185

XVii



List of Abbreviations

CNF
AC
RVE
DC
CNT
GNP
SEM
ADCB
DCB
ENF
CZM
RSA
SW, MW
SWR
PTFE
PEEK
SENB
NDT
CFRP
GFRP
MD
AR
FEM
PBC
DMA
ROM
IPD
SCF
GF

Carbon nanofiber

Alternating current
Representative volume element
Direct current

Carbon nanotube

Graphene nanoplatelet

Scanning electron microscopy
Asymmetric double cantilever beam
Double cantilever beam

End notch flexure

Cohesive zone modeling
Random sequential adsorption
Single-walled, Multi-walled
Specific wear rate
Polytetrafluoroethylene
Polyether ether ketone

Single edge notch bending
Non-destructive testing

Carbon fiber reinforced composite
Glass fiber reinforced composite
Molecular dynamics

Aspect ratio

Finite element method

Periodic boundary conditions
Dynamic mechanical analyzer
Rule of mixtures

Inter-particle distance

Short carbon fiber

Gauge factor



