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Abstract

Growths of the transportation sector and vehicular emissions have increased exponentially leading
to severe consequences on human health. Since 95% of the global transport energy is derived from
fossil fuels gasoline and diesel so the government bodies have come up with strict regulations on
transportation sectors. Keeping in view the above issue the automobile manufacturer is now
looking for newer lightweight materials in place of conventional steel to achieve weight reduction
and subsequently the reduction in fuel consumption. In this work, an attempt is made to replace
the conventional metallic automobile leaf spring with 3D woven-based structural composite leaf
spring to reduce the overall weight of a vehicle. The thesis is divided into six modules in which
the first module is aimed at the design and fabrication of textile structural composite based
automotive leaf spring using various textile structures (Chopped, UD (unidirectional), 2D
(bidirectional) plain, 3D (3-dimensional) orthogonal and 3D interlock) as reinforcement and

investigation of the basic mechanical properties (tensile, flexural, impact). All other modules are
aimed at determining the primary performance attributes, fatigue and creep, damping and
tribological, fabrication potential, and weight-saving analysis related to the textile structure
reinforced composite leaf spring. All composite structures were prepared with similar volume

fraction and identical processing condition

The first module of this work is focused on exploring the best possible textile structure that shows
the proven mechanical properties required for automotive leaf spring. In this context influence of
reinforcement architecture on the mechanical performance of composites was investigated for their

applicability in automotive leaf spring compared to conventional steel. Mechanical properties were
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analyzed in terms of tensile strength, flexural strength (3 point bending), Izod impact strength was
analyzed. From the test results, it was evident that the mechanical performance of 3D orthogonal
woven-based composites was found significantly better than chopped, UD, and 2D and 3D
Interlock counterparts concerning lesser delamination, improved impact strength, and high energy
absorption under bending stresses. Design load stresses (DLS) were found well within the range

of stresses required for automotive leaf spring.

The next module was focused on determining the primary performance attributes like load-
deflection behavior, the influence of strain rate on energy absorption, and relaxation characteristics
of composite leaf spring developed using various textile structures as reinforcement. Leaf spring
was fabricated using specially designed Teflon coated mold of semielliptical shape by employing
vacuum-assisted resin transfer molding (VARIM). Woven preforms were cut to the required
dimensions and placed in the mold to perform the VARIM operations. Unidirectional (UD) and
bidirectional (2D) woven reforms were used in layers to achieve equivalent thickness and areal
density (GSM) as compared to 3D woven fabric. Chopped fiber leaf spring was produced using a
compression molding by employing a semielliptical shape Teflon coated metallic mold having a
top projection and bottom cavity of leaf spring size. Spring stiffness and energy absorption of 3D
Interlock reinforced composite leaf spring found highest whereas for chopped it was lowest. Spring
stiffness and energy absorption of 3D ortho reinforced composite leaf spring approximately 63%,
6%, and 14% higher compared to chopped, UD, and 2D respectively. 3D Interlock being the
highest stiffness and Chopped being the lowest stiffness is not suitable for leaf spring applications.
This can be attributed to the above discussion that 3D orthogonal composites can be a potential

material for leaf spring due to their optimum spring stiffness and energy absorption as compared
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to other structures. Moreover, 3D orthogonal-based leaf spring was found to have improved

performance with regard to energy absorption (at higher strain rate) and relaxation characteristics.

The next module of this work was aimed at the investigation of experimental cyclic flexural and
creep behavior of different textile structure reinforced composite leaf spring. Cyclic flexural
strength analysis is important because leaf spring is always subjected to fatigue load as vehicles
come across various road surface irregularities of varying magnitude during their service life.
Creep analysis is important because leaf spring is always subjected to a load of constant magnitude
even if the vehicle is under stationary condition. Fatigue analysis is always associated with the
damage progression of the leaf spring which is characterized by loss in strength and relative spring
stiffness to locate failure point and type of failure. From the results obtained it was evident that the
3D orthogonal reinforced composite leaf spring exhibited improved cyclic flexural and creep
performance and 3S1B stuffer-binder combination was found with the highest initial flexural
strength, lowest drop in cyclic flexural strength and improved creep resistance. UD-based
composite leaf spring exhibited comparable properties to 3S1B based composite leaf spring.
Composite leaf springs were further analyzed for their surface damage (tensile side) due to cyclic
flexural loading. Structural variation (binder percentage) of 3D structure reinforced leaf spring has
a significant influence on their failure (surface damage) morphology. 3D woven composite leaf
spring with minimum binder tow percentage was found to be a potential material for automotive
leaf spring from cyclic flexural strength, creep resistance, stiffness retention, and failure

morphology point of view.

The next module was aimed at knowing the damping and tribological behavior of various textile

structures reinforced composite and their leaf spring. Energy dissipation from a vibrating structure
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can be defined as damping. Improved damping behavior with minimum loss in strength and
stiffness is one of the key requirements of leaf spring. The main role of damping is in eliminating
the vibration transfer to the passenger and provides a smooth and comfortable ride. Leaf spring is
subjected to sliding motion (during service life) between leaves in case of multi-leaf spring and
connecting bolts and clamp in case of single leaf spring which may cause friction and wear.
Therefore apart from damping tribological behavior is also of considerable importance. Damping
was analyzed in terms of hysteresis damping, dynamic mechanical analysis and free damping of
3D orthogonal and 3D interlock composite leaf spring was found lower compared to UD and 2D
plain composite leaf spring presumably due to through-thickness reinforcement Further damping
of different 3D orthogonal textile structures reinforced composite leaf spring was determined. The
area under hysteresis curves increases with an increase in binder percentage. Hysteresis areas were
found in order of 3S4B>3S3B>3S2B>3S1B. Similar trends were noticed in Dynamic mechanical
analysis and hysteresis damping. The natural frequency of all composites was found in the range
of 200-300 which is far away from the natural frequency of road irregularities. The coefficient of
friction varies positively with the distribution of fiber in a different direction for a constant volume
fraction were found in order of Chopped> 3D Ortho>3D Inter>2D>UD. This was because in
chopped fiber composites it was highest due to the distribution of fibers in multiple directions and
for UD it was lowest and increased for 2D and 3D, this was because in UD all fibers are in one
direction, whereas for 2D and 3D fibers were distributed in two and three directions respectively
and they offer higher resistance due to distribution of fibers from one direction in (UD) to three
direction in 3D composites which caused higher coefficient of friction. 3D Inter exhibited a lower

coefficient of friction than 3D ortho because the position of binder yarns is at certain angles rather
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than 90 degrees as in orthogonal. Specific wear rate was found in order of 2D>3Dortho>3D inter
CHOPPED>UD. Coefficient of friction and specific wear rate was found an increasing trend with

increases in binder percentage and were in the order of 3S4B>3S3B>3S2B>3S1B.

The next module was aimed at investigating of fabrication potential of textile structure reinforced
composite leaf spring. In advanced engineering applications, machining of composite material is
a must to perform necessary assembly operations. Normally leaf spring is joined with vehicle
chassis by adhesive bonding or mechanical fastening using nuts and bolts. Joining of composite
leaf spring with chassis of the vehicle is always a complex process and it needs fabrication in terms
of machining operation like drilling a hole for making joint. Therefore damage associated with
drilling and bearing strength (double bolted joint) was carried out. Damage analysis due to drilling
was primarily assessed in terms of delamination whereas Unidirectional (UD) composite was
noticed with the opaque region near the hole in the direction of fibers with fiber pull-out sites near
the edge of the drilled hole, which indicates the delamination failure in the longitudinal direction.
In 2D composites, the opaque region (indicate internal damage of composite generally considered
as delamination) was noticed all-around the drilled holes with a few fiber peel-up sites on the front
side. All 3D composites found with almost negligible delamination i.e. neither the opaque region
nor the fibers pull-out sites were found on either side of the drilled hole. Fiber push-out was noticed
in all 3D composite (Orthogonal and Interlock) in their backside. Different bearing failure was
observed for different composite structures UD composite was noticed with complete shear out
failure while chopped failed due to tearing and 2D structure reinforced composite predominantly
failed due to tearing and delamination failure. 3D orthogonal composite failed due to tearing in the

warp direction and shear out in the weft direction whereas 3D interlock failed due to tearing in
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both warp and weft direction. Overall 3D orthogonal composite reinforced leaf spring depicted the

improved fabrication potential as compared to other chopped, UD, and 2D composites.

The next module was aimed at knowing the weight reduction and fuel-saving analysis due to the
replacement of textiles structural composite-based leaf spring in place of conventional metallic
leaf spring. It was evident from the results that the textile structural composite-based leaf spring
can be up to 72% lighter in weight with the reduction in weight of approximately 33.76 kg for
light/medium passenger or loading vehicle which is approximately 2% of the total vehicle weight.

Fuel-saving due to this weight reduction will be approximately about 1.4 %.

3D orthogonal structure-based composite leaf spring was found superior concerning the
mechanical properties, optimum primary performance like spring stiffness and energy absorption,
improved cyclic flexural strength and creep behavior, better fabrication potential. These composite
also offer significant weight saving as compared to conventional metallic leaf spring. The damping
and tribological performance of 3D orthogonal was lower than other composite structures,
however, the damping performance of 3D orthogonal can be improved by manipulating the binder
thread percentage and it was evident that as the binder percentage increased the damping increased.
This work focused on promoting the textile structural composite for advanced load-bearing
automotive application, here we have explored their potential for automotive leaf spring due to the

huge potential for weight saving.

1X



[SIES

afagd & | gl 3 argl | g aTel Scasid | dsil 8 Ji5 g5 & o R0 79d TTeeT 98
T TR gu 81 FiE At afEgT Sett T 95% SHared Soe AEiei 3 Siere | AT grar
g, THCT gL A aiag &0 o 9% M| & 97 A0 g1 SULRh e & e § @d
g, SferHarse [HHTar oI a9 9 Sl 918 § S99 &l @uq § HHT AT & (o0 qaies i
& T UT A% goehl ATHUT il qATel HT LT g1 TH 1 |, TR &1 SHerHarsd oih (T &
3T FATaT-AATRT TZFALA FHIIToIE AT FE5T & Faerr 1 7379 3 747 8 qrfer ares & 9874
oI 1w AT ST 7| o =7 g diege § e B g Saw agar e =
STFISTSA HEAAT (FeT g1, T2T (TReTavFemar), 2 9 (RfRerers) arar, 3 < (3-smam)
FATTAA 3T 3 ST TITATH) FT ITTNT Fideh AT TZFALA FEIToT AT AT o6
TE5T % RS oie [ReTor o IRe7 & 81 FAATaT AT IO (TodT, FolaFLe, TATE) & qgermau
AT ST & &7 || 97 FAT AT FT ILeT ITATHF T2 FFrwarafi, oare sie [T, f9rer
A TSI, Ao e19aT, siY FUeT ST Yatord T07 Uil J96d | qaiad aor-a=d ST
FT fRrgTeor w2a7 81 ot e §==T0 a9 /AT ster ¥ a9 yEen oy Rafa F Ay Jae i
e off

TH HTH HT Tgl Hield GaraH G9d FHIST AT 0l GIST T hiad g ST ASTHIT AT &R 6
T smaee Frg T O &0 2907dT gl 9 §a9 § HAIoE & Jed Te90q 9% GFe
ATECHAT & THATH 2l ST ATEA e Tl i AT | ST A6 [T | Il TIsTdT & [0
#T T2 ot T orf<h, e arehd (3 &g ) F S8 § AT I A Eauer BT T o,
THIE AT 9TT<h T TAwor o 0T AT G180 & GO |, g €9 97 T 3 S At o -
ST FHOITST T AT I el gall, T, 3T 2 T 37T 3 ST TaTAl®h THHET ol JAAT H HF
TG, SEAT THTE i<k ST FFHd a7l TATAT 6 dgd g Holl AL F FHThHT Sga< ITAT T47]
AteraTfea = 5T 3 forg s w2 i Hfimr F fiae e e = (Siuauw) == a3
T 97T 0]

AT eI ATS-TSFAFAT GG, FoolT AT I TATH 32 o THAT, ST GEIHL0T 6 & §
AT FUET HEAATSN T STANT Fideh (e WA T a69d il ge AAuaratr S# IraiHT
g faarwarat it RgiiRa e o2 Fitad om = R w1 aRm-atees IS gEwe JifesT
(VARIM) T TSI Fieh sTel-3{USTHRTT STTY o 99T €9 & {SH1e4 FohU T THATT e HIoS




T ITANT ek AATAT AT AT| T gC AT Fl A@LTF AATHI § Fle @A 74T 3T VARIM

HATAT 2 o (70 Jiee § T@T 7471 3D A §U FIAE Al AT H GHIT HIETs 31 &7 7 (GSM)
TTH 3 & o0 93ai ® e (UD) & f3f3er (2D) I g0 e &7 STIRT 63T 1

7| FeT G AL AT [ERT Ueh AL-HTSTHRIT SR 6 SFAT hIee HeTlordh Hiee I Ao

FTh U HYIST e T FT STTNT Feh IcqTiad a7 14T o1 5rad v oftd wergor i g<ft a9
ATRTT T (AT [T gl gl TERT T Faar oiix 33T Sexa (s Tatord HETIToIE oA TE5T T SolT
AT IFAH TTAT AT ATk el 3Tl o (10 Tg FaH FH 91| 3T A(AT Uehlee HFAISIE A
TEST T FESRT oAt 3T Sl STALITTT HHA: Tl gall, T 3T 28T ol AT H AT €3%, &%
AT 9% % AT g1 ITT il IGaH HOIAT 31T Tl goll HaH FH Ho AT g7 % HILT AT
TERT STt & T SUw =l gl F8 ST =1 & (o7 [SFHeTe 382 T ST ahat g & 3 &
AT FHAISIE I TEAH THT FHBLAT 3T TAAT H (1 AL o FH0T A1 57 % forg
U ST ATHUT 27 Tl gl T FATAT, 3T ATEAA-STATA AT T[T F A1 sqaerreor
(Ig T =X UX) 3% T Aerwarsti & Hayr § Jga< T 93T 47

TH T o STl AieLo & 3297 fAfoer Fuet @v=ar yatora i e 6T & e =661
FAFLLA ST AT AT 0l ST AT AT| Fohl T FAFLLA T (G0 Ageaqor & FFifh A
TESIT SR T T2 % T AT & FANTh dTge TI AT Sa o T STeT-3TT TIATIT i
fafsr= T aag aamaarst F7 GET F2d 8| T A0 Ageaqul § F i A6 (ST g5
TR afRwTor 3 91T % e BIAT 8, Al BF aTe *u% fofa & g e fFgwor g9 o &5
T T ST & [T 31aT g ST 1o farherar fog 3w farsherar & W1 7 a1 a9 o o7 arend 8T
ATIET FHT FHSAT H FHT 0l FATqT g1 9T TROMHT & 77 #02 o7 & 33 ataine=e yaforq
FHIITSIE & TSR F SgaT =T FelaZd T i T390 7 T4 5T siie 3ua1st -
ATEET HITSIA &l IFAH TEIHE FAFLLA A1, Fohi T Folagqel qrhd § ga8 FF Rrae i
TZAT T T(Lrer o |1 91T TAT) TEr-remiea Hia % 50 7 3ua1e srarfa misa
A TESRT o QA1 I[OTF 7 T TohaT) =ohia Fersrget IS o 10T Il ddg i (TF T&)
¥ foro auwr o=t & At 1 g G @ om 35T gv=en yafera w5 f =
T (arEex wfderm) St farwaar (Fag &fa) st 9 ggaqul T91 STAdl gl gaad
FTEST 2T TIA9Td & AT 3T I T FFATE A T ol Foh! T FolFeiel qrehd, AT ST,
FSTEAT TTALTIT, 3 FAwerar siehfa [T o giohor & siermried o &5 & fore v garfaa
AT & =T H 9T T4




ST IS AT 3297 ATHT Toaerse ToFad Ugehiee HUToIe ST I AT TERT o ST 31T
ST ool SHAGTE Tl STHAT AT U AT FLAAT § FHoll AqeqT [T o &9 § qreArog
TohaT ST FhaT g1 FSTadT ST FSAT § IAaH gl 6 a1 Jga< (ST SHagre, % [T &hif
THE AEFTFHATA § F U g1 THTET T T AT AT T 97T geaia<or ol AT FLd § gl
g 3T U Hgel ST ATHETAF TaTil TaT Fedl gl AT TN goei-ofh 06T & 78 § gt
& T TATSISN T (AT STTad 6 aC) % T g 3 BTt o &60RT o 919l § FefoeT aioe
T FAT & ST TUIT 3T TZAA T FHTILT T ThAT | THTT TTHET o SAATAT ZT2a A oTh e HAAGTT
w7 ot FThRT Aged g1 ST 71 Aoy fFeefeie Sfhw & d@=d § frar =7 o, afaefier Tt
farawor i 3 S AT S 3 T TexAlT HFAITSIE AT TESRT st Ihr SO T2 37 2 S v
FFIITrE &1 fERT 7 qoar & 7 a1E 7 off, F9aq: g-Feaa dernraHe & H0T FeT-3a7T 3
T AT TFeTed i ¥ SO H=T Yafed 997 a<it a6 [eifeq & @ om
REeRH | a% & dgd oF deeY Yaed # gfg & 979 dgar gl GEeeREm a7
3S4B>3S3B>3S2B>3S1B # #W ® UIU 0| THT d¥g * &A™ ITaqefter Jitzes Fgor sfiw
Reefeta it & 3@ o o 7+fY FarfSre & srrfaer swafzr 200-300 # =iw & 91 7 S "2 F
SatAaarstt &t STHfas g & agd g2 1 AU HT [T T AT Q9T § wrga? & &aaeor &
AT ARTcHS & | T390 ZIaT 7, T R 9737 3797 o o7 FeT gam> 3 < atefi> 3 € gee> 2 5>

TET o 7 § ITAT AT AT| THT TN AT F1 T FeT g BIaT FIIoe § T Fs (Rl § wrzay
& TAqoT % 0T IPAH AT AT T2T & (010 Tg T8 T AT ¥ 2 2T 3% 3 S & o7 agr o, vAr
THTTT AT F11h 2T | THT Frea UF [ | ¢, Saih 2 S 3T 3 ST wIea? & (o0 A &l
S ot fermett ® i fro o o s o 327 Faifre § U faem (T21) & i fRem & wreaw &
T % 10T IF TAUE T HXd & [STed AT &1 3g 0T gial gl 3T 322 7 3T sty i
TAAT § TUT o HF [T A1 T2 /AT Fi6 argeT a1 A Rl strireer i avg 90 =3t

& TS Fg HIUT 92 gt gl f&afereg fiw it =¥ 2D>3Dortho>3D inter Chopped>UD % #H ¥ 1T
TE| =T % Qi S FAfrw wga i 22§ args gtaed # gig & " gadt gqiw arE o sin
T 354B>3S3B>3S2B>3S1B & #H H ¥

T FISLA T I29F FUAST HLAAT TS ToId THT 1% TERT AT [HHTT & 7AqT it ST FHXAT 7| I
SSTTHATERT TN |, ST THTAT HATAT Hee o fory i arnft it Fefif= T sraea= g
ATH T IT A T &7 A7 =19 o 91 f=rehe areft e 7 92 3 diee FT ITIRT FHleh
T Sl GTT STIST STTAT 81 JTe o T8 o G7 FFIIoe o6 [SRT 7 STTE=T gHer UF sfea




TRt 2rat 8 3T =& weftfHr sifuverd & gasf ® fAaior it srerezrsrar grdY & 99 3 g a9 *

T 87 AT TEferT R 3T @Y amed (S99 diee §4<h) 8 S THH &l SH <3 13m

ST % FTLUT BIA ATl THATH o [FE[TT HT T ThT T €9 F TGUT & gad § F/aT 137 o,
Starfeh TEETIFIAS (T2T) FAMSIE Hl BF 6 I AT &5 % T R ol Q9T § FwEa
-3 AT2el & a1 B FohT M0 =& & AT & 979 <@ T3T o7, ST T TgU0r &1 R wear
gl qaed T # faeran 22T Fditee |, Sl & (A 9% TG & €9 | T AT a1
FITToTE 3T AT &fd T SR FHdT g) &l 3 T T =& % =97 i <@y 13w o7, e
HTH 0 TCF T Blea? IA-97 d75e | B 70 T0 2T F E1 A T a7 Tomeaslt & e 7
&l FIEaT TA-AT3 AT2 AN A0 TG o 97 G707 70 q7 3T FA1Toe I TT| FrEa I90-
A3e FAT 32T FUMIE (AN AT TeTeAl®) § 3T ShATeS § @7 74T o711 =t Wtga
AT & ToIT STT-31e T S fAherar a@t T2 off, =T FFIITS1E i 0 FALAT [ARaAdr & 91
<@ AT AT, ST el gl I o HIU Fhel g1 TAT AT 37T 2 ST HAAT Taford 07 €9 H HE
T AC-qLqaar it [AHerdr o FTCOT faher 31 AT AT| AT 9T | e i a1y sht ferm § Fwawv

% FHTLOT 3T AT FHAIToTE (AR BT TAT STk AT T I IAT (TN F BT F FHIL0T 3 S

Sexats e g1 AT 1 MAThe 3T AN FIore TZehiee A R 7 37T i gU, T T
3T 22T FISTE it TAAT H Aga¥ Risner eTaar I 90T

ST AT FT 32T TRANE T AT TERT 3 T 9¢ T8 FLAATcHS THI-AGTRT T 9644
& ITAEATIT o LT IS HeTd 3T SF-a9d (G800 Rl SATAAT 7| TR F T8 T o7 &
SHCTSA EEFALA HFATSTE-SMLTT A [ T a5d § 72% T goahl gl adT &, gooh /| TeIH AT
T AR AT & T AT 33.76 AR a5 § FH T & G719 ST Ff ATgT A qTAT 2% 3
TH A5 § FHHT F HILOT 87 a0l a9d ATAT 1.4% FRIT| 32T ACARAS SLAAT-3eTeq s
e TORT T3 07, 8T F2IAT ST Soll AT S TIIH TTAHE TZ90, Jga Tohid
FAFLLA AT ST AT FARGT, dga¥ (HATT STHAT & Sgd? TIAT TAT| T FHAISe TRAH 81q
& o fORT it qaaT § Agcaq0 a9 g9d |l IS Fd gl 3T AANEa #7 SO e
TTEATALoThe TR o= T3 §=aTell i AT § FF AT, geAiis, arse I Jfaad ¥ g
Fh 3TT AT & ST T2 | G Fo7a1 SI7 TovaT B o 78 =92 o7 & argey gidea #
g & FRor SO H i g2 78 F 39q e @t At ufeasad & o Tz
FEFALA HFIITS1E Tl ARTAT & T 1o 8, TGl gHA qoT TAT il (9T STHAT o AT A A1
R TESRT o ForT Ieht &797aT &7 9T 91T 2




CONTENTS

CERTIFICATE
ACKNOWLEDGEMENTS
ABSTRACT

CONTENTS

LIST OF FIGURES

LIST OF TABLES

LIST OF ABBREVIATIONS

Chapter 1: Introduction

1.1 Concept of leaf Spring

1.2 Motivation

Chapter 2: Research Objective
2.1 Principal objective
2.2 Sub objectives

Chapter 3: Literature Review

3.1 Textile structures and their classification

X

ii

iv

XX

XXXIV

XXVii

11
11
11
14

16



3.2 Three dimensional (3D) woven preforms

3.2.1 3D woven solid structures

3.2.1.1 3D solid orthogonal structure

3.2.1.2 3D warp-interlock structure

3.2.1.3 3D Angle Interlock structure
3.2.2 3D woven hollow structures

3.2.2.1 Hollow fabrics with flat surfaces

3.2.2.2 Hollow fabrics with uneven surfaces

3.2.3 3D profiled structures

3.2.4 3D complex structures

3.3 Textile structure reinforced composites (TSRC)
3.3.1 Characterization of TSRC
3.4 Materials for automotive applications
3.4.1 Metallic materials
3.4.1.1 Steel and its alloys
3.4.1.2 Aluminum
3.4.1.3 Magnesium
3.4.2 Composites for Automotive

3.4.2.1 Natural fiber based automotive composites

xi

20

23

24

26

27

27

27

29

31

32

33

39

43

43

43

44

45

48

49



3.4.2.2 Advanced fiber based automotive composites

3.4.2.3 Automotive Textile

3.5 Textile structural composite for Automotive

3.5.1 Textile structures as lightweight solution for electric vehicles
3.6 Automotive Leaf spring

3.6.1 Conventional leaf spring material

3.6.2 Classification and design of leaf spring

3.6.3 Issues associated with metallic leaf spring

3.6.4 Composite Leaf spring

3.6.5 Characterization of composite leaf spring

3.6.5.1 Fatigue, Creep and Damping Behavior
3.6.5.2 Tribological behavior of composite leaf spring
3.6.5.3 Fabrication potential of composite leaf spring
3.7 Composite processing
3.7.1 Compression molding
3.7.2 Vacuum assisted resin transfer molding (VARTM)
3.7.3 Filament winding
Chapter 4: Material and Methods
4.1 Introduction
4.2 Materials

4.2.1 Reinforcement
Xii

55

61

63

66

67

68

69

70

76

78

83

85

89

90

93

93

95

95

96

96



4.2.2 Matrix

4.3 Preparation of different woven textile preform for leaf spring
4.3.1 2D and 3D Weaving Principle
4.3.2 Cross-section, lifting plan, and constructional parameters

of developed fabrics
4.3.2.1 Chopped fiber
4.3.2.2 Unidirectional (UD) and bidirectional (2D)
fabrics development
4.3.2.3 3D orthogonal and 3D Interlock fabric development

4.4 Preparation of textile structure reinforced composites and their leaf spring
4.4.1 Fabrication of flat composite
4.4.2 Development of composite leaf spring
4.4.2.1 Chopped fiber reinforced leaf spring
4.4.2.2 Woven fabric reinforced leaf spring
4.5 Characterization of textile structural composites and their leaf spring
4.5.1 Mechanical properties of different textile structural composites
4.5.1.1 Tensile Testing
4.5.1.2 Flexural Testing
4.5.1.3 1zod Impact Testing
4.5.2 Primary performance attributes of composite leaf spring

developed from various textile structures

Xiii

97

99

100

101

102

102

105

110

110

112

112

113

114

114

115

115

116

117



4.5.2.1 Load deflection behavior 117

4.5.2.2 Strain rate sensitivity 118
4.5.2.3 Relaxation Behavior 118
4.5.3 Test Methods for cyclic flexural and creep properties of 119

composite leaf spring

4.5.3.1 Cyclic flexural strength Analysis 119

4.5.3.2 Short term flexural creep analysis 119

4.5.4 Damping and Tribological behavior 120

4.5.4.1 Damping analysis 120

4.5.4.1.1 Hysteresis Damping 120

4.5.4.1.2 Dynamic Mechanical Properties 120

4.5.4.1.3 Free damping 120

4.5.4.2 Tribological analysis 122

4.5.5 Fabrication potential of textile structure reinforced composite 122
leaf spring

4.5.5.1 Drilling of composites 122

4.5.5.2 Bearing (Joint performance test) 123

Chapter 5: To design and fabricate textile structural composite based

automotive leaf spring using various textile structures as reinforcement
5.1 Introduction 124

X1V



5.2 To compare mechanical properties of chopped, UD, 2D, and 3D structure 126

reinforced composites

5.2.1 Tensile Properties 126
5.2.2 Flexural (3 Point bending) Properties 132
5.2.3 Izod Impact Properties 138

53 Comparison of mechanical properties of various 3D orthogonal structure 142

reinforced composites

5.3.1 Tensile properties of 3D orthogonal structures 143
5.3.2  Flexural (3 point bending) properties of 3D composites 148
5.3.3 Izod Impact properties of 3D composites 153
54 Conclusion 157

Chapter 6: Primary performance attributes of composite leaf spring developed

from various textile structures

6.1 Introduction 159
6.2  Load-deflection behavior of different composite leaf spring 160
6.2.1 Influence of structural variation in 3D orthogonal on 164

load-deflection behavior
6.3 Influence of strain rate on energy absorption behavior of composite 166

leaf spring

XV



6.3.1 Influence of structural variation in 3D orthogonal on strain 172
rate behavior
6.4  Load relaxation behavior 176
6.4.1 Influence of structural variation in 3D orthogonal on 178
strain rate behavior

6.5 Conclusion 179

Chapter 7: To investigate fatigue and creep behavior of different textile

structure reinforced composite leaf spring

7.1  Introduction 181
7.2 Flexural Fatigue strength analysis 183
7.2.1 Flexural fatigue strength analysis of different textile structural 183

reinforced composite leaf spring

7.2.2 Relative stiffness analysis of different textile structural 187
reinforced composite leaf spring associated with fatigue loading

7.2.3 Fatigue failure morphology of different textile structural 191
reinforced composite leaf spring

7.3 Short term flexural creep analysis 194

7.3.1 Creep analysis of different textile structure reinforced leaf spring 194
7.3.2 Relative stiffness analysis related to creep testing 196

7.4 Conclusion 201

xXvi



Chapter 8: To examine the damping and tribological behavior of various textile

structure reinforced composite and their leaf spring

8.1 Introduction 203
8.2 Free Vibration Damping 205
8.2.1 Influence of structural variation on damping performance 210

of 3D orthogonal structure reinforced composite
8.3 Hysteresis Damping 213
8.3.1 Influence of structural variation on hysteresis damping in 215
3D orthogonal reinforced composite leaf spring
8.3.2 Influence of loading rate variation on hysteresis damping 217
8.3.3 Influence of structural variation on hysteresis damping of 3D 219

orthogonal structure at a variable loading rate

8.4  Dynamic mechanical analysis 220
8.5 Tribological behavior of different composite structures 224
8.5.1 Influence of structural variation of 3D orthogonal reinforced 228

composites on tribological performance

8.6 Conclusion 231

Chapter 9: To investigate the fabrication potential of textile structure

reinforced composite leaf spring

9.1 Introduction 233

Xxvii



9.2 Drilling damage analysis 235

9.3 Bearing properties of Chopped, UD, 2D, 3D ortho, and 239
3D interlock composite structures
9.3.1 Influence of structural variation on bearing properties of 243

3D orthogonal composite structures

9.4 Conclusion 248

Chapter 10: To carry out weight reduction and fuel saving analysis

10.1  Introduction 249
10.2  Concept of vehicle weight saving 251
10.2.1 Fuel energy distribution for different operation performed 253

during vehicle motion
10.3  Weight saving and fuel consumption analysis 254
10.3.1 Weight reduction due to replacement of textile structural 254

composite leaf spring

10.3.2 Fuel consumption analysis for multi-leaf (five) composite 258
leaf spring
10.3.2.1 Weight reduction analysis of five leaves 258

Multi-leaf spring

10.3.2.2 Fuel-saving analysis of five leaves 260

Multi-leaf spring

xviii



10.4 Conclusion 261

Chapter 11: Summary and Conclusions 262
Future Scope 267
References 268
Publications 292

Bio-data 294

Xix



List of Figures

Figures Title Page No.
Figure 1.1 Schematic diagram of leaf spring of an automobile suspension system 1
Figure 3.1 In plane and out of plane strength and stiffness values 15
Figure 3.2 Classification of textile preforms based on-axis and dimension 17
Figure 3.3 3D textile structure developed from different manufacturing techniques 20
Figure 3.4 Different 3D woven structures 21
Figure 3.5 Cross-section of different 3D woven solid structures 23
Figure 3.6 Different 3D woven solid orthogonal structures 25
Figure 3.7 Different 3D warp interlock structure 26
Figure 3.8 Cross sectional views different 3D hollow fabrics flattened double, 28

Triangular, rectangular, and trapezoidal

Figure 3.9 3D hollow spacer fabric 29
Figure 3.10 3D hollow fabrics cross section with uneven surfaces 30
Figure 3.11  Different 3D woven profiled structures 31
Figure 3.12  Different 3D complex structures 33

XX



Figure 3.13

Figure 3.14

Figure 3.15

Figure 3.16

Figure 3.17

Figure 3.18

Figure 3.19

Figure 3.20

Figure 3.21

Figure 3.22

Figure 3.23

Figure 3.24

Figure 3.25

Figure 3.26

Figure 3.27

Woven spacer reinforced structure with different cell geometry

Composite reinforced with integral woven stiffeners

Different 3D woven orthogonal and angle interlock fabric structures

Different automotive components

Cross-section and peg plan of Different 3D woven structure

Different magnesium casted automotive components

Frontal Bonnet of automobile

Automotive interiors

Vehicle bumper beam made from composite

Carbon fiber reinforced composites for lightweight frontal

impact attenuators

Different automotive components made from carbon

fiber-reinforced composites

Common profiles of automotive leaf spring

Laminated semi elliptic leaf spring

Images of leaf spring corrosion and wear

Hoop would composite leaf spring

XX1

36

37

38

40

47

53

55

57

58

59

68

69

70

71



Figure 3.28

Figure 3.29

Figure 3.30

Figure 3.31

Figure 3.32

Figure 3.33

Figure 3.34

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Prototype double tapered FRP beam for composite leaf spring

Composite leaf spring made of glass fiber woven bidirectional

Preform and epoxy

Common bolted Joint failure

Commonly used composite processing techniques

Schematic diagram of compression molding setup

Schematic diagram of vacuum assisted resin transfer molding

Four axis filament winding machine

Multi-beam rigid rapier sample weaving machine

Weaving principle for UD and 2D fabrics

3D weaving principle

Development stages of textile preforms (a) warping and Let-off

(b) Shedding and Picking (c) Beat-up and take-up

Chopped fiber

Developed UD and 2D fabric (cross-section and lifting plan of

2D fabric)

Schematic Design of 3D orthogonal fabrics

xxii

73

75

88

90

91

92

94

99

100

101

101

102

104

105



Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13

Figure 4.14

Figure 4.15

Figure 4.16

Figure 4.17

Figure 4.18

Figure 4.19

Figure 4.20

Figure 5.1

Cross-section, lifting plan, and developed 3D solid orthogonal

Structures

Cross-section, lifting plan, and structure of 3D solid Interlock structure

Flow chart for flat panel composite fabrication using VARTM

Flow chart for chopped fiber leaf spring development

Flow chart for UD, 2D and 3D leaf spring development

Tensile testing setup

Three-point bending Test setup

Izod Impact test setup

Leaf spring Test fixture

Schematic diagram of free damping test setup

Experimental setup for free damping (a) Data acquisition

(b) Sample Holder

Pin on disc test setup for wear testing

(a) Test setup for drilling of composites (b) bearing strength

of composites

Typical stress strain curve (warp) different textile structural composite

xxiii

107

108

110

112

114

115

116

117

118

121

121

122

123

126



Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

Figures 5.10

Figure 5.11

Figures 5.12

Typical stress-strain curve (weft) different textile structural composite

Comparison of tensile strength (Warp) of different composite structures

Comparison of tensile strength (Weft) of different composite structures

Tensile fractured samples of different composite structures

SEM images of tensile fractured composite at the point of breakage

Typical load deflection curve (warp) for different textile structural

Composites

Typical load deflection curve (weft) for different textile structural

Composites

Specific energy absorption (Flexural) for different composites

in the warp direction

Specific energy absorption (Flexural) for different composites

in the weft direction

Photographs of 3 point bending tested specimen of chopped and

Unidirectional (UD) reinforced composites

Photographs of 3 point bending tested specimen of bidirectional (2D)

and three directional (3D) reinforced composites

XXiv

127

128

129

131

131

132

133

135

136

137

138



Figures 5.13

Izod impact strength of the different composite structure in the

warp direction

Figures 5.14 Izod impact strength of the different composite structure in the

Figure 5.15

Figure 5.16

Figure 5.17

Figures 5.18

Figures 5.19

Figure 5.20

Figure 5.21

Figure 5.22

Figure 5.23

Figure 5.24

weft direction

Microscopic images of fractured impact tested specimen

Typical stress-strain curve (warp) of the different 3D composite structure

Typical stress-strain curve (weft) of the different 3D composite structure

Comparison of the tensile strength of composite in the warp direction

Comparison of the tensile strength of composite in the weft direction

Tensile fractured composites in the warp direction

Tensile fractured composites in the warp direction

Typical load-deflection curve (warp) of the different 3D composite

structure

Typical load deflection curve (weft) of different 3D orthogonal

composite structure

Specific energy absorption (Flexural) for different 3D composites

warp direction

XXV

139

140

141

143

144

145

146

147

147

148

149

150



Figure 5.25

Figure 5.26

Figure 5.27

Figure 5.28

Figure 5.29

Figure 5.30

Figure 5.31

Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Specific energy absorption (Flexural) for different 3D composites

weft direction

Fractured composites (flexural loading) samples compression side

Fractured composites (flexural loading) samples tension side

Impact strength of the different composite structure in the

warp direction

Impact strength of different composite structure in weft direction

Impact fractured samples images of different 3D composites

in the warp direction

Impact fractured samples images of different 3D composites in the

weft direction

Typical Load deflection curve for different composite leaf spring

Energy absorption (Area under loading curve) of different composite

leaf spring

spring stiffness of different composite leaf spring

Typical Load deflection curve for different 3D orthogonal

composite leaf spring

XXVi

151

152

153

154

154

155

156

161

162

163

165



Figure 6.5

Figure 6.6

Figure 6.7

Figure 6.8

Figure 6.9

Figure 6.10

Figure 6.11

Figure 6.12

Figure 6.13

Energy absorption of different 3D ortho composite leaf spring

Load deflection curve for chopped composite leaf spring at

different strain rate

Load deflection curve for UD composite leaf spring at

different strain rate

Load deflection curve for 2D Plain composite leaf spring at

different strain rate

Load deflection curve for 3D orthogonal composite leaf spring at

different strain rate

Load deflection curve for 3D Interlock composite leaf spring at

different strain rate

Effect of strain rate on energy absorption for different

composite leaf spring

Flexural stiffness of composite leaf spring at varying loading rate

Load deflection curve for 3S1B composite leaf spring at

different strain rate

XXVil

166

167

167

168

168

169

170

171

172



Figure 6.14

Figure 6.15

Figure 6.16

Figure 6.17

Figure 6.18

Figure 6.19

Figure 6.20

Figure 7.1

Figure 7.2

Load deflection curve for 3S2B composite leaf spring at

different strain rate

Load deflection curve for 3S3B composite leaf spring at

different strain rate

Load deflection curve for 3S4B composite leaf spring at

different strain rate

Energy absorption of different 3D orthogonal composite leaf spring

at varying strain rate

Flexural stiffness of different 3D orthogonal composite leaf spring

at varying strain rate

Typical load relaxation curve of different composite leaf spring

Typical load relaxation curve of different 3D orthogonal

composite leaf spring

Comparison of flexural fatigue strength of different textile structure

reinforced composite leaf spring

Comparison of flexural fatigue strength of different 3D orthogonal

structure reinforced composite leaf spring

XXviil

173

173

174

175

176

177

179

184

186



Figure 7.3

Figure 7.4

Figure 7.5

Figure 7.6

Figure 7.7

Figure 7.8

Figure 7.9

Figure 7.10

Figure 7.11

Figure 7.12

Initial spring stiffness of different composite leaf spring

during fatigue loading

Relative spring stiffness vs. number of cycle for different

composite leaf spring

Initial spring stiffness of different 3D orthogonal reinforced

composite leaf spring

Relative spring stiffness vs. number of cycle for different

3D orthogonal structure reinforced composite leaf spring

Photographs of different composite leaf spring after 20000 cycle

Photograph of different 3D orthogonal structure based composite

leaf Spring after 20000 cycles

Creep performance curve of different composite leaf spring

Creep performance curve of 3D orthogonal structure reinforced

Composite leaf spring

Typical curve of variation in relative spring stiffness (K/Ko) and time

Initial stiffness of the different structure reinforced composite

leaf spring
XXIX

187

188

189

190

192

193

194

195

197

198



Figure 7.13  Initial stiffness of 3D orthogonal structure reinforced composite 199

Leaf spring

Figure 7.14  Variation in relative spring stiffness of 3D composite leaf spring 200
with time

Figure 8.1 Time decay curve of chopped fiber reinforced composite 207

Figure 8.2 Time decay curve of unidirectional (UD) structure reinforced composite 207

Figure 8.3 Time decay curve of 2D Plain structure reinforced composite 208

Figure 8.4 Time decay curve of 3D Orthogonal (3S4B) structure 208

reinforced composite

Figure 8.5 Time decay curve of 3D Interlock structure reinforced composite 209
Figure 8.6 Time decay curve of 3S1B structure reinforced composite 210
Figure 8.7 Time decay curve of 3S2B structure reinforced composite 211
Figure 8.8 Time decay curve of 3S3B structure reinforced composite 211
Figure 8.9 Time decay curve of 3S4B structure reinforced composite 212
Figure 8.10  Hysteresis performance curves of different composite leaf spring 213

Figure 8.11  Energy dissipation (Hysteresis Area) by different composite leaf spring 214

XXX



Figure 8.12

Figure 8.13

Figure 8.14

Figure 8.15

Figure 8.16

Figure 8.17

Figure 8.18

Figure 8.19

Figure 8.20

Figure 8.21

Figure 8.22

Hysteresis performance curves of different 3D structure

composite leaf spring

Energy dissipation (Hysteresis Area) by different 3D orthogonal

Reinforced composite leaf spring

Influence of loading rate on hysteresis damping

Influence of loading rate on damping performance of different

3D composite leaf spring

Storage modulus vs. Temperature of different textile structure

Loss modulus vs. temperature of different textile structures

Storage modulus vs. temperature of different 3D orthogonal

textile structures

Loss modulus vs. temperature of different 3D orthogonal

textile structures

Coefficient of friction for different composite structures

Specific wear rate for different composite structures

SEM images of worn out samples reinforced with (a) Chopped

(b) UD (c) 2D (d) 3D orthogonal and (e) 3D Inter

XXX1

215

216

218

220

221

222

223

224

225

226

227



Figure 8.23

Figure 8.24

Figure 8.25

Figure 9.1

Figure 9.2

Figure 9.3

Figure 9.4

Figure 9.5

Figure 9.6

Figure 9.7

Figure 9.8

Coefficient of friction of different 3D orthogonal reinforced
composite structures

Specific wear rate of different 3D orthogonal reinforced
composite structures

SEM micrographs of different 3D orthogonal structure
reinforced composite

Drilled composites (a) Chopped front (b) Chopped Back (¢) UD front
(d) UD Back

Drilled composites (a) 2D front (b) 2D back (¢) 3D (3S1B) front
(d) 3D 3S1B back

Drilled composites (a) 3D 3S2B front (b) 3D 3S2B back

(c) 3D 3S3B front (d) 3D 3S3B back

Drilled composites (a) 3D 3S4B front (b) 3D 3S4B back

(c) 3D Interlock front (d) 3D Interlock back

Typical bearing stress-strain curve of different composite structures

Comparisons of bearing strength for different textile structures

reinforced composite

Microscopic images of the front view of bearing fractured composite

229

229

230

236

237

238

238

240

241

242

samples (a) Chopped (b) UD (c) 2D Plain (d) 3D Ortho (3S4B) (e) 3D Inter

Microscopic images (a) 2D top view (b) 3D top view

XXXi1

243



Figure 9.9

Figure 9.10

Figures 10.1

Figures 10.2

Typical stress strain curve of 3D orthogonal textile structural
composite obtained from bearing strength test

(a) 3D Warp (b) 3D Weft

Photographs of bearing fractured composite samples (a) 3D Weft

(b) 3D Warp

Distribution of fuel energy used by the different operation performed
during vehicle running

Flow chart for fuel-saving analysis of a vehicle

Xxxiii

246

247

253

260



Tables

Table 3.1

Table 3.2

Table 3.3

Table 3.4

Table 3.5

Table 3.6

Table 4.1

Table 4.2 A

Table 4.2 B

Table 4.3

Table 4.4

Table 4.5

Table 4.6

Table 4.7

List of Tables

Title

Different Textile Preforms

Classification of different fabric system

Different 3D woven fabric architecture systems

Mechanical characteristics of different natural fibers

Use of natural fibers composites in different vehicles

Physical properties of AISI 5160

Physical properties of E- Glass

Physical properties of Epoxy Grade LY 556

Properties of hardener (HY 951)

Construction parameters of UD and 2D fabric

Measured parameters of UD and 2D fabric

Construction parameters of 3D fabrics

Measured properties of different 3D woven structures

Proportion of stuffer filler and binder in different structures

XXX1V

Page No.

17

18

19

50

54

67

97

98

99

103

104

106

109

109



Table 4.8

Table 4.9

Table 4.10

Table 5.1

Table 5.2

Table 5.3

Table 5.4

Table 5.5

Table 8.1

Table 8.2

Table 8.3

Table 9.1

Table 10.1

Measures parameters of Chopped, UD and 2D composite structures

Measured parameters of 3D textile composites

Sample size and geometry for mechanical testing

Tensile properties of different textile structural composites

Flexural (3 point) Properties of different composite structures

Tensile properties of different 3D orthogonal fabric

reinforced composites

Flexural Properties of different 3D orthogonal composites

Izod impact properties of 3D orthogonal composite structures

Natural frequency and damping factors values of different

Composite structures

Natural frequency and damping factors of 3D orthogonal
Composite structures

Hysteresis damping values for different composite leaf spring

Bearing properties of different textile reinforced composites

Physical properties of metal and composite leaf spring

XXXV

111

111

116

130

134

144

149

156

206

212

217

244

257



Table 10.2 ~ Mechanical properties of textile structural composites with 258

conventional Metals

Table 10.3  Length and corresponding weights of metallic and composite 259
leaf springs
Table 10.4 ~ Weight reduction analysis of five leaves Multi-leaf spring 259

XXXV1



List of abbreviations

UD : Unidirectional

2D : Bidirectional

3D : 3 Dimensional

FRP : Fiber reinforced polymer composite

TSRC : Textile structure reinforced composite
FVF : Fiber volume fraction

SAE : Society of automotive Engineers

DLS : Design load stress

VARTM : Vacuume Assisted Resin Transfer Molding
3D Ortho : 3D Orthogonal

3D Inter : 3D Interlock

XXXVil



	Thesis of Vikas Khatkar.pdf



