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The present study examines the impact of TiO, nanoparticles on the fa-
tigue behaviour of composite materials with internal or exterior cracks. In
order to guarantee that the TiO, nanoparticles are completely dispersed
throughout the base material, the nanocomposite material is created by
combining them with epoxy using an ultrasonic mixer, varying weight
percentages of particles as 1%, 2%, and 3% . The epoxy is supplemented
with TiO, nanoparticles. A single layer of woven roving glass fibre is add-
ed to the synthesized epoxy nanoparticles to create various hybrid nano-
composite materials, which have a consistent weight of 10% . After that,
lamellar hybrid composite nanomaterials are made by hand with a vacuum
device. Experimental specimens for tensile and fatigue tests are produced
in compliance with ASTM guidelines. According to the data, the hybrid
nanocomposite with the highest fatigue-stress limit is with 3% of parti-
cles. Additionally, it is generally noted that the stress behaviour of this
material is improved by the inclusion of TiO, nanoparticles.

Y oMy moCaimiKeHHI po3TyiAamaeTheA BILIWB HamouacTUHOK TiO, HA yTOMHY
TIOBEJIHKY KOMIIOSUTHUX MaTepiAJiB 3 BHyTpimHiMum abo 30BHiMIHiMu Tpi-
muaamu. I[lo6 rapaHTyBaTM MOBHE pO3MmOJijJieHHA HaHodacTmHOK TiO, mo
BCbOMY OCHOBHOMY MaTepisily, HAaHOKOMIIOSUTHHIII MaTepisa OyJio CTBOPEHO
MIJIAXOM TOEAHAHHSA MOT0 3 €MOKCUIHOI0 CMOJIOIO 3a JOIOMOTOI0 YJIbBTPasBY-
KOBOTO 3MilryBaua, 3MiHo0umn Ha piBHi 1%, 2% i 3% Barosi BigzcoTku Ha-
HouacTuHOK TiO, (1 emoKCcHAHY CMOJIy AOIOBHIOBaIu HuMH). [0 CMHTE30Ba-
HUX eIOKCHUAHUX HAHOUYACTUHOK OYJIO JOJAHO OOWH IIap IIJIETEHOTO CKJOBO-
JIOKOHHOT'O POBIiHIY (ZKTyTa 3i CKJIOBOJIOKHA, IO OJEPIKYETHCA ILIAXOM
3pOIyBaHHA KiJbKOX HUTOK) IJid CTBOPEHHSA DPiBHUX TiOPUIHUX HAHOKOM-
IMO3UTHUX MaTepisiiB, ski maiors critiky Bary y 10%. Ilicasa mporo BpydHy
3a MOIIOMOTOI0 BaKyyYMHOTO IIPHCTPOIO OYJIO BUTOTOBJIEHO IIJIACTMHYACTi Tib-
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PUIHI KOMOO3UTHI HaHOMaTepisiau. EKcrepuMeHTANbHI 3pasKu IJIsI BUIIPO-
OyBaHb HA PO3TAT i BTOMY BUTOTOBJEHO 3TimHO 3 pexkomeHmamiavu ASTM
(AMepUKaHCHLKOTO TOBAapUWCTBa 3 BUIPOOYBaHHA MaTepianiB). 3rigmo 3 gma-
HUMU, TiOpUAHUIN HAHOKOMIIOSUT 3 HAWBUIIIOI0 MeKel0 BTOMU MicTHUTHL 3%
yacTuHOK. KpiMm Toro, BHyTpimrHa MinHicTs (Iig uac HAIpY:KeHHS) IIbOTO
MaTepiany moJiniryeThesa 3aBASKM JoJaBaHHIO HaHOUuacTUHOK TiO,.

Key words: polymer, composite materials, crack, fracture mechanics, fatigue.
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1. INTRODUCTION

One of the major challenges in the marine energy industry is the ability
to predict fatigue failure of composite structures. High-cycle fatigue
occurs in many marine energy conversion devices; in particular, tidal
turbine blades, which are subject to an environmentally affected fa-
tigue load and, therefore, the corrosion fatigue capability is a life-
limiting factor. Glass fibre-reinforced epoxy-resin composites are fre-
quently used in the design of tidal turbine blades, and the primary fa-
tigue failure modes are delamination and fibre breakage [1, 2]. Other
researchers say that incorporation of a very small volume fraction of
nanofiller into the polymer enhances fatigue properties of some mate-
rials. Their data were supported by the high-cycle fatigue test by
Grimmer and Dharan, which were able to extend the high-cycle fatigue
life of the epoxy and glass fibres with the use of multi-walled carbon
nanotubes [3]. Khan et al. [4] asserted that adding nanoclay to carbon
fibre-reinforced plastic (CFRP) composites could improve the materi-
als’ fatigue life under cyclic loads, mechanical residual qualities after
a specific cycle-fatigue period, and mechanical properties under static
loading. The studies according to Pinto et al. [5] have shown that the
addition of TiO, nanoparticles can improve the fatigue fracture propa-
gation in the epoxy.

According to Wetzel et al. [6], enhancement of the epoxy fatigue-
fracture resistance can be improved by the addition of Al,O; nano-
particles. Research indicates that, in comparison with pure epoxy,
the fracture in dynamically loaded nanocomposites tends to crack at
a slower pace. Because of the silica-nanoparticles’ inclusion to the
epoxy polymer resin, the maximum fatigue stress was noted by Ajaj
et al. [7], while, at the same time, with reducing the brittleness of
the resin, fatigue life, and the composites’ surface roughness. The
impact of adding nanoclay on the fatigue behaviour of carbon fibre-
reinforced polymers (CFRPs) was investigated by Khan et al. [4].
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The collected results showed that adding nanoclay to CFRP compo-
sites enhances the composites’ fatigue behaviour for a given cycle-
load level, mechanical properties under static loading, and mechani-
cal features after a specific cyclic-fatigue period. Borrego et al. [9]
investigated the fatigue properties of composites composed of na-
noscale clay and multi-walled carbon nanotubes. Under tension—
tension loading, it has been discovered that both nanoclay and mul-
ti-walled carbon nanotubes raise the fatigue ratio, indicating that
they may inhibit the spread of fatigue cracks. Ansari and colleagues
[9] examined how the fatigue-life behaviour of fibre-reinforced pol-
ymer composites was influenced by factors such as fibre volume
percentage, fibre type, and fibre orientation. As concluded, fatigue
frequency first increases and then it decreases as the volume of the
fibre fraction increases up to a certain point.

At a length of 500 meters, C. Capela et al. [10] investigated the
fatigue life of an epoxy-based composite reinforced with carbon fi-
bres in different volume fractions ranging from 2% to 10%. The
fibre volume fraction increased up to 17.5% enhances stiffness,
tensile strength, and fatigue resistance by 140%, 52%, and 400%,
respectively, according to the data. Nevertheless, after that, me-
chanical qualities are slightly decreased. The behaviour of car-
bon/epoxy was examined by Amore and Grassia [11] in order to
predict static strength, fatigue limit, and residual strength of com-
posite under cyclic loadings of constant amplitude. It has been ob-
served that the model captures the hierarchical damage into specific
insights development as well as other important characteristics of
the composites’ reaction. By altering the fibre direction at three
distinct angles 0°, 45°, and 90°, Lee et al. [12] investigated the
high-cycle fatigue behaviour of glass fibre with a 30 wt.% implant
in polyamide 6,6. The results indicated that the glass fibre with a
0° direction had the highest fatigue life strength across all testing
conditions. Debonding, vacancies, and the formation of microcracks
at the fibre ends were blamed for the failure. Utilizing 60% long
carbon fibre-reinforced nylon 6,6 oriented at three distinct flow an-
gles 0°, 45°, and 90°, Bondy et al. [13] looked into how fibre direc-
tion affected the materials’ fatigue life. The results showed that the
intensity of fatigue stress decreased as the fibre flow angle in-
creased. The effects of epoxy resin and activated carbon powder at
various weight fraction ratios of 0, 5, 10, 15, 20, 25, 30, 35, and
40 wt.% on tensile properties were investigated experimentally by
Mustafa B. Hunain et al. [14]. The results showed that the tensile
strength magnitude increased up to 15 wt.%, when the activated-
carbon content was increased, but then decreased at 40 wt.%.

The current study examines how composite materials with internal
or exterior fissures behave during fatigue and TiO,-nanomaterials’
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impact. In order to guarantee that the TiO, nanoparticles were com-
pletely dispersed throughout the base material, the nanocomposite
material was created by combining them with epoxy using an ultra-
sonic mixer and varying weight percentages of particles as 1%, 2%,
and 3% . The epoxy was supplemented with TiO, nanoparticles too.
A single layer of woven roving glass fibre is added to the synthe-
sized epoxy nanoparticles to create various hybrid nanocomposite
materials, which have a consistent weight of 10%.

2. METHODOLOGICAL APPROACH
2.1. Materials

The polymeric substance, which was utilized for this study, is Ren
floor HT 2000 formulated in a transparent epoxy. One plate short-fibre
E glass E6-CR was used for reinforcement, and kraft adhesive tape and
wax were used for creation of the interior crack inside the plastic.

2.2. The Method of Work

After placing a glass beaker and a pot of hot water in epoxy beaker
and hardener, epoxy resin (Ren floor HT 2000) and hardener (HT
2000) are mechanically stirred for 10 minutes in a weight ratio of
2:1. The mixture was mechanically mixed using a mechanical mixer
(Model No. HE-133). The mound should then contain the mixture
and unidirectional fibreglass added. The inside crack dimensions
were of 10 mmx1 mmx1 mm, and two different techniques were
used to repair the crack, plastic sticky tape and wax. The manual
techniques involve cutting the tape or wax apart and then combin-
ing all the parts including pouring the sample with the inner crack

Fig. 1. Epoxy type (Ren Fig. 2. Fibre E glass (E6-CR). Fig. 3. Wax.
floor HT 2000).
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that is allowed with 36 hours of curing time. The moulder crack
(i.e., the dimension of the inner crack) is done concomitantly with
their hardening, which is done with a CNC-operated machine. Using
a CNC machine, the plastic moulds were in compliance with ASTM.

2.3 Fatigue Test

The HSM20-type Alternating Bending Fatigue Machine (Hi-Tech)
[15] was used. It was found that the instrument was situated at the
Department of Mechanics in the College of Engineering at the Uni-
versity of Technology (in the location shown in Fig. 5).

The specimen dimensions were created based on the instrument
guide. Six samples were evaluated for each composite, and the test
frequency was kept constant at 20 Hz with R=1, where R is the
ratio of the maximum to minimum stress. The materials were tested
at six different maximum stress values, starting from 80% to 20%
of the ultimate tensile stress [16]. Finally, in every situation, the
S—N-curve is plotted by charting the stress against the number of
cycles, and Fig. 6 shows the fatigue specimens after testing.

The fatigue tolerance of polymer composites is influenced by sev-
eral factors including, which type of matrix and which type of rein-
forcing fibre have been used, and how the structure among the two
metals is arranged as these are influential over the stress applied,
temperature and these afore-mentioned variables [17]. Seven repli-
cas of the same type are tested, and multiple loads are applied in
order to perform the fatigue test of the fabricated composite mate-
rials. All the loads are the same, whereas the structures of 42 spec-
imens differ and are being tested for fatigue in multi-tester setup.

The outcomes have been represented in the form of the S—N-
curves. These curves have been formed using the fatigue-test data,
which have been gathered, and a curve-fitting methodology, which
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Fig. 4. 5-mm-thick fatigue specimens Fig. 5. Bending fatigue machine
moulded using an HSM20 machine[16]. (University of Technology).
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Fig. 6. Samples from fatigue tests following failure.
has been applied to these curves.

3. RESULTS AND DISCUSSIONS

The estimation of how long the composite material has been in use is an
essential part; so, a Univariate Linear Model (ULM) analysis is con-
ducted. The results for the samples of epoxy (Ren floor HT 2000) and a

50 ® Pure epoxy
@ Epoxy + 1IF

45 ® Epoxy + 1F + external
3] { crack
g, 40 Epoxy + 1F + internal
= 35 crack (T}
& 30 ® Epoxy + 1F + internal
E.D crack (W)
=25 Power (pure epoxy)
B 20 —— Power (Epoxy + 1F)
B s ST~ —— Power (Epoxy + 1F

NS + external crack)

@ —
Z 10 :N\‘ -y —— Power (Epoxy + 1F
5 ° + internal crack (1))
w —— Power (Epoxy + 1F

% 500000 1000000 1500000 + internal crack (W})
No. of cycles

Fig. 7. S—N-curve without TiO,.

TABLE 1. Fatigue properties without TiO,.

Samples | R? | a | b
Free EP 0.9509 579.76 -0.319
EP +1F 0.9847 965.7 —-0.306
EP + 1F + external crack 0.9837 1165.7 -0.333
EP + 1F + internal crack (Tape) 0.9792 1082.4 -0.322

EP + 1F + internal crack (Wax) 0.9853 1289.4 -0.349
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single short E glass fibre plate (E6-CR) in the graphs illustrate the
changing number of cycles vs. fatigue-stress values. The tests were
performed in two cases to understand, if there were any nanomaterials
in this material, and in both cases as integrity.

We document the percentages of expansion and enhancement that
resulted after addition of TiO, nanoparticles to understand how the
incorporation of nanomaterials affects the composite materials,
which have internal or external cracks. These are evidenced by the
images in Figs. 7—11 and Tables 1-4.

Dynamic stress can be alleviated through TiO, nanoparticles. The
fatigue fracture propagation increase for the epoxy is discussed in
details with diagrams and tables. The tabletops show the increase of
dynamic stress by 3%. This is seen as a result of the addition of
3% scaffolding to the epoxy. The increased fatigue strength of the
hybrid nanocomposite material is enabled due to the interaction of
materials and components between added nanoparticles as well as
the slurry due to their huge surface area.

However, such adhesive strengthening can be combined with the
increase of volume concentration of the nanoparticles, which would
in turn have a negative effect on the fatigue strength of the prod-
uct.

® Pure epoxy + (1%)T

E + 1F + (1%)T

o E+1F + (1%)T +E.C
E+1F + (1%)T + I.C.T

e E+1F + (1%)T + LC.W

Power (Pure epoxy +

+ (1%)T)

— Power (E + 1F +

—_ +(1%)T)

— —— Power (E + 1F +

+(1%)T + E.C)

- - Power (E + 1F +
0 500000 1000000 1500000 +(1%)T + 1.C.T)

— Power (E + 1F +
+ (1%)T + 1.C.W)

®

Stress of fatigue, MPa

No. of cycles
Fig. 8. S—N-curve with 1% of TiO,.

TABLE 2. Fatigue properties with 1% of TiO,.

Samples | R? | a | b
Free EP + 1% TiO, 0.9888 266.84 —-0.233
EP + 1F + 1% TiO, 0.9903 1252.4 —-0.299
EP + 1F + external crack + 1% TiO, 0.995 1875.4 -0.345
EP + 1F + internal crack (Tape)+1% TiO, 0.9935 1522.5 -0.321

EP + 1F + internal crack (Wax) + 1% TiO, 0.9948 2378.5 -0.37
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Fig. 9. S—N-curve with 2% of TiO,.

TABLE 3. Fatigue properties with 2% of TiO,.

Samples | R* ] a | b
Free EP + 2% TiO, 0.9459 416.24 -0.277
EP + 1F + 2% TiO, 0.994 1249.1 —-0.308
EP + 1F + external crack + 2% TiO, 0.9956 1787.3 -0.348
EP + 1F + internal crack (Tape) + 2% TiO, 0.9939 1435 -0.325
EP + 1F + internal crack (Wax) + 2% TiO, 0.9946 2155.9 -0.37
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Fig. 10. S—N-curve with 3% of TiO,.

TABLE 4. Fatigue properties with 3% of TiO,.

Samples | R? | a | b
Free EP + 3% TiO, 0.9927 261.74 -0.224
EP + 1F + 3% TiO, 0.9713 1111.2 -0.278
EP + 1F + external crack + 3% TiO, 0.9754 1549.5 -0.315
EP +1F +internal crack (T'ape)+ 3% TiO, 0.9723 1327.5 -0.298

EP+1F +internal crack (Wax)+3% TiO, 0.9765 1743 -0.331
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Fig. 11. Fatigue-improvement percentages.

4. CONCLUSION

Results, which are regarded as less efficient than composite materi-
als without manufacturing flaws or internal cracks, show that the
existence of the internal or exterior cracks in composite materials
decreases their mechanical capabilities. We discovered that adding
nanoparticles improves the composite-materials’ ability to withstand
fatigue stress.
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