POLITECNICO DI TORINO

Master of Science in Mechanical Engineering

Mechanical properties of non-woven

composite material

#
A\
\\ 1859 _se

‘\.\ %‘0

Supervisors: Candidate:

Prof. Raffaele Ciardiello M. Sufyan Nasir
Prof. Davide Salvatore Paolino
Ing. Andrea Iadarola

OCTOBER 2023






INAEX Of fIQUIES .....ceeeeeeeeeeeieiieiiiiiiiiicieirensieessenseesteessssssesssssssssssesssssssssssssssssssnsssssssnssssssnnnanns 5
1 To [=2 @ {2 <] = R 7
721 o2 o ' o U 8
(010101 0=1 g B T 14 o [1 Lot 1 o1 1 PPN 9
Chapter 2: Materials and MetROdS ................uuueerveveeuuriiiiiiriireeiiiisiiirriiieiiiisiisreeeeesiissiessennnns 17
2 T\ 7 1 3 g T T N 17
2.1.1: Epoxy resin and hardener ..................cccoooiiiiiiiiiii 17
2.1.2: Non-woven carbon fiber mats ... 18
200135 WALLT JOT ...t e s a e 19

b B 0 1) | DO TSP POUPO OO UPOR U R UPPORTRRRPRO 20
2.1.5: Three-point bending test machine ...................ccocooiniiiiiii e 21
2.1.6: Tensile test MACKINE. .............oociiiiiiiii ettt s r e e b st e nneesaees 22
2.1.7: Digital image correlation DIC .................cccooiiiiiiiiiii e e 24

780 3 1T 0 1T Y 25
2.2.1: Vacuum Assisted Resin Infusion (VARI) .......c.ccooviiriiiiiiiiiiicieecesie ettt 25
2,222 CUINE..c..eeoneiiieeieeteteeee ettt et e h et s e s bt et e s bt e b e s bt e b e s b e et e s e s e bt eaa e b e e aeeebeene e smee bt smeenbeeneenbeennenreas 29

2.3: Specimens ProducCtion .........eeeeeeeeeemerememeeemeiememememeiememsssmsmemsssissssssssssss s 29
2.3.1: Bending test SPECIMENS ...........c.ccoiiiiiiiiiiii e s 31
2.3.2: Tensile test SPECIMENS...........occuiiiiiiiiiiii e s 32
2.3.3: Compression test SPECIMENS ..ot 33
2.3.4: Shear test SPECIMENS. ..........cccoiiiiiiiiii e s s e 36

2.4: MeChanical teStS.....cuureiereeeieeeeereieieieieieeeeeieieiereieeeieieieisieteisesesesesesesesesesesesesesssssssesesasssesssssassss 37
2.4.1: Three-point DeNdINgG teSt..........cccoeviiiiiiiiiiiiieee ettt s be e sbee st e e s beesbeesteenseesanes 37
2.4.2: TENSIIE TEST ... e e e st s r e en e reene 39
2.4.3: COMPIeSSION ST .......coiviiiiiiiieiieeee ettt ste et e st e e saee s teesbtesabeesbeesbeesseesabeesabesabeesasesseenares 40
20447 SREAT LESL....c..oouiiiiiiiiieie ettt a e e s r e Rt e e s Rt e ne s re e s ae e reneeenreeae 41
Chapter 3: Results and diSCUSSION ..........ccvvvueeirieenriiireeniiiiinesiisiiesiisiismiissssmssssssssssssssssssssennns 44
R IR0 B 37 1T 11T ] N 44

R B | R 1) OO PO U PO URO PP UPORTSRPPPR 44
Bu1.2:2 300 AEGICE ... ettt ettt sttt she e ettt e st e b st e e bt e sh bt e sh e e eat e e be e e te e beesabeebeesabeenaeenares 45
Bu1.32 000 AEGICE.......eoueeeeiieeieeeee ettt ettt ettt sa et et s e e bttt e b e st e e ae e sh bt e bt e e at e e b e e e te e beesabeebeesabeenaeenares 46
3.1042 90° dEGI@E ...ttt ettt e e bR h et e a e Rt et R et Rt e n e s reenneenaesreenenrees 47
3.1.5: Comparison of bending stress at different orientations .................ccoccoviiiiniininnee 49
3.1.6: Comparison of bending modulus at different orientations .................cccocoevenieiinienininneeee 50
3.1.7: Comparison of bending strain at different orientations................ccccoceviiiininniinenine, 51

3.2: TenSile tests cooveeeeeuuneiiiiiiiiitiiiiiii e e s a e s e e e e ene 53
3202 0% dEGICe.........nei e e 53
3225 300 d@GI@E ... sa e s s a e 54
3.2.32 000 dEGICE ... e e b s sa e s s a e 55
3.2042 90° d@GIEE ... e e s s a e s ae s n e 56
3.2.5: Comparison of tensile stress at different orientations ......................coccooiiiiniin 58



3.2.6: Comparison of tensile strain at different orientations................cccccocorviiiiiiniininieneeee, 59

3.2.7: Comparison of tensile modulus at different orientations ..................coccooeeiininiinieniinicneeeee, 60

3.3- COMPIeSSION eSS wueveieieieieieinieieieieieieieiemeiemeiemeieesssmsssssissssssssssssssssssssssssssssssssssssssssssssssssssssssss 62
33012 0% dEGICE.........cni e e a e s s a e 62
3325 300 d@GICE ... e e a e e e st a e s sa e s ae s ne e 63
3.3.32 000 dEGICE ... ettt sa e e ne st nesre s 64
323042 90° d@GIEE ... e e et st a e st sae s ne st aesre s 65
3.3.5: Comparison of compression stress at different orientations ................cccocoeiiiiiiiniinnniciieeee, 67
3.3.6: Comparison of compression strain at different orientations...................ccoccoeiiiniiiniiininniiiinee, 68
3.3.7: Comparison of compression modulus at different orientations...............c.cccoooevvviriiinnnniiivienneenne, 69

R ] 1 1T B gl 1L N 71
Bu4.12 0° AEEICE ...ttt ettt b et bbbt b e s bbb e bt ea e bt et e bt et ehe e bt she e bt enaenreenenrean 71
Bu4.22 300 dEGICE ..ottt ettt et e b e st e b s aesb e s re e reesars 72
Bud.32 000 dEGICE.......coueeieiieiee e ettt b e st b e s a e e b s re e neesanes 73
Bud4i4: 900 dEGICE.......coueeiiiieiieiee ettt et sttt r e st b e e e et e b s aesb e s reenreenans 74
3.4.5: Comparison of shear stress at different ... 77
OFTEIEATIOMNS ........oeiiiiiiiiee bttt e bt e st e bt e s bt e s bb e st e e s be e e beeebee s bt e sabeebeesaneeneesanes 77
3.4.6: Comparison of shear strain at different........................cc 78
OFTEMEATIONS ........ooiiiiiiieee ettt ettt e bt e sab e e sbee s bt eshbesab e e s bt e e bt e sbeesabeeeabeeabeesaneeseesanes 78
3.4.7: Comparison of shear modulus at different .......................coooiii 79
OFTENEATIONS ........ooiiiiiiiiee ettt ettt ettt e bt e sa bt e bt e s bt e s hee et e e sae e e bt e sbeesabeeeabeeabeesaneeseesanes 79

3.5: OPptical ANALYSIS cecuuueeiiiiiiiiiiiiiiiiiiiiiiriiiirrrrsse s s e s s s s s e s s s s s s saassssssssssaeenas 81
3.5.1: Microscopic study of bending SPeCIimens ..............coceeiiiriiiiiiiiiienre e e 81
3.5.2: Microscopic study of tensile SPECIMENS ...........ccceeviriiiiiiiiinice e 85
3.5.3: Microscopic study of compression SPEeCIMENS............ccccorveviriiiiriininieneeeeee e e 90
3.5.4: Microscopic study of shear SPeCimens.............ccoceeverieiirienenieeneeeeee e 94
Chapter 4: CONCIUSION ............evveueeiirienniiiieniisieensisininiississssssssssssssssssssssssssssssssssssssssssssssses 100
ACKNOWICAGIMENL........cceeeeeeeeeeeeeeeereeierenereenierenrereesesenssesseseresssssnssessnsesenssssssssssnssssnssssnsneses 102
= =T = o =X N 103



Index of figures

Figure 1: Comparison of mechanical properties of carbon fibers and steel materials[5] ............... 9
Figure 2: Sustainable fIDETs[19].......oiiiiiiiiiie et eeaeeeas 11
Figure 3: Comparison of molding process of woven fibers and non-woven fibers[3] ................. 13
Figure 4: Structure of woven, knitted, non-woven fabric[26] ..........cceceeviieiiiniiiiieniieieieeee, 13
Figure 5: Vacuum Assisted Infusion Resin process[32].......ccvvievieriieiieniieiienieeieesie e 15
Figure 6: Basic principle of DIC[33] .....oooiiiiiiieeiie ettt e e n 16
Figure 7: IN2 epoxy infusion r€SIN[34] ......coceriiriiiiiieiieieeieicee st 17
Figure 8: AT30 epoxy hardener[35] .....ccooiiriiiieieieee e 18
Figure 9: Non-woven carbon fIber Mats ..........ccceeecvieiiiiieiiie et 18
Figure 10: Water jet cutting machine. .........ccceoverieeiiiieniiiiieeeeet e 19
Figure 11: Precision Composites Curing OVen[36].........cccveriieriierieeiiienieeieesieeieesee e esene e 20
Figure 12: Specifications 0f OV301[360]......cceouieiiiieeiieeiiee ettt evee e vee e e e sevee s 21
Figure 13: Specifications of three-point bending test machine[37]........ccccoeceeviiveniininnenienenn. 21
Figure 14: INStron 8801 ......c.iiiiiiiiieieiiee ettt ettt ettt e sae e 22
Figure 15: Non-woven carbon fiber with flow mesh and sealed plastic bag connected with pump

just before the INfUSION O TESIN. ...cc.eiiiiiiiiiiiie et 26
Figure 16: RESIN flOW.....oiuiiiiiiiiiieieieee ettt st 28
Figure 17: Strain gauges bonded to cOmpression SPECIMENS. .......eevueerveeruierieeniieeieeneeeieenieeeeeas 34
Figure 18: Specimen undergoing bending during three-point bending test. ..........cccccveevueriennene. 37
Figure 19: Tensile test CONfIGUIAtION .......cc.eeviiiiiiiiiiiiiieiieeeeecee e 39
Figure 20: Compression test CONfIGUIAtIoN .........ccueiiiiiriiiiiiiiieieeie ettt 40
Figure 21: Instron 8801 along with DIC system during shear testing ............ccceeeevveerceeerreeennnnn. 41
Figure 22: Shear testing CONfIGUIAtION...........occuieriiiiiiieiieeiiee et 42
Figure 23: Stress-strain curves for 0° SPECIMENS ........covuuiriiiriiiiieeniie ettt 44
Figure 24: Stress-strain curves for 30° SPECIMENS ........veecuvieeriireeiieeeiieeeieeeeeveeereeesreeesreeesaveens 45
Figure 25: Stress-strain curves for 60° SPECIMENS ........cc.eevuirieriierienienieeieeieenieeie st 46
Figure 26: Stress-strain curves for 90° SPECIMENS ........cc.eervirieriierierieniieieeie et 47
Figure 27: Specimens after bending teSt.........ccuveeiiieeiiieeiiie et 48
Figure 28: Bar chart showing bending stress at different orientations. ..........c..coccevvvereriieniennenne. 49
Figure 29: Bar chart showing bending modulus at different orientations. ...........ccecevveruereennenne. 50
Figure 30: Bar chart showing bending strain at different orientations. ..........cccceeevveeecvveerveeennnenn. 51
Figure 31: Stress vs strain at 0% deIee........cceviiriiriirieniriieiieieeeet et 53
Figure 32: Stress vs Strain at 30% deZIEe ......ccuevieruieierieriieie et 54
Figure 33: Stress vs strain at 60° deZIEe.......cccviieevieeriieeiiieeiee et eeeeseee e e e s e enaree s 55
Figure 34: Stress vs strain at 90% deZIEe.......c.eviiruiriiriiniiiiiieieee ettt 56
Figure 35: Specimens after tensile tEST .......eevueriirieiiiiieriiecee e 57
Figure 36: Bar chart showing tensile stress at different orientations. ...........ccoeceeeveenieniceniennen. 58
Figure 37: Bar chart showing tensile strain at different orientations. ...........ccceeceeeveenieeieenieennen. 59
Figure 38: Bar chart showing tensile modulus at different orientations. ...........ccccevcvevievieniennenne. 60
Figure 39: Stress vs strain at 0% degree ..........oouiiiiiiiiiiiiiiieieeeee et 62
Figure 40: Stress vs strain at 30° deZIEe.......cuevieriiiirieririiiiereeteet et 63
Figure 41: Stress vs strain at 60% deZIEe.......c.evieriiriiiiiriirieiieteeieet e 64
Figure 42: Stress vs strain at 90° deZIee ........oouiiiuiiiiiiiiiiiieie e 65



Figure 43:
Figure 44:
Figure 45:
Figure 46:
Figure 47:
Figure 48:
Figure 49:
Figure 50:
Figure 51:
Figure 52:
Figure 53:
Figure 54:
Figure 55:
Figure 56:
Figure 57:
Figure 58:
Figure 59:
Figure 60:
Figure 61:
Figure 62:
Figure 63:
Figure 64:
Figure 65:
Figure 66:
Figure 67:
Figure 68:
Figure 69:
Figure 70:
Figure 71:
Figure 72:
Figure 73:
Figure 74:
Figure 75:
Figure 76:

Specimens after COMPIESSION TESt......cuiiriieriieriieiieeie ettt eae e e seae e 66
Bar chart showing compression stress at different orientations. ...........cccceeevveerveennee. 67
Bar chart showing compression strain at different orientations. ...........cccceecvveeeveennee. 68
Bar chart showing compression modulus at different orientations. ..........cccccceevuenee 69
Stress VS Strain at 0% dEEIEE ....ccuviieruiieeiiie ettt ree e e e e sbeeeseaee s 71
Stress vs strain at 30° dEGIEE ... ..vivcuviieiiieeiiie ettt e s 72
Stress vs strain at 60° dEGIEE .......eevuvieiieiiieiieeiie ettt ettt et 73
Stress vs strain at 90° dEGIEE .....c.uevuvieriieriieiieeieeie ettt e ae e esbe e enneas 74
Specimens after SHEAT TESt .......cveieiiiieiiie e e s 76
Bar chart showing shear stress at different orientations. ..........ccecceveevervieneenenniennn. 77
Bar chart showing shear strain at different orientations. ............cccceeveerieecieeneeeneenne. 78
Bar chart showing shear modulus at different orientations. ............ccceeeevveerciveerreeenee. 79
Microscopic image of 0° fractured SPECIMEeN...........coceevuerierieriirienieneeieeeereeeesiens 81
Microscopic image of 30° fractured SPeCIMEN ..........cccveevuierieeiiienieeieeeie e 82
Microscopic image of 60° fractured SPECIMEN........cc.eeevvreeiiieeiieeeiieeeiee e 83
Microscopic image of 90° fractured SPeCImMen.........coceevverierierierienieneeiceeceeieseene 84
Microscopic image of 0° fractured SPeCImMen...........ceeveeieerieeciieniieieeeie e 85
Microscopic image of 0° fractured specimen near the grip........cccoeevveveveenciveenneeennee. 86
Microscopic image of 30° fractured SPECIMENS ........cceeeueerieriiieniieieerie e 87
Microscopic image of 60° fractured SPECIMENS ........ccceeeueerieeiiieniieeieerieeieeiie e 88
Microscopic image of 90° fractured SPECIMEN.......ccueeeviieeriieeiieeeieeeiee e 89
Microscopic image of 90° fractured SPeCIMEN .........ccccueeieerieriiieniieieeie e 89
Microscopic image of 0° fractured SPECIMENS ..........ccveeueerieeiiieniieiienie e 90
Microscopic image of 30° fractured SPECIMENS ........cccvreveerieeiiieniieeieerreereeneee e 91
Microscopic image of 60° fractured SPECIMEN........cc.eeevuvreeiiieeiieeeiie e 92
Microscopic image of 90° fractured SPeCIMEN ..........cceeeueerieiiiieniieieeie et 93
Microscopic image of 0° fractured SPECIMENS .......cceevevuiieeiiieeiiieeiieeeiee e 94
0° Specimen fractured by shear teSting. ..........cccovveeiiieeciiecieece e 95
Microscopic image of 30° fractured SPECIMENS ........ccereeeerieriiieniieeieenie et 95
30° Specimen fractured by shear testing. ..........ccceevveeriieriieiieiiieieeeere e 96
Microscopic image of 60° fractured SPECIMENS .........eeevveeeriiieeiieeeiieeeieeeeiee e 97
60° Specimen fractured by shear testing. ...........ccoecueeriiiriieiieiiieeeeee e 98
Microscopic image of 90° fractured SPECIMENS ........ccceeevreerieeirierieeieeneeereeniee e 98
90° Specimen fractured by shear testing. .........ccceeeviiieiiieeiieece e 99



Index of tables

Table 1: Total number of specimens used N tESTNG. .......cccueervieriiirierieeieeie e 30
Table 2: Dimensions of bending SPECIMENS........ccuveiruiieriiieeriieeiieeeiieeeeeeeieeeseeeesaeeesaeeesreeenns 31
Table 3: Dimensions of teNSile SPECIMENS .......ueeeviieirieeiiieeeieeeeree e e ereeeteeeereeeseeeesreeeseseeenns 32
Table 4: Dimensions of COMPIESSION SPECIMENS .......eevieruirerrieriieeiieeieeriieereesseeeseesseeeseessnessees 33
Table 5: Specifications of strain gauges used for compression tests. ........eccvvevveecieereeesreenveennenn 35
Table 6: Dimensions 0f Shear SPECIMENS ........c..eeeuieeiiiieiiieeiiieesiee et e ereeeeeeeeteeeeaeeesaeeesseeenns 36
Table 7: Mean force, mean stress, mean strain, and mean modulus at different orientations ...... 52
Table 8: Mean stress, mean strain, and mean modulus at different orientations .......................... 61
Table 9: Mean stress, mean strain, and mean modulus at different orientations .................co....... 70
Table 10: Mean stress, mean strain, and mean modulus at different orientations ....................... 80



Abstract

In recent years, the interest in recycled and sustainable materials in engineering applications has
grown due to the need to reduce environmental impact and industrial scrap wastes, especially in
composite material applications. Among the reinforcements that can be used in composite
production, non-woven random mat carbon fibers are one of the most interesting solutions, since
they allow the use of the scraps coming from the production of carbon fibers using a very easy and
low energy consuming method. In this study, the mechanical properties of non-woven carbon
fiber/epoxy matrix composites have been investigated by means bending, compression, tensile,

and shear tests.

Composite laminates were manufactured using the vacuum infusion process. Specimens were cut
at four different angles (0°, 30°, 60°, 90°) with respect to the resin flow direction using a water jet
cutting system. For tensile and shear tests, Digital Image Correlation (DIC) was used to map the
strain on the surface of the specimen during the test, whereas, for compression and bending test,
the strain was measured by means of strain gauges. The elastic modulus and the ultimate tensile
stress of the considered specimens were computed and compared, considering different
orientations. Finally, in order to analyze the orientation of the fibers inside the epoxy matrix, an

optical analysis of the fracture surfaces was conducted using a digital microscope.

Experimental results showed that for bending and tensile tests, the maximum stress and the
maximum modulus were obtained for the specimens oriented at 90° while the maximum strain was
obtained for the specimens along the longitudinal direction. By contrast, for compression and shear
tests, the maximum stress and maximum modulus were obtained for the specimens oriented at
60°and 90°, respectively. Therefore, experimental results verify that the mechanical properties of
non-woven carbon composites are affected at different angles with respect to the resin flow

direction.



Chapter 1: Introduction

Composite materials have revolutionized many industries, from the aerospace and automotive
industry to the construction industry; composites have emerged as the basis of technological
innovation. Due to their extraordinary strength-to-weight ratio and adaptability, they have
become the first choice for applications that demand superior mechanical performance. Since last
few decades carbon fiber composites are extensively in use, an emerging trend in composites has

sparked interest in non-woven carbon composites.

In recent years, carbon composites have set new trends in the industry. Carbon composites have
become very important for industrial sectors especially for the automotive and aerospace ones[1].
In the automotive industry, carbon composites are used in structural components such as chassis,
drive shafts, suspension systems[2]. Recently, BMW introduced carbon fiber car bodies[3], and
research has shown that using carbon fiber drastically reduces the weight of cars. There is almost
a 30-35% reduction in the weight of vehicles adopting carbon fiber composites [3]. The carbon
fiber industry has increased over the years to meet the demands of other sectors. It is used in

offshore structures, pressure vessels, turbine blades, medical applications, and sports goods[4].

Nowadays, carbon composites represent a good solution to substitute steels in structural
applications given the better mechanical properties lightweight, and good corrosion resistance

properties. Figure 1 below shows that the strength and modulus of carbon fibers are greater than

Steel.
. Density p Tensile Strength ~ Elastic Modulus  Breaking Length
Material type (kg/m’) 0. (GPa) E (GPa) 0u/(pg) (k)

Standard 1760 3.53 230 205

Carbon fiber ~ High strength 1820 7.06 294 396
High modulus 1870 3.45 441 188

5355 7850 0.50 210 6

Steel ]
Wire 7850 1.77 210 23

Figure 1: Comparison of mechanical properties of carbon fibers and steel materials[5]



It should also be noted that not all composites surpass metals in strength. Only specific composites

with advanced fiber reinforcement have shown equal or more strength than steel and aluminum([6].

Composites are created by combining two or more materials typically a matrix and a
reinforcement. The matrix provides cohesion and helps transfer the load. Matrix is a continuous
phase that surrounds the support and helps in bonding and cohesion. Composites give designers
flexibility during designing shapes. They can be molded into intricate shapes and components

and help to achieve precise performance properties.

Epoxy resins act as a matrix and are combined with reinforcements to make composites. Epoxy
resins have very efficient and excellent adhesion properties, and they can be used with various
reinforcements, such as glass, carbon, and aramid fibers[7][8]. Because of its efficiency and strong
bonding, it plays an important role in supporting the reinforcement and enhancing the composites'

mechanical performance[9].

Studies have shown that modification of epoxy resins with rubber and then using anhydride for
curing improves toughness[10]. However, some other studies[11] have shown that although using
rubber in epoxy resin increases the toughness, but it reduces modulus and glass transition
temperature (Ty). They can be tailored to produce composites with high strength and low
weight[12]. They can be personalized to make composites with good chemical and environmental

resistance[5].

The ability of the composites to bear loads depends also on the orientation of the fibers. When the
applied load is parallel to the fibers, they are capable of bearing higher loads[13]. Therefore, in
general, conventional carbon composites show superior mechanical properties in the direction
aligned with the fibers [14]. In some applications mechanical properties of non-woven composites
depend on cross direction (CD) of fibers and machine direction (MD) of fibers. Non-woven fibers
in cross direction (CD) have shown higher resistance to tensile load as compared to fibers in

machine direction (MD)[15].

10



In recent times, companies have supported the idea of sustainability by making their production
more and more sustainable so that the negative impact of production on the environment can be
reduced. Since most thermoset resins are made from petrol-based compounds, they pose a
significant threat to our environment as they cannot be adequately degraded at the end of life.

Sustainability is an issue while dealing with the composites. Because the components that combine
to make composites are not biodegradable[16] .To mitigate this effect of composites on the
environment, efforts have been made to reduce the environmental impact of composites on the
environment, this includes using non-woven fibers, bio-based epoxy resins[17], and recycled

carbon fibers (rCF) [3].

rCF are not waste but can be used for second applications to get valuable and sustainable raw
materials. Adding value to already used carbon fibers and making them suitable to be used again
plays a role in sustainability and circular economy [10]. Figure 2 shows sustainable fibers are made
from wastes using less energy methods and at the end of life they are biodegradable, therefore,
they pose minimum harm to the environment. From the sustainable point of view, some of the

aspects of non-woven carbon fibers are discussed below[18]:

Sustainable Fibers

QYRS T 3

No genetically Renewable Made from waste No soil erosion
modified organism

AN W
0 i
el

~——

Chemical control Low energy need Low water need Biodegradable

Figure 2: Sustainable fibers[19]
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Recycling:
Carbon fibers from the end of life are used to make non-woven carbon fibers. Used waste is
sorted and then recycled to make non-woven carbon fibers. Carbon fibers from edge trimmings

and non-crimp fabric productions can be used for this purpose.

Circular economy:

Using rCF to make non-woven fibers creates no burden on natural resources. Virgin fibers are
not used; instead, rCF are used for production. This will contribute to the circular economy[20],
[21]. It is like a closed-loop system that involves collecting and recycling carbon fibers and then

integrating them into the production cycle[20].

Energy saving:

It is an energy-saving process. The production of carbon fibers leads to the utilization of
enormous amounts of energy. However, energy to produce a new thread is saved in this case.
There are reduced processing steps in production, which ultimately leads to less energy
usage[22]. Overall, simple manufacturing processes, lower processing temperatures, and fewer

processing steps lead to energy-saving aspects of non-woven carbon fiber production[3].

CO: footprints:

By using less energy, it is evident that there will be an improvement in carbon footprints and,
ultimately, a positive effect on the components' Life Cycle Assessment (LCA)[23], [24]. Using
recycled raw materials, utilizing less energy, involving closed-loop production, and focusing on

sustainable manufacturing leads to improving carbon dioxide footprints[24].

For sustainable manufacturing, use of carbon fiber non-woven composites (CFNWC) can be an
interesting solution. Industry and academic experts have found CFNWC very interesting due to
their lightweight and high specific strength. Fibers for producing (CFNWC) can be obtained from
rCF, which is sustainable because no virgin resources are used in producing new fibers. The energy
required to make non-woven carbon fabric from rCF is less intensive than that used to create woven
carbon fabric from virgin carbon fiber[19]. Therefore, it has positive effect on the life cycle

assessment (LCA) of the components[19][23].

12



— Production process of Woven fiber

Polyacrylonitrile Preoxidation mmmp Carbonization Sizing and Coiling
Woven
! 1 | T =
Wet spinning == Drafiing Graphitization - Surface treatment B

— Production process of nonwoven

Pitch-bascd Wmmp Spray spinning WP Pre-oxidation - Carbonization WP nonwoven

J

Figure 3: Comparison of molding process of woven fibers and non-woven fibers[3]

Figure 3 shows the comparison of steps used to make woven and non-woven fabric. Steps used to
make non-woven carbon fibers are half as compared to the steps used to make woven fibers.
Recently, many car manufacturers such as BMW, Ford, Volvo, and Chevrolet are using rCF
composites based on body panels in their production, and many companies such as Volvo have
started to use rCF composites in heavy-duty trucks[25]. rCF have many benefits that include

building circular economy, as waste is reduced, and valuable natural resources are conserved.

Figure 4 shows the structure of woven, knitted, and non-woven fabric. In a non-woven fabric, there
is a random arrangement of yarns without proper placement, and there is no weft or warp patterns

as shown in Figure 4 (woven fabric). The strings are disposed randomly into a cohesive structure.

Weft Warp Loop
Woven fabric Knitted fabric Nonwoven fabric

Figure 4: Structure of woven, knitted, non-woven fabric[26]
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When the flexural modulus of composites having rCF is compared with the flexural modulus of
composites having flax fibers, it is seen that the composite with rCF show superior strength and
flexural modulus[27]. Moreover, the strength and modulus of composites are also affected by the
manufacturing techniques[28]. When composites containing unidirectional non-woven carbon
fibers and woven carbon fibers are manufactured by 3D printing, it is seen that composites
containing unidirectional non-woven carbon fibers have superior strength compared to composites
containing woven carbon fibers [29]. In some other studies researchers have found that using 3D
non-woven carbon fibers composites, high ductility and strain hardening response can be achieved

that is not common in traditional 2D composites[30].

Some other toughening methods are also studied to enhance mechanical properties of composites
using non-woven fibers[8]. Fiber veils are used to enhance the mechanical properties of the
composites. By using nonwoven aramid fiber veils delamination and deformation is restricted[31].
It is observed that by using aramid fiber veils in carbon composites compressive strength is greatly

enhanced[31].

Different techniques are used to manufacture composites such as injection moulding, compression
moulding, pultrusion, wet lay-up and vacuum assisted resin infusion [32] . The reinforcements can
be glass fiber, flax fiber, carbon fiber depending on the applications. In this study, we used recycled
non-woven carbon fiber mats instead of woven carbon fibers as reinforcement material. In order
to manufacture the laminate Vacuum Assisted Resin Infusion (VARI) technique was adopted. In
this technique, a vacuum is created, which helps to drive the resin into the mold. Once the wax is
distributed evenly on the whole mold, the process is stopped, and then the laminate is left to dry
for at least 24 hours. However, if the temperature of the surrounding environment is low, then the
waiting time must be increased to ensure that the laminate has appropriately dried. Figure 5

illustrates the setup to manufacture composite laminates using VARI.
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Figure 5: Vacuum Assisted Infusion Resin process[33]

After manufacturing of composite laminates, they were cured in an oven and then using water jet
cutting system specimens were cut from the laminates according to the ASTM standards. Four
mechanical tests namely Bending, Tensile, Compression, and Shear were applied on the
specimens. In case of compression tests strain gauges were used to measure the strain. In case of
tensile and shear specimens Digital Image Correlation (DIC) was used to map the strain on the

surface of specimens.

The basic principle of DIC is that it tracks the changes in the same points, also called pixels,
between two images. This is a non-contact measurement method, and it is most commonly used
in engineering. It tracks the different patterns in images, and then, with the help of these patterns,
it determines the deformation in the material. Figure 6 shows the mapping of reference subset in

reference image to the corresponding subset on deformed image.
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Figure 6: Basic principle of DIC[34]

60°, and 90°. The results from mechanical tests help us to study the strength and modulus of non-

woven carbon composites at these different orientations. By studying the mechanical properties

at different orientations, we gain insights into how these composites withstand different

mechanical stresses.

Finally, we conducted the optical analysis of the fractured specimens. The aim of this analysis

was to understand the fiber orientation in the region where fracture occurred. This allowed us to

inspect the alignment and interconnection of fibers in the fracture zone. It helped to study the

delamination, material defects and type of fracture that occurred in the specimens.
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Chapter 2: Materials and methods
2.1: Materials

2.1.1: Epoxy resin and hardener

In the present work, laminates of non-woven carbon fibers were manufactured using IN2 epoxy
infusion resin Figure 7 and AT30 slow epoxy hardener Figure 8. Epoxy hardeners help to cure the

resin, without hardener resin will always be near liquid state.

Figure 7: IN2 epoxy infusion resin[35]
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Figure 8: AT30 epoxy hardener[36]

2.1.2: Non-woven carbon fiber mats

Figure 9 shows random carbon fiber mats that are used as reinforcement material inside the

composite. Fibers in these carbon mates are randomly oriented without any specific orientation.

Figure 9: Non-woven carbon fiber mats
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2.1.3: Water jet

After the drawings of specimens are completed in AutoCAD, it is then exported to WAM-
WAZER. Wam is a software to generate a cutting file for Wazer (water jet cutting machine). In
this software we give our desired inputs to generate a cutting file according to which Wazer cuts
samples from the laminate. After generating the cutting file in WAM-WAZER software, the next

step is cutting specimens.

Wazer water jet cutting machine works on the principle of water jet technology. Water through
small orifice flows with very high pressure. Tremendous cutting power with which water streams
hit the material helps in cutting. Abrasive materials are introduced in the water, which helps in
enhancing the cutting ability. Various materials, such as metals, glass, plastics, and composites,

can be cut using this machine.

Figure 10: Water jet cutting machine.

19



Figure 10 shows the water jet cutting machine that was used to cut the specimens. One of the
most critical features of this machine is its compact size, and thus, it is suitable for the lab. This
helps it to fit in small spaces and to occupy very little floor space. Waterjet that is used in cutting
helps in precision cutting, and complex shapes and geometries can be cut. These features make it
suitable for various artistic and industrial applications. It has an in-built user interface, ideal for
professionals and new learners. Its comfort in use and ability to adapt to varying situations make
it suitable for high-quality cuts. It is designed to be cost-effective, and thus, it is ideal for small-
scale businesses, and educational institutions can also benefit from this cost-effective cutting

machine.

2.1.4: Oven

Figure 11: Precision Composites Curing Oven[37]

Figure 11 shows the oven OV301 that is used to cure the laminates. Most of the resins used in
the composites show complete mechanical properties once they are adequately cured at high
temperatures. Therefore, to achieve maximum glass transition temperature Tg, it is crucial to

cure the laminates of composites at high temperature in the oven.
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Specifications of OV301 are shown in the Figure 12:

Heating Power

Maximum
Heating Rate

Maximum
Cooling Rate

Maximum
Internal
Temperature
Variation

Internal
Dimensions

1750

1070 x 440
x 500

W Vacuum Port 1/4"
Thread
°C/min
Data-log File .CSV
Format
°
C/min Auxiliary PT100 or
Temperature PT1000
Sensor Type
°
+°C Auxiliary RTD
Temperature Miniature
Sensor Socket Socket
(White CU)
Supply Voltage 220-240
WxDx
Electrical Supply 50 to 60
H (mm) Frequency

BSPP

Fermale

(G) Volume
Maximum
Temperature

RTD 2-

wire Maximum
Loading per
Shelf
Working
Internal Volume

VAC

Maximum Total

Hz
Wattage

Figure 12: Specifications of OV301[37]

2.1.5: Three-point bending test machine

Gross Internal

267 litres
200 °C
20 kg
235 Litres
2300 w

Three-point bending tests were done using Zwick/Roell’s z005 testing machine in lab. The

equipment is specially designed for applying standardized tests on components.

UTM (zwick Roell- Z005)

Specifications

Maximum Test Load (kN) 5

Max Crosshead Speed (mm/min) 3000

Crosshead Travel Resolution

(micro m) 0.0410

Power Consumption, kVA 2

Load Cells Xforce P

Load Cell Capacities 500 N and 5 kN

Load Cell Mounting Stud Dia 20 mm

Pneumatic Grip (Type 8297) Fmax 2.5 kN and 5 kN

Compression Platens Dia (mm) | Fmax (kN) Area Contact Pressure (N/mm?2)

Die-Cylinder 30 250 300

Platen-Round 90 20 300

Temperature Range 50-250 Deg C

Interface Software testXpert -l

Figure 13: Specifications of three-point bending test machine[38]
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Specifications of three-point bending test machine can be seen in Figure 13, bending specimen is
placed in the machine and it is bend due to the force applied by the machine during the

experiment.

2.1.6: Tensile test machine

Tensile tests were performed using the Instron 8801 testing machine in the Lab. Instron 8801 is
an advanced and versatile testing machine that is the flagship of Instron. Instron 8801 is the
updated model of Instron 8800. Figure 14 below shows the setup of INSTRON 8801 along with
DIC before the start of test.

Figure 14: Instron 8801
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Some of the critical features of Instron 8801 are as follows:

1- Flexibility: Instron 8801 is flexible in a way that it can test a variety of materials such as
rubbers, plastics, textiles, a variety of composites, biomaterials, etc. This flexibility makes
Instron 8801 suitable to be used in a variety of applications related to industrial applications,

quality control, and research purposes.

2- Load capacity: The load-carrying capacity of Instron 8801 makes it suitable for testing high-
strength materials. Its load-carrying capacity varies from a few newtons to thousands of newtons.

Therefore, it can be used to test low-strength to high-strength materials.

3- Advanced software: Instron 8801 uses very advanced and powerful Bluehill software that is

user-friendly. It allows the user to monitor and visualize test data in real time.

4- Precision and accuracy: Instron 8801 has advanced load and displacement control systems
that help acquire precise and accurate data. The integrity of the acquired data is maintained with

the help of a strong frame of Instron 8801, which minimizes any unwanted vibrations.

5- Customize test configurations: Instron 8801 is suitable for doing customized tests. It can be

used for compression, tensile, flexural, fatigue, teer, and peel tests.

6- High-Temperature testing: It's suitable to test materials at high temperatures. Therefore, it

can be used in applications where materials experience extreme conditions.
7- Industrial applications: Instron 8801 is used in various industries, from automotive and

aerospace to textile and plastic industries, where the performance of materials is considered

critical.
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2.1.7: Digital image correlation DIC

In Tensile testing, we used the DIC system along with Instron 8801. DIC measures the objects'
displacement and strain when under forcing conditions. With the help of high-resolution
cameras, several images are captured during the testing procedure. Specialized software is then
used to correlate the pixel-level changes in these images. While using specimens during the test
with DIC, they must be sprayed using the spray cans and creating random patterns in white and
black. The process is very delicate as this pattern will be used to track the changes on the surface

of the specimen using the postprocessing software.

When the process starts, a series of images are taken of the object under consideration. Two
cameras are usually placed at a certain distance from the thing, and they capture these images.
These cameras are high-resolution cameras, and they are specialized for this process. The images
captured by cameras show different states such as the states before and after deformation. In each
image, a subset is defined. Subset is a region of interest; it contains specific patterns that help to

track displacements.

After that, different images are correlated, and patterns within the subsets are tracked. This is
done to find the corresponding points between a reference image, usually an undeformed image,
and a deformed image. This is done using image processing techniques. Usually, VIC-2D or 3D
systems are employed for this purpose. These systems use specific optimization algorithms to

provide displacement or strain data in all areas of interest[39] .

During the calculation of strain, distance, and angle changes between two points are considered.
So, in the end, strain is calculated considering these two factors. Calibration must be done while
using DIC. Therefore, calibration is performed using calibration grids. At the end of the process,
when displacement and strain data are obtained, distribution plots and displacement plots can be
drawn. These plots provide essential information about the deformation of the object and the area

where maximum stress occurs.
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2.2: Procedures

2.2.1: Vacuum Assisted Resin Infusion (VARI)

1- Preparation of mold: A mold is a tool that determines the final shape of our laminate. It is
usually made of hard materials such as aluminum, carbon fiber, glass, etc. In our lab, we used a
mold of glass, and it’s a rectangular shape. Before the start of the process, it must be ensured that
the surface of the mold is clean. Contaminants from the surface of the mold must be removed
before the initiation of the process so that any residue from the previous process should not
contaminate the process. If there is any residue left, then it will affect the adhesion between resin

and mold. So, it must be prevented.

2- Dry lay-up: After cleaning the surface of the mold, we put the releasing agent onto the mold
and left it to dry for 15 minutes. Releasing agents are essential because they help to remove the
laminate at the end of the process. Without the releasing agent, the composite material will stick
to the mold surface, and during the release, it will affect the surface of the composite. It must be
placed evenly. Too much-releasing agents also sometime affect the quality of the composite.
After drying it properly, we put non-woven carbon fiber cut into dimensions (350*350) mm onto
the mold and fixe it in the center using tape. After that, we placed a pre-ply on the non-woven
carbon fiber. Dry lay-ups are usually of the same shape as mold. Figure 15 below shows the

whole setup for vacuum infusion process just before the infusion of resin.
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Figure 15: Non-woven carbon fiber with flow mesh and sealed plastic bag connected with pump
just before the infusion of resin.

3- Flow mesh: We placed flow mesh over the pre-ply to distribute the resin evenly on the non-
woven carbon fiber. Spiral tubing and breather are also used to assist the flow of infusion. Along
with the flow, mesh bleeder and breather materials also play an essential role in the vacuum
infusion process. Bleeder materials are also called peel ply. Their primary function is to absorb
the excess resin. They act as a pool where excess resin is absorbed, preventing resin
accumulation in a specific location. Due to their textured surface, they help to create channels,
thus making sure that resin is evenly distributed throughout the lay-up. Moreover, breather
materials are placed in the lay-up to help escape air and other volatiles while applying vacuum.

They also help to spread the resin in the lay-up uniformly.
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4- Vacuum Bagging: A flexible vacuum bag made of plastic is placed over the whole
distribution, and it is sealed using silicon tapes on the edges of the mold. The load is then
connected to the pump, which creates a vacuum in the bag, removing all the air inside. After
making the vacuum inside the bag, we waited for 10 minutes as a precaution to check that the
pressure on the pump needle should not change and that the vacuum was created perfectly. If
there is even a slight change on the pump needle, then the vacuum bag is not sealed correctly,
and there remains some passage for air to flow inside the bag. This should be stopped because if
there is air inside the bag and we do the infusion of resin, our laminate will not hold the actual

mechanical properties and will lead to the making of voids.

5- Resin Infusion: We used IN2 epoxy infusion resin mixed with AT30 slow epoxy hardener. It
is in a liquid form with low viscosity and is introduced to the mold using inlet ports. As the
vacuum is applied, the resin flows from the inlet port towards the outlet port, and it spreads over
the whole dry lay-up, ensuring the complete impregnation of the reinforcement. During the
process, there must be continuous monitoring of the process. The vacuum must be the same
throughout the process and should not change. Any change in the vacuum level will lead to

defects and leads to improper infusion process. Care must be taken in this aspect.

It can be seen in the Figure 16 that resin flows from one side and is in a halfway during the

manufacturing of composite through vacuum infusion process.

27



Figure 16: Resin flow

6- Demolding: After the infusion of resin is complete the setup is left as it is. The pump is
switched off. We leave the setup for almost 24 hours for curing to occur. Curing must be done
depending on the type of resin used. Usually, manufacturers of a particular resin also give its
curing time. Good monitoring and curing lead to the proper manufacturing of the laminates.
After the curing has occurred properly, we remove the vacuum bag. After that part is de-molded

from the mold, other extra materials, such as ply and flow mesh, are taken off the part.
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2.2.2: Curing

After demolding, laminates were cured in an oven (OV301) Figure 11, under high temperature to
cure it properly. In our case, we placed the laminate in the oven at 100 degrees Celsius for 2.5

hours. After curing, specimens can be cut from the laminates using a water jet cutting machine.

2.3: Specimens production

Specimens of different sizes were cut from the laminates. The dimensions of samples for the

various mechanical test are different and depends on the dimensions available in the literature.

At first, specimens of each test (tensile, compression, shear, bending) were drawn in AutoCAD.
Separate samples of each specific dimension were drawn, considering respective geometries. The
drawings also helped us to understand how many laminates we need for our work. Therefore, in
the end, it was clear that at least three laminates, each of (350*350) mm, must be produced to get

the required specimens for testing.

The Dimension of each specimen is as follows:
I- Tensile: (250*25) mm
2- Compression: (150*10) mm
3- Bending: (76*19) mm
4- Shear: (80*12.7) mm

Table 1 shows the number of specimens manufactured for each type of test and each orientation.
Four mechanical tests, namely Tensile, Compression, Bending, and Shear, were done on four
different angels such as 0°, 30°, 60°, 90°. For each test, twelve specimens were made, three

specimens for each orientation.
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Angle Test | Iensile Compression Bending Shear
0° 3 3 3 3

30°

60° 3 3 3 3

90° 3 3 3 3

Total

Table 1: Total number of specimens used in testing.
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2.3.1: Bending test specimens

Bending test samples were cut from composite laminate manufactured using non-woven carbon
fiber according to ASTM standard D790. In total, 12 specimens were tested for four different
angles (0°, 30°, 60°, 90°) angles—three specimens for one angle. Table 2 consists of data

regarding the dimensions of all 12 samples.

Samples for 0° degree

Dimensions (Width*Thickness) mm
11.94*2.26
12.16*%2.19
12.13*2.12
Dimensions (Width*Thickness) mm
12.19*1.99
12.12*2.18
12.15%2.17
Dimensions (Width*Thickness) mm
12.03*1.94
12.15*2.19
12.25*2.37
Dimensions (Width*Thickness) mm
12.20*2.22
12.13*2.37
11.75*1.99

Table 2: Dimensions of bending specimens
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2.3.2: Tensile test specimens

Tensile test samples were cut from composite laminate manufactured using non-woven carbon
fiber according to ASTM standard D3039/3039M. In total, 12 specimens were tested for four
different angles (0°, 30°, 60°, 90°) angles—three specimens for one angle. Table 3 consists of

data regarding the dimensions of all 12 samples.

Samples for 0° degree Dimensions (Width*Thickness) mm
1- 24.23*%2.31
2- 24.38%2.22
3- 24.34*2.38
Samples for 30° degree Dimensions (Width*Thickness) mm
1- 24.40%2.28
2- 24.50*2.33
3- 24.57%2.26
Samples for 60° degree Dimensions (Width*Thickness) mm
1- 24.58*2.18
2- 24.56*2.36
3- 24.52%2.47
Samples for 90° degree Dimensions (Width*Thickness) mm
1- 23.03*2.12
2- 24.26*2.35
3- 24.48%*2.08

Table 3: Dimensions of tensile specimens
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2.3.3: Compression test specimens

Compression test samples were cut from composite laminate manufactured using non-woven
carbon fiber according to ASTM standard D695. In total, 12 specimens were tested for four
different angles (0°, 30°, 60°, 90°) angles—three specimens for one angle. Table 4 consists of

data regarding the dimensions of all 12 samples.

Samples for 0° degree Dimensions (Width*Thickness) mm
1- 9.53%2.32
2- 9.52%2.34
3- 9.49%2.40
Samples for 30° degree Dimensions (Width*Thickness) mm
1- 9.42%2.24
2- 9.57%2.29
3- 0.44%2.22
Samples for 60° degree Dimensions (Width*Thickness) mm
1- 9.42*2.04
2- 9.50%2.42
3- 9.46%2.46
Samples for 90° degree Dimensions (Width*Thickness) mm
1- 9.30*1.96
2- 9.45*2.14
3- 9.47*2.15

Table 4: Dimensions of compression specimens

Compression tests were done after putting the strain gauges (HBM 1-LY48-3/350) on the

specimens. Strain gauges were placed in the center of the compression specimens as shown.

Figure 17 shows the pattern in which the strain gauges were glued to the compression specimens.
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Figure 17: Strain gauges bonded to compression specimens.

Strain gauges are used to measure mechanical deformation. Strain gauges are bonded with the
structure, and they can also be embedded in the structure to measure deformation[40] By using
strain gauges (HBM 1-LY48-3/350) on the specimens and placing them on Instron 8801,

National Instrument NI 9237 system was used to amplify strain signals.

Table 5 below shows the specifications of strain gauges that were used on compression

specimens to measure the strain used:
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Name Specifications
Resistance 35002 + 0.30%
K-Factor 2.10£1.0%
Transverse sensitivity 0.1%
Temperature compensation: with 65[1076/K]

plastics

Order number

1-LY48-3/350

Type

3/350 LY48

Temperature coefficient of gage factor

101 + 10[10~¢/K]
(-10°C ... +45°C

Table 5: Specifications of strain gauges used for compression tests.
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2.3.4: Shear test specimens

Shear test samples were cut from composite laminate that was manufactured consisting of non-

woven carbon fiber according to ASTM standard D5379. In total, 12 specimens were tested for

four different angles (0°, 30°, 60°, 90°) angles—three specimens for one angle. Table 6 consists

of data regarding the dimensions of all 12 samples.

Samples for 0° degree Dimensions (Width*Thickness) mm
1- 12.19*2.56
2- 11.68%2.30
3- 11.82%2.20
Samples for 30° degree Dimensions (Width*Thickness) mm
1- 11.70*2.20
2- 11.84*2.25
3- 12.10*2.35
Samples for 60° degree Dimensions (Width*Thickness) mm
1- 11.65%2.27
2- 11.68*2.27
3- 11.83%2.38
Samples for 90° degree Dimensions (Width*Thickness) mm
1- 11.63*2.18
2- 11.52*%2.17
3- 11.75%2.05

Table 6. Dimensions of shear specimens

The DIC system was used, along with Instron 8801, to test shear specimens, and the whole

procedure was repeated as it was done during the tensile testing of the samples.
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2.4: Mechanical tests

2.4.1: Three-point bending test

Figure 18 illustrates the specifications of three-point bending test setup during the experiments.
Three-point bending test was applied on each specimen one by one according to standard
conditions. Force and displacement data were then acquired from the data acquisition system,
and then, finally, analysis was carried out to measure stress and strain on the composite

specimens. Testing speed was 0.8mm/min.

Figure 18: Specimen undergoing bending during three-point bending test.

To find the stress using the force and displacement data the following equation was used:

o, = 3PL/I2bd’
[41]
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Where:
o= Stress in outer fibers at midpoint (MPa)
P = Load at a given point (N)
L = Support span (mm)
d = Depth of beam tested (mm)
b = Width of beam tested (mm)

To find the strain, the following equation was used:

e,= 6Dd/L*
' [41]

Where:
gf=Strain in the outer surface (mm/mm)
D= Maximum deflection in the center of beam (mm)
L = Support span (mm)
d = Depth of beam tested (mm)

Both equations are taken from standard D790, according to which all the testing conditions
were respected. To calculate the modulus, we used the stress strain curve that was made using
force and displacement data. Using the trendline feature an equation can be developed in the

form:
Y=mx+c
Where:
Y = represents stress (o)
X = represents strain (g)
m = represents slope of the stress-strain curve which is actually the ‘Modulus’

¢ = represents constant

Finally, stress, strain, and modulus were found in the end.
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2.4.2: Tensile test

Figure 19: Tensile test configuration

Figure 19 above shows the DIC image of the tensile specimen during the tensile testing. When
the experiments are done, data is acquired from the acquisition system. After that, data is post-
processed, analyzed, and converted into (.mat) and (.csv) files. A MATLAB script is then used to
find the specimens' stress, strain, and modulus using (.mat) and (.csv) data acquired from the

acquisition system. Testing speed was 2mm/min.
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In the script, stress was calculated using the equation:

Fu=pmax /A [42]
Where:
F% = Ultimate tensile strength (MPa)
Pmax = Maximum force before failure (N)

A = Average cross-sectional area of specimen (mm?)

In order to calculate the modulus using stress-strain data ‘polyfit’ feature was used. Using a
polyfit feature a linear polynomial can be fit to the stress-strain curve and slope can be found,

that will eventually represent the modulus. Therefore, modulus can be calculated.

2.4.3: Compression test

Figure 20 below shows the testing configuration of compression test. UTM usually gives force
data, while strain or displacement data is generally captured by strain gauges to measure strain in

the specimens. The speed of testing was 1.3 £ 0.3mm/min.

Figure 20: Compression test configuration
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After the tests, load and strain data is acquired from the acquisition system. Stress can be
calculated using equation:

Gcompression = F/A [43]
Where:
Geompression = Compressive strength (Mpa)
F = Maximum compressive load (N)

A = Minimum cross-sectional area of specimen (mm)

Using slope of the stress-strain curve from stress-strain graph, modulus is calculated.

2.4.4: Shear test

Figure 21 below shows the shear testing at Instron 8801 along with DIC system. DIC helped

gather strain/displacement data and then used for analysis. The speed of testing was 2mm/min.

Figure 21: Instron 8801 along with DIC system during shear testing
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TR

Figure 22: Shear testing configuration

Figure 22 above shows the shear specimen as it is fixed between the jaws of testing

machine. After completing the experiments, data is collected from the acquisition system. Data is
post-processed, analyzed, and converted into (.mat) and (.csv) files. A MATLAB script is then
used to find the specimens' stress, strain, and modulus using (.mat) and (.csv) data from the
acquisition system.

In the script, stress was calculated using the equation:

F*=P"/A (a4
Where:

F" = Ultimate strength (MPa)
P! = Load at 5% engineering shear strain (N)

A = Cross-sectional area of specimen (mm?)

The area is calculated using the equation:
A=wxh
Where:
w = width across the notch of the specimen (mm)

h = thickness at the notch (mm)
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The “poly fit’ feature was used to calculate the modulus using stress-strain data. Using a poly fit
feature, a linear polynomial can be fit to the stress-strain curve, and a slope can be found that will

eventually represent the modulus. Therefore, modulus can be calculated.
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Chapter 3: Results and discussion

Results obtained from the analysis of data from experimentation are discussed below:

3.1: Bending test

3.1.1: 0° degree

Stress vs Strain
00
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Stress_pl Stress_p2 Stress_p3

Figure 23: Stress-strain curves for 0° specimens

Figure 23 shows that when the bending tests were applied on specimens where epoxy flows in 0°
direction, composite specimens showed around 187 MPa of mean stress. One of the specimens
also showed the highest stress, around 211 MPa. Curves of 2™ specimen and 3™ specimen are
superimposed. Both curves follow the same path. However, the strength in the 2" specimen is
more than the 3" specimen. The mean modulus was almost 7040 MPa. By analyzing the stress at
each specimen, one can see that there is not a significant difference in values of stresses among
the three specimens. Therefore, a mean stress of around 187 MPa is obtained at the end of the

analysis for specimens in which the flow direction of epoxy was 0°.
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3.1.2: 30° degree

Stress vs Strain
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Figure 24: Stress-strain curves for 30° specimens

Figure 24 shows that when the bending tests were applied on specimens where the epoxy flow
was at 30° with respect to the referenced 0° direction, composite specimens showed around 190
MPa of mean stress. One of the specimens also showed the highest stress, around 211 MPa. The
mean modulus was almost 7610 MPa. It is worth noting that stress increases in a 30° direction
and is more significant than in 0° direction. In most of the cases, it can be concluded that the
fiber-epoxy matrix is more potent in these specimens as compared to the samples of 0°. When
the fibers align themselves in the direction of the flow of epoxy, the strength of the composite
increases even more because the bonding is more robust. All three curves show different

strengths and unique mechanical properties. Therefore, a mean stress of around 190 MPa is

obtained at the end of the analysis.
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3.1.3: 60° degree

Stress vs Strain
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Figure 25: Stress-strain curves for 60° specimens

Figure 25 shows that when the bending tests were applied on specimens where the epoxy flow
was at 60° concerning the referenced 0° direction, composite specimens showed around 208
MPa of mean stress. One of the specimens also showed the highest stress, around 243 MPa. The
mean modulus was almost 7920 MPa. It is worth noting that stress increases in a 60° direction
and is more significant compared 0° and 30° directions. Moreover, a mean stress of around 208
MPa is obtained at the end of the analysis for specimens where the epoxy flow was at 60°
concerning the referenced 0° direction. Curves of 1% and 3" specimen are super imposed. They
have almost similar linear elastic behavior. However, the strength of 3™ specimen is 15% more
than the 1% specimen. From the results, it can be concluded that stress depends on several factors
and not solely on the flow direction of epoxy. The orientation of fibers and the population of

fibers in the specific region plays a vital role in the values of stresses.
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3.1.4: 90° degree

Stress vs Strain
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Figure 26: Stress-strain curves for 90° specimens

Figure 26 shows that when the bending tests were applied on specimens where the epoxy flow
was at 90° concerning the referenced 0° direction, composite specimens showed around 245
MPa of mean stress. One of the specimens also showed the highest stress, around 260 MPa. The
mean modulus was almost 9800 MPa. It is worth noting that stress increases in 90° direction and
is much larger than what the results show in 0°, 30°, and 60°direction Therefore, a mean stress of
around 245 MPa is obtained at the end of analysis for specimens in which flow of epoxy was in
90° concerning referenced 0° direction. So, out of all the directions, at 90°, maximum stress is
obtained, which is somehow a strange behavior of non-woven carbon composites. Since the flow
of epoxy was in 0° direction, one can imagine that maximum stress will be obtained in the
direction of the flow of epoxy. In 90° orientation stress was 24% more than in 0° orientation.
Maximum stress in 90° direction maybe because some specific configuration of fibers enhances
the composite's overall strength in this orientation. Moreover, it can also be said that the

specimens of 90° orientation have perfect fiber matrix composition, which enhances the
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mechanical properties of these specimens, which resulted in high stress compared to other

orientation.

Figure 27 Illustrates the breaking pattern of bending test specimens. It can be seen that single

fracture occurred in all orientations.

Figure 27: Specimens after bending test
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3.1.5: Comparison of bending stress at different orientations
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Figure 28: Bar chart showing bending stress at different orientations.

The bar chart in the Figure 28 shows that maximum stress is found to be in 90° orientation. There
1s no surprise in it because maximum force was required to rupture the specimens with 90°
orientation, so it can be concluded that these specimens will exhibit high mechanical strength.
Minimum stress was found in 0° direction while maximum stress was found in 90° direction. In
90° direction there is 24% more stress than in 0° direction. Although in the chart above, it is seen
that there is a difference in the values of stresses at different orientations, they are not too big. In
short, it cannot be concluded that solid or weak stresses exist in any specific direction. Overall,
the whole composite represents a balanced distribution of stresses. The stochastic nature of fiber
distribution, composition, and population of carbon fibers at specific locations and, of course, the
orientation considering the flow of epoxy play their role in determining the final mechanical

properties of these composites. To sum up, it cannot be concluded that there is only one factor,
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such as the orientation of fibers with respect to the flow of epoxy, but combined, many factors
contribute to the final strength of these composites. These mechanical properties vary from

composites to composites.

3.1.6: Comparison of bending modulus at different orientations
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Figure 29: Bar chart showing bending modulus at different orientations.

The bar chart in Figure 29 shows that the highest modulus was found in 90° orientation with
9800 MPa, while the lowest was in 0° orientation with 7040 MPa, which was 28% lower than in
90° direction. The bar chart of modulus looks the same as that of stress. It represents the
isotropic nature of non-woven composites where the mechanical properties are almost identical
in all directions without any significant difference. Therefore, the modulus in these composites

usually represents the average stiffness of the material. As the strength was higher in the 90°
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direction, the modulus was also higher because the strength usually influences the composite’s

modulus.

3.1.7: Comparison of bending strain at different orientations
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Figure 30: Bar chart showing bending strain at different orientations.

The bar chart in Figure 30 represents the values of strains at four different orientations. The
maximum strain was found in 0° specimens, while the minimum strain was found in 90°
specimens. Since minimum stress was found in 0° orientation, which represents that fiber matrix
composition was not so strong in that orientation to resist the applied load, maximum strain is
found in 0° direction as is indicated in the bar chart above. Sometimes, it also happens that
localized high strain can be obtained due to stress concentration regions, although stress in that

region is minimal. From the chart, it is also seen that 30° and 60° orientations have almost
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similar strains, thus indicating that the deformation of the material in these orientations is the

same.

Table 7 shows the mean force, mean stress, mean strain, and mean modulus in all four directions,

along with their standard deviations. Maximum bending force, maximum bending stress, and

maximum bending modulus were found to be in 90° orientation, while maximum bending strain

was found to be in 0° direction.

Stress
Angles 0° 30° 60° 90°
Mean stress (MPa) 186.6 190.3 208.1 245
STDEV 274 41.8 34.7 13.4
Modulus
Angles 0° 30° 60° 90°
Mean modulus 7039.6 7610 7920 9800
(MPa)
STDEV 450.4 1095.1 1358 990.3
Strain
Angles 0° 30° 60° 90°
Mean strain 0.0289527 0.024344 0.0240067 0.022739
STDEV 0.0042574 0.003929 0.001768 0.002521

Table 7: Mean force, mean stress, mean strain, and mean modulus at different orientations
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3.2: Tensile tests
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Figure 31: Stress vs strain at 0° degree

Figure 31 shows that when the bending tests were applied on specimens where epoxy flows in 0°

direction, the mean stress composite specimens showed around 112 MPa. One of the specimens

also showed the highest stress, around 115 MPa. The mean modulus was almost 7288 MPa. By

analyzing the stress at each specimen, one can see that there is not a significant difference in

values of stresses. All three curves show similar linear elastic behavior, while the curves of 1%
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and 3™ specimens are superimposed on each other. A mean stress of around 112 MPa is obtained
at the end of the analysis for specimens in which the flow direction of epoxy was 0°.
Consequently, there is a uniform distribution of stresses in all three specimens, which is also
evident from the above curves. In the initial part, curves also overlap, indicating the level of

similarity among the mechanical properties of these specimens.

3.2.2: 30° degree
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Figure 32: Stress vs strain at 30° degree

Figure 32 shows that when the bending tests were applied on specimens where the epoxy flow
was at 30° concerning the referenced 0° direction, the mean stress composite specimens showed

was around 116 MPa. One of the specimens also showed the highest stress, around 119 MPa. The
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mean modulus was almost 7962 MPa. It is worth noting that stress increases in a 30° direction
and is more significant than the results in a 0° direction. Linear elastic curves of 1 specimen and
34 specimen overlap each other. The difference in the mechanical strength of these three
specimens is less than 5%, which represents a high level of uniformity. A mean stress of around
116 MPa is obtained at the end of the analysis for specimens where the epoxy flow was at 30°
concerning the referenced 0° direction. Sometimes, the composites' manufacturing process also
determines the composites' final mechanical properties. These composites were manufactured
with a vacuum infusion process, so maybe there is more resin infusion in specific locations, so

the mechanical properties are enhanced, thus resulting in good mechanical strength.

3.2.3: 60° degree
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Figure 33: Stress vs strain at 60° degree
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Figure 33 shows that when the bending tests were applied on specimens where the epoxy flow
was at 60° with respect to the referenced 0° direction, the mean stress composite specimens
showed was around 119 MPa. One of the specimens also showed the highest stress, around 135
MPa. The mean modulus was almost 9250 MPa. It is worth noting that stress increases in a 60°
direction and is larger than the results in 0° and 30° directions. Therefore, a mean stress of

around 119 MPa is obtained at the end of the analysis for specimens where the epoxy flow was

at

60° concerning the referenced 0° direction. Among the three samples, linear elastic behavior of

two of them are very similar to each other, indicating almost the same values of the stresses.

3.2.4: 90° degree
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Figure 34: Stress vs strain at 90° degree
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Figure 34 shows that when the bending tests were applied on specimens where the epoxy flow
was at 90° concerning the referenced 0° direction, composite specimens showed around 148
MPa of mean stress. One of the specimens also showed the highest stress, around 162 MPa. The
curves of 1%t and 3" specimen exhibit a high degree of overlap, which is evident of similar linear
elastic behavior. The mean modulus was almost 11093 MPa. It is worth noting that stress
increases in 90° direction and is much larger than what the results show in 0°, 30°, and
60°direction Therefore, a mean stress of around 148 MPa is obtained at the end of analysis for
specimens in which flow of epoxy was in 90° concerning referenced 0° direction. So, out of all
the directions, at 90°, maximum stress is obtained. Figure 35 shows the specimens fractured by

tensile testing. Multiple fractures occurred in all orientations.

it

Figure 35: Specimens after tensile test
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3.2.5: Comparison of tensile stress at different orientations
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Figure 36: Bar chart showing tensile stress at different orientations.

The bar chart in Figure 36 shows the average mean stress at four different orientations. 90°
orientation exhibits the maximum amount of stress. Also, it is shown that 30° and 60° exhibit the
same value stresses, and the difference in the strength of these orientations is just 4%. 0°
orientation shows 24% less stress than 90° orientation. Moreover, it is pretty interesting that the
trend in the values of stresses in this bar chart that belongs to tensile is very similar to the one of
bending stresses. The results also indicate the isotropic behavior of the non-woven carbon
composites. As in non-woven composites, fibers are randomly oriented, so there could be regions

with high-stress levels and low-stress levels within the composite.
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3.2.6: Comparison of tensile strain at different orientations
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Figure 37: Bar chart showing tensile strain at different orientations.

The bar chart in Figure 37 shows the trend in strain is also like the one in the bending tests. At 0°
orientation, there is maximum strain experienced by the specimens, while at 90°, there is
minimum strain. In non-woven composites where the fibers are randomly oriented, isotropic
behavior is widespread, so whenever the strain is applied, there is almost similar deformation
experienced by the composite and, therefore, similar strain in nearly all directions. Maximum
strain at 0° shows that the fiber-matrix composition in that orientation was weaker, and it could
not resist the deformation well. One interesting outcome is the similarity in the strain values of
60° and 90° directions that are almost like each other. However, one can expect this behavior

while working with non-woven composites.
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3.2.7: Comparison of tensile modulus at different orientations
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Figure 38: Bar chart showing tensile modulus at different orientations.

The bar chart in Figure 38Figure 38 shows that the highest modulus was found in 90° orientation
with 11093 MPa, while it was 34% in 0° orientation with 7288 MPa. The trend is the same when
compared to the bending tests. However, in the case of tensile specimens with 90° orientation,
the modulus is relatively high compared to that in specimens with 90° orientation in bending
tests. In bending tests, the highest modulus achieved was around 9800MPa; in tensile tests, the
highest modulus achieved was around 11000MPa. So, tensile specimens show 11.6% more
stiffness than bending specimens. Therefore, in 90° orientation, the stress is also highest among

all directions, and modulus is also highest among all orientations.
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Table 8 shows the mean stress, mean strain, and mean modulus in all four directions, along with
their standard deviations. Maximum tensile stress and maximum tensile modulus were found to
be in 90° orientation, while maximum tensile strain was in 0° direction.

Error! Reference source not found. shows the specimens fractured by tensile testing.

Stress
Angles 0° 30° 60° 90°
Mean stress (MPa) 111.8 116.5 119 148
STDEV 34 3 17.7 12.2
Modulus
Angles 0° 30° 60° 90°
Mean modulus 7288 7962 9250 11093
(MPa)
STDEV 42.2 97.4 457.8 909.2
Strain
Angles 0° 30° 60° 90°
Mean strain 0.0159 0.0152 0.013 0.0133
STDEV 0.0002645 0.00055075 0.001562 0.0013428

Table 8: Mean stress, mean strain, and mean modulus at different orientations.
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3.3- Compression tests

3.3.1: 0° degree
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Figure 39: Stress vs strain at 0° degree

Figure 39 shows the compression test result applied on specimens with 0° orientation. Two
specimens were tested, and stress-strain curves were obtained. The first specimen shows a
maximum stress of around 88 MPa, while the second specimen shows a maximum strength of
approximately 131 MPa. One can expect such behavior in nonwoven composites where there is
significant variation in the level of stresses in different locations. This trend is usually due to the
non-random fiber orientation in the laminates. However, considering these two specimens, the
difference in the stress value in the two specimens is enormous. Therefore, it is tough to predict
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what possible strength can be achieved with this orientation. It can be expected that more or less
around 100 MPa stress can be seen in this configuration. Substantial differences between these
results also put a question mark on the inconsistency during the tests or in the material of the

specimens. There could also be other variable factors that affected the results significantly.

3.3.2: 30° degree
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Figure 40: Stress vs strain at 30° degree

Figure 40 shows the results of the three specimens that belong to 30° orientation. 1%, 2", and 3™

specimens show around 115.5 MPa, 115.7 MPa, and 126.5 MPa stress, respectively. The overall
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average stress of this orientation is around 119 MPa, which is considerable. The stress-strain
curve for the 1st specimen does not relate to the other two samples, but it is linear. Curves of 2™
and 3" specimens are superimposed on each other during the initial stage of the test, indicating
that the samples' behavior to the compression load was the same. But they start to deviate as the
test proceeds to end. The result shows the consistency in the mechanical properties of 2" and 3™
specimens. Results also indicate the change in the homogeneity of the material. The distinct
material response in the first specimen may be due to the non-uniform material properties. With
the nonwoven carbon composite, the fibers' orientation also impacts the mechanical behavior of
the specimens. Variations in the distribution and orientation of the fibers may lead to the

difference in these stress-strain curves.

3.3.3: 60° degree
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Figure 41: Stress vs strain at 60° degree
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Figure 41 shows the results of compression test on three specimens that belong to 60°
orientation. 1%, 2", and 3" specimens show around 134 MPa, 144 MPa, and 158 MPa stress,
respectively. Three curves shown on the graph have predictable material behavior. Three
specimens have the same linear stress-strain curves, indicating a high level of consistency, which
is a positive sign. Results show that three specimens lie in the linear elastic region, which means
that they are elastically deformed, and when the load is removed, they will return to their original
shape. Many materials show this type of behavior, and also composites show this behavior.
Curves of 1%t and 3" specimen coincide perfectly during the initial stage of test, but they start to
deviate as the test proceeds to end. However, one different thing is the level of strength shown
by the specimens under a compression load, as one of the specimens shows higher stress of
around 158 MPa, which could be due to many factors, such as differences in the mechanical
properties of the composite at different locations, resin content and also the orientation of fibers

at specific location considering that we are working with non-woven carbon composites.

3.3.4: 90° degree
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Figure 42: Stress vs strain at 90° degree
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Figure 42 shows he results for specimens that belong to 90° orientation. 1%, 2", and 3™
specimens show around 116 MPa, 124 MPa, and 133 MPa stress, respectively. The mean stress
of specimens oriented at 90° is less than that of specimens oriented at 60°. All three specimens
show linear elastic behavior, but there is substantial variability in the mechanical properties of
these specimens. Mechanical properties in these specimens are greatly influenced by fiber
orientation, fiber density, and fiber-matrix composition. For the 2" and the 3¢ specimens, it can
be seen that the curves almost extend in the same liner elastic region at the beginning of the test.
Toward the end of the test, the curve for the second specimen bends, indicating a transition from
linear elastic deformation to plastic deformation, or it also shows the onset of material yielding.
At the yielding point, the material deviates from its elastic behavior and undergoes plastic
deformation, meaning it will not return to its original shape. Figure 43 shows the specimens after

compression tests. Most of the specimens undergo multiple fractures.

66



3.3.5: Comparison of compression stress at different orientations
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Figure 44.: Bar chart showing compression stress at different orientations.

Figure 44 represents the average value of stress at four different orientations 0°, 30°, 60°, and
90°. Specimens oriented at 30°, 60°, and 90° show stress of about 119 MPa, 145 MPa, and 124
MPa, respectively. The minimum stress is shown by the specimens of 0° orientation with around
110 MPa, which is 24% less than the specimens in 60° orientation which exhibit the maximum
stress, which is 145 MPa. In all four orientations, different stresses are obtained. At 0° direction,
minimum stress is obtained, which indicates the lower load-bearing capability of the composite
due to the alignment of fibers with respect to the compression load. Moreover, with a 60°
orientation, it can be seen that it has high resistance to the compression load as it exhibits
maximum stress. For 30° and 90° orientation, the strength is almost the same with only 4%

difference in the values of stresses.
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3.3.6: Comparison of compression strain at different orientations

Strain

0.05
0.04
c 0.03
£
v 0.02
S
0
O degree 30 degree 60 degree 90 degree
Angles

Figure 45: Bar chart showing compression strain at different orientations.

Figure 45 represents the average value of strain at four different orientations 0°, 30°, 60°, and
90°. The values of strain for 0°, 30°, 60° and 90° directions are 0.01005, 0.03136, 0.0343 and
0.02087 respectively. The lowest strain was experienced in 0° orientation, while the highest
strain was experienced in 60° orientation. When comparing the strain results with that of stress, it
is noticed that maximum strain is obtained in 60° orientation where there is also maximum
stress, and minimum strain is obtained in 0° orientation where stress is also lowest. So, it can be
said results follow Hook's law, according to which the stress and strain follow a linear

relationship.
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3.3.7: Comparison of compression modulus at different orientations

Modulus

0 degree 30 degree 60 degree 90 degree

14000
12000

=
S
o
o

8000
6000
4000

Modulus (MPa)

2000

Angles
Figure 46 Bar chart showing compression modulus at different orientations.

In Figure 46, the bar graph represents the average value of modulus at four different orientations
0°, 30°, 60°, and 90°. The values of modulus for 0°, 30°, 60° and 90° orientations are 9734 MPa,
8852 MPa, 9000 MPa, and 10632 MPa respectively. Results indicate that the fiber orientation
and the direction of the flow of resin greatly influence the stiffness and modulus of the
specimens. Maximum modulus is shown by 90° orientation while minimum modulus is exhibited
by 30° orientation. Therefore in 90° direction which exhibit highest modulus there is 16.7% more
stiftness than in 30° orientation which exhibits lowest modulus. There are almost identical

modulus values for the 30° and 60° directions, with only 1.6% difference in their values of stress.
Table 9 shows the mean stress, mean strain, and mean modulus in all four directions, along with

their standard deviations. Maximum compression stress and maximum compression strain were

found to be in a 60° orientation, while maximum compression modulus was in a 90° direction.
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Stress

Angles 0° 30° 60° 90°

Mean stress (MPa) 109.6 119.2 145.2 124.3

STDEV 30.24 6.3 12.1 8.6
Modulus

Angles 0° 30° 60° 90°

Mean modulus 9734 8852 9000.3 10631.7

(MPa)

STDEV 749.5 2095 902.5 5940.4

Strain

Angles 0° 30° 60° 90°

Mean strain 0.01005 0.03136 0.0343 0.02087

STDEV 0.00417 0.00502 0.00396 0.00688

Table 9: Mean stress, mean strain, and mean modulus at different orientations.
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3.4: Shear tests

3.4.1: 0° degree
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Figure 47 represents the stress-strain behavior of the specimens tested for shear load. The results
show that both of the specimens show similar behavior. One of the specimens shows around 82.7
MPa of stress, while the other sample shows around 81.9 MPa, which is not a big difference.
There is not only similarity in the values of strength but also in the shapes of the curves. Both
curves show similar linear elastic behavior and are identical in form. This corresponds to
homogeneity in the material's composition and indicates a high consistency in material properties

and testing conditions. Results also suggest that the strength values in this case are free from
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Figure 47: Stress vs strain at 0° degree
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anomalies; they are reliable to use for specific applications. Also, one can predict that the fiber

orientation in these specimens will be similar, corresponding to identical strength values.

3.4.2: 30° degree
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Figure 48: Stress vs strain at 30° degree

Figure 48 represents the stress-strain behavior of the specimens tested for the shear load. The
stress values for the 1st, 2nd, and 3rd specimens are 77.3 MPa, 83.6 MPa, and 75.4 MPa,
respectively. In general, all the three strength values are closely related. For the first and second

specimens, linear elastic curves overlap. Both curves follow the same path from the beginning
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until the end. They almost follow the same trend. However, the third specimen's strength value is
similar to that of the first specimen, but their linear elastic behavior is different. For the first and
the second specimens, the material homogeneity and fiber orientations of the specimens will
likely be similar, which leads to constant stress-strain curves in the linear elastic region. The
results indicate satisfactory behavior, with two samples having almost identical trends. In
contrast, the third one has nearly the exact value of strength but with a different linear elastic

behavior.

3.4.3: 60° degree
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Figure 49: Stress vs strain at 60° degree
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Figure 49 represent the stress-strain behavior of the specimens tested for shear load. The stress
values for the 1st and 2nd specimens were 85MPa and 81.2MPa. There is no significant
difference in the importance of the stresses, so strength is similar in both samples, but the linear
elastic behavior of both specimens is different. It can be seen from the graph that both the curves
have the same linear elastic behavior at the beginning of the test, but as the test proceeds, the
change in linear elastic behavior is noticed. The strength of these two specimens is quite similar,
which means that fiber orientation and fiber-resin matrix have not impacted the strength of these
specimens. However, the difference may also be due to the manufacturing variabilities during the

process.

3.4.4: 90° degree
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Figure 50: Stress vs strain at 90° degree
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Figure 50 represents the stress-strain behavior of the specimens tested for the shear load. The
stress values for the 1st and 2nd specimens were 84.3MPa and 80MPa. As discussed in the
results of 60° orientation, the two samples have almost the same strength, but their linear elastic
behavior is different. So, the reason for this behavior can be similar to the previous one.
Variabilities in the manufacturing processes and the material's response to the applied load led to
such variations. This behavior is typical for nonwoven composites where fibers are randomly
oriented without any specific orientation. It is seen that both specimens respond differently to the
applied load. Results also indicate that although the two samples have the same strength, their
deformation response differs in the elastic region. The slopes of the curves for each specimen are
different, indicating each specimen's different elastic modulus. Figure 51 illustrates the

specimens that undergo shear testing.

75



Figure 51: Specimens after shear test
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3.4.5: Comparison of shear stress at different
Orientations
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Figure 52: Bar chart showing shear stress at different orientations.

In Figure 52 the bar chart shows the average mean stress of specimens at different orientations.
The specimens were tested for four different directions, 0°, 30°, 60° and 90° orientation with
mean stress of 82.3 MPa, 78.8 MPa, 83.1 MPa and 82.2 MPa, respectively. Specimens with 60°
orientation show the maximum strength value. The specimens for this orientation exhibited
higher resistance to the applied shear load. At 30° orientation, there is a minimum strength value
of 78.8 MPa which is only 4.2% less than the maximum stress value at 60°. The specimens at
this orientation showed less resistance to an applied load compared to the specimens at 60°. For
0° and 30° orientations, the strength is the same, which indicates a high level of homogeneity
and consistency in these two orientations. This high level of consistency in the results of these
two orientations show that specimen that belongs to these orientations have less variability in

manufacturing, and their fiber composition does not have any significant difference.
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3.4.6: Comparison of shear strain at different

Orientations
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Figure 53: Bar chart showing shear strain at different orientations.

In Figure 53 the bar chart shows the average mean strain of specimens at different orientations.

The samples were tested for four different directions, which were 0°, 30°, 60° and 90°
orientation with mean strain of 0.0249, 0.0265, 0.0235, 0.0265 respectively. Maximum mean

strain is exhibited by specimens at 30° and 90° orientations. At 60°, there is the total value of

strength, while at that orientation, minimum deformation is witnessed, and a minimum value of

strain is obtained.

78



3.4.7: Comparison of shear modulus at different

Orientations
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Figure 54: Bar chart showing shear modulus at different orientations.

In Figure 54 the bar chart shows the average mean modulus of specimens at different
orientations. The specimens were tested for four different directions, which were 0°, 30°, 60°,
and 90°, with a mean modulus of 3240 MPa, 2743 MPa, 3105 MPa, and 3335 MPa, respectively.
Specimens exhibit the highest modulus at 90° orientation, while specimens with 30° orientation
exhibit the lowest modulus. There is a slight difference of 2.8% in the strength values of 0° and
90° orientation, with 90° orientation showing higher strength than 0° orientation. This is
common for non-woven composites, whose fiber orientation and composition often determine
mechanical properties. High stiffness in 90° orientation indicates that fibers in these specimens

have enhanced the stiffness.

Table 10 below shows the mean stress, mean strain, and mean modulus in all four directions,

along with their standard deviations. Maximum shear stress is exhibited in 60° orientation.
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Maximum shear strain is found in 30° and 90° orientation, while maximum modulus is in 90°

direction.
Stress
Angles 0° 30° 60° 90°
Mean stress (MPa) 82.3 78.8 83.1 82.2
STDEV 0.5656 4.29 2.7 3
Modulus
Angles 0° 30° 60° 90°
Mean modulus 3240 2743 3105 3335
(MPa)
STDEV 169.7 358.1 757 672
Strain
Angles 0° 30° 60° 90°
Mean strain 0.0249 0.0265 0.0235 0.0265
STDEV 0.0002828 0.00257 0.00495 0.00071

Table 10: Mean stress, mean strain, and mean modulus at different orientations
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3.5: Optical analysis

A microscopic study of the fractured specimens was conducted to understand the mechanical
properties of the non-woven carbon composites by analyzing the fiber orientations and fracture.

A representative sample from each orientation was chosen and examined under a microscope.

3.5.1: Microscopic study of bending specimens

e (0° degree

Figure 55: Microscopic image of 0° fractured specimen

In Figure 55 the representative specimen belongs to 0° orientation that was tested for bending
test. It can be seen that fibers inside the composite are randomly oriented without any particular
sequence. There is no specific direction in which fibers are organized. Also, the fiber density and
composition are different in different locations. Looking at this specimen, it is clear that there is

no void formation on the surface, and no other cracks appeared other than the one in the middle

81



that leads to the fracture of the specimen into two halves. Moreover, the fracture was brittle, and
there was no fiber pullout at the fracture site. This is also indicative that fiber matrix bonding

was good, and there was no lack of adhesion.

e 30° degree

Figure 56: Microscopic image of 30° fractured specimen

In Figure 56 representative specimen belongs to 30° orientation tested for bending test. As is the
case of non-woven carbon composites, in this specimen, it can be seen how the fibers are
randomly oriented. These fibers are not arranged in random or quasi-random manner
intentionally, but they are naturally arranged in this manner within the composite. Sometimes,
local alignment may occur at specific locations, but it is scarce in the case of non-woven

composites. There is a dense population of the fibers in the region of fracture. Some fibers have
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different thickness and different lengths. This specimen undergoes brittle fracture, and there is no

evidence of fiber pullout in this specimen.

e 60° degree

Figure 57: Microscopic image of 60° fractured specimen

In Figure 57 specimen belongs to 60° orientation tested for bending test. Looking at the
specimen, it can be analyzed that the specimen exhibits non-random orientation of fibers as it
was depicted in 0° and 30° orientation. Fibers are seen to be aligned randomly without any
specific pattern. There is no evidence of voids on the surface, and there is no crack other than the
one in the middle that leads to the specimen rupture. Also, there is no evidence of delamination
in the fractured sample, so it can be said that there is no evidence of interfacial debonding. As

with the other two samples, this specimen also undergoes brittle fracture.

83



e 90° degree

Figure 58: Microscopic image of 90° fractured specimen

In Figure 58 the representative specimen belongs to 90° orientation tested for bending test. A
web of nonwoven fibers can be seen in the image. All the randomly oriented fibers are

intermingled into each other. This is the property of nonwoven random composites where the
fibers are randomly arranged. An epoxy matrix is visible in this image, as one can see a shiny

part at the fracture site. This is evident that the epoxy matrix has maintained its support and

cohesion in the composite. We can also say that the matrix has not deboned, which is a positive

sign for composite structure. Such composite structures have good strength between matrix and

reinforcement fibers. From the fracture, it can be analyzed that it was a brittle fracture. There was

no fiber pullout. The structure deformed plastically and leads to the fracture in the composite

specimen.
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3.5.2: Microscopic study of tensile specimens

e (0° degree

Figure 59: Microscopic image of 0° fractured specimen

Figure 59 shows the specimen that belongs to 0° orientation that are tested for tensile test. When
tested for tensile test, the specimen was fractured at three locations. In the image (a), non-woven
random fibers, which are randomly arranged, can be seen. A thick bundle of fibers also stretches
through the fracture in the image (a). Similarly, in the image (c), another cluster of fibers can be
seen. This clustering of fibers affects the mechanical properties of the composite, and in non-
woven composites, they can be visible in different locations. This may occur during the
fabrication process of non-woven fibers or sometimes during the manufacturing of non-woven
composites. These clusters of fibers arranged themselves in a non-random pattern to give the

composite unique mechanical properties.
Moreover, in this case, areas with high fiber content and regions with lower fiber content affect

the mechanical properties of the composites. This accumulation of fibers may increase the

strength of the composite at a certain level, but they also act as weak points due to the variation
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in fiber orientation. All three fractures in this specimen were brittle without any evidence of fiber

pull-out.

Figure 60: Microscopic image of 0° fractured specimen near the grip

Figure 60 shows the fracture that occurs near the grip of the 0° specimen; such fractures usually
occur due to localized stress concentrations. This could be due to surface irregularities, sharp

corners, and non-uniform clamping of the specimen.
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e 30° degree

Figure 61: Microscopic image of 30° fractured specimens

Figure 61 shows the specimen that belongs to 30° orientation tested for tensile test. When tested
for tensile tests, this specimen was fractured from 2 locations. It is hard to recognize fibers in
these images because they are very thin and short. In both cases, it can be seen that there is fiber
clustering near the site of fracture. In the image (b), some fibers can be seen oriented in different
directions. Irregular brittle fracture took place at two locations, and as in the previous cases, there

was no evidence of fiber pullout or delamination due to debonding.
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e 60° degree

Figure 62: Microscopic image of 60° fractured specimens

Figure 62 represents a specimen of 60° orientation tested for tensile test. When tested for tensile
test, this specimen was fractured from 2 locations. The difference between this specimen and
those of 0° and 30° orientation is that it was fractured near the grips. Both fractures took place
near the grips, and there was no fracture in the middle of the sample within the gauge length. It
could be because of the non-uniform loading condition, particularly in this specimen. It could
also be due to the misalignment of the grips that resulted in uneven stress distribution, which

leads to material rupture at the ends.

The reinforcement in this specimen is very randomly distributed, and there is no proper pattern in
which they are arranged. In the image (b), it can be seen that there is a fiber cluster near the site
of fracture. In the previous specimens, the fracture was in areas with a fiber cluster; in this
specimen, it’s the same. Similarly, in image (a), it can be seen that the fibers near the fracture site
are very random, and they form small clusters in different orientations. Their size and shape also
differ from the fibers at a distance from the fracture. These different orientations are also
responsible for the type of failure usually occurring in the composites because they influence the

fracture mode.
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90° degree

Figure 63: Microscopic image of 90° fractured specimen

Figure 64: Microscopic image of 90° fractured specimen
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Figure 63 and Figure 64 belong to 90° orientation tested for the tensile test. When tested for
tensile tests, this specimen was fractured from 2 locations. The two figures are not very precise
due to the rough surface of the specimen. Both of the fractures occurred within the gauge length.
In Figure 63 all the fibers seem to be of the same shape and size without any significant
difference, and their composition appears uniform. Moreover, in Figure 64 the fracture seems
more rigorous and severe. A small part of the composite has been separated from the specimen.
In Figure 64 a thin bundle of fibers can be seen near the fracture site. This trend is the same in all
fractured samples. Near the site of the fracture, there are fiber clusters. It can also be said that
these fiber clusters acted as weak points within the composite as the variation in their orientation
and their adhesion may have led to the formation of voids and defects within the composite that

may have led to fracture.

3.5.3: Microscopic study of compression specimens

o (0° degree

b)

Figure 65: Microscopic image of 0° fractured specimens

The Figure 65 represents the fractured 0° specimen tested for compression. The specimen breaks

at two locations near the middle of the gauge length. From the fracture, it can be determined that
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fractured occurred due to buckling and crushing of the specimen, so most of the features
appeared crushed. The fracture patterns also differ from those we saw in tensile fracture. In
compression-loaded tests, the fractures are more inclined or oblique than straight fractures. In
both images, fibers can be seen; these fibers are randomly arranged and oriented in different
directions. The size of the fibers in this specimen seems to be the same, and there is no variation
in their thickness. Usually, in compression tests, fibers inside composites are compressed at the
fracture site. However, Due to the complicated fracture pattern, it is difficult to see whether the
fibers are compressed at the fracture site. Other than the two primary fractures, there is no

evidence of any other fracture or crack. There is no fiber pullout, and fractures are ductile.

e 30° degree

b)

Figure 66: Microscopic image of 30° fractured specimens

Figure 66 shows the specimen that belongs 30° specimen. The sample breaks at two locations

near the middle of the gauge length. Two fractures exactly occurred in the middle of the gauge
length. The image (b) shows that the fracture was more rigorous and damaging than the one in
the image (a). In the image (a), the fracture resembles a brittle fracture. However, in the image
(b), the fracture is inclined and is a ductile fracture. So, at a distance of just a few centimeters,

we can see the ductile and brittle behavior of the composite. As with the non-woven random
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fiber composites, fibers in these specimens are also randomly organized. There is no clustering

of fibers in the sites of the fracture. Thin fibers can be seen oriented in different directions.

e 60° degree

Figure 67: Microscopic image of 60° fractured specimen

Figure 67 represents the fractured 60° specimen tested for compression. The specimen breaks at
just one location within the gauge length. A web of fibers can be seen as randomly organized.
The size and shape of the fibers seem to be similar, and they do not have any pattern. From the
image, it can be seen that there is a massive population of fibers randomly arranged at the
fracture site. The specimen experienced an inclined ductile fracture and no fiber pullout. At the
fracture site, white powder-like fragments appear that are evident that the fracture has led to the

breaking of the matrix. There was also no evidence of the other cracks or fiber pullout.
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e 90° degree

Figure 68: Microscopic image of 90° fractured specimen

Figure 68 represents the fractured 90° specimen tested for compression. The sample breaks at
just one location within the gauge length. From the fracture, it can be determined that the fracture
occurred due to buckling and crushing of the specimen. Many single fibers can be seen randomly
arranged at the site of fracture. This inherently random orientation is characteristic of non-woven
fiber composites, and they are oriented in unpredictable directions throughout the composite, as
seen in the image. The size and shape of the fibers also seem to be similar to each other. The

fracture was ductile without any fiber pullout.
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3.5.4: Microscopic study of shear specimens

e (0° degree

Figure 69: Microscopic image of 0° fractured specimens

Figure 69 represents the fractured 0° specimen tested for shear. The specimen breaks at two
locations within the gauge length. Shear samples usually fail due to sliding or shearing of the
layers. It is also evident in the image (a). In image (a), a brittle fracture occurred near the notch
in the middle of the specimen due to the sliding, where the stress concentration was already high.
In the image (b), the fracture occurred a few centimeters from the notch and was also brittle.
Some of the random fibers are also visible in the figure. Although the density of fibers is not
much, they can be seen stretching at different locations and are haphazardly oriented at different
angles compared to the shear direction. There was no fiber pull-out evidence of solid bonding
within the fiber matrix material. Figure 70 Figure 70 below shows two fractures that occurred in

the specimen after the shear testing.

94



==

MERES T

Figure 70: 0° Specimen fractured by shear testing.

e 30° degree

Figure 71: Microscopic image of 30° fractured specimens

Figure 71 represents the fractured 30° specimen tested for shear. In the image (b), the specimen

breaks near the notch, and this fracture continues till the other end. There was also a big crack
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image (a), that the other side of the notch, but it did not result in a fracture. The fibers are
randomly organized. There is no clustering of fibers visible in the specimen. Small and thin
fibers can be seen at the site of fracture. Many other short fibers can be seen in the sample at

different locations, which are organized haphazardly. Both fractures were ductile.

Figure 72: 30° Specimen fractured by shear testing.

Figure 72 shows the fracture and a crack that occurred in the specimen after the shear testing.
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e 60° degree

Figure 73: Microscopic image of 60° fractured specimens

Figure 73 represents the fractured 60° specimen tested for shear. The first fracture, image (a),
occurred near the notch, and this fracture continued till the other end. There was another crack in
the sample, but it did not result in a fracture. This crack was a few centimeters from the notch
and can be seen in image (b). Like all other nonwoven composite specimens, this specimen has
nonrandom fibers in different locations. In the image (a), near the fracture site, nonwoven
random fibers stretch across the fracture. In the image (b), small and thin clusters of fibers can be
seen across the crack, which is non-uniformly organized. The fracture was a ductile fracture. As
with all other shear specimens, this specimen also experienced the fracture in an inclined

direction, characteristic of shear fracture.

Figure 74 shows the fracture and a crack that occurred in the specimen after the shear testing.
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Figure 74: 60° Specimen fractured by shear testing.

e 90° degree

e,

Figure 75: Microscopic image of 90° fractured specimens

Figure 75 represents the fractured 90° specimen tested for shear. The specimen image (a) breaks

near the notch, and this fracture continues till the other end. There was also a big crack image
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(b), on the other side of the notch, but it did not result in a fracture. In both images, thick and

long fibers stretch through the fractures. Also, a web of tiny, dense fibers is randomly arranged in

different orientations near the fractures. It can be seen that long and short fibers are intermingled

into each other and placed in nonrandom patterns to form a web-like appearance within the

composite. The fracture was ductile and inclined, as with all other shear specimens.

Figure 76: 90° Specimen fractured by shear testing.

Figure 76 above shows the fracture and a crack that occurred in the specimen after the shear

testing.
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Chapter 4: Conclusion

This thesis aimed to understand the mechanical properties of non-woven carbon composites
made with epoxy resin matrix. composite laminates were manufactured using the vacuum
infusion process. Specimens were cut using a water jet cutting system according to ASTM
guidelines at four different angles (0°, 30°, 60°, 90°) with respect to the resin flow direction.
Four mechanical tests were performed: three-point bending, tensile, compression, and shear. For

tensile and shear tests, a DIC system was used to map strain on the surface of the specimens.

The results showed that for the case of bending and tensile tests, maximum strength was obtained
for specimens oriented at 90°. The bending test has shown at 90° a mean stress of 245MPa (
Figure 28 ) and a mean modulus of 9800MPa ( Figure 29 ). Moreover, in the case of the tensile
test, specimens oriented at 90° have shown a mean stress of 148MPa ( Figure 36 ) and a mean
modulus of 11093MPa ( Figure 38 ). In compression and shear tests, specimens oriented at 60°
have shown maximum stress, while specimens oriented at 90° have shown maximum modulus.
In compression and shear tests, 60° orientation resulted in maximum mean stress of 145MPa

( Figure 44 ) and 83MPa ( Figure 52 ), respectively. For compression and shear tests, 90°
orientation yielded maximum mean moduli of 10632 MPa ( Figure 46 ) and 3335 MPa ( Figure
54 ), respectively. One remarkable result is that the maximum modulus is obtained for specimens

oriented at 90° for all the mechanical tests.

For bending and tensile test results, the difference in the stress values, highlights the noteworthy
variations in the strength at different orientations as seen in Table 7 and Table 8. In the case of
shear tests, there is little difference in the stress values at four different orientations. Maximum
strength in the case of shear tests was shown by specimens oriented at 60° which was around 83
MPa. All four orientations for shear tests have exhibited almost the same stress, so for what

concerns random fibers composites, the effect of orientation can be negligible.

From the results obtained by the optical analysis on the fracture surfaces, it was possible to
understand the orientation of fibers in the samples in proximity of fracture. One representative

specimen for each orientation and for each mechanical test was analyzed. Optical analysis shows
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that fibers in specimens are randomly oriented. This randomness in the fibers' orientation affects
the composites' mechanical properties. It can either lead to isotropic or anisotropic properties,
which depend on the distribution of the fibers. Noteworthy is that, in the case of tensile tests,
fiber clustering was observed at the fracture site. Overall, it cannot be said that there is any
specific arrangement of fibers because fibers are non-uniformly distributed in the specimens.
However, a deep analysis with a more sophisticated microscope could yield more accurate

results.

In conclusion, future studies are oriented towards a simulation analysis of the mechanical

behavior of these materials so that the results can be compared to experimental values.
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