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Experimental determination of the static and fatigle strength of the adhesive joints
bonded by epoxy adhesive including different parties
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ABSTRACT:

Because of their many advantages, adhesively bgoded are intensively used in many engineering
fields. So, the mechanical research of the adhlgsh@nded joints is very important to use these
joints safely. There are many studies performedrdésearchers to investigate the mechanical
properties of the adhesive joints. There has beeonaiderable interest in nanoparticles added to
structural adhesives recently because nanopariitieove the mechanical properties of adhesives
and joints. In this paper, different nanopartickeisforced by epoxy adhesive, and neat adhesive wer
used to produce single lap joints. The static fatidue strengths of single lap joints incorporgtin
nanoparticles were compared to those without natiofes. Experiments were performed at 20 mm
overlap length. DP460 epoxy was used as the adhesaterial, and nano-&D;, hano-TiQ and
nano-SiQ were used as the nanoparticles; and AISI 304 Ie&snsteel plates were used as the
adherents. The results of the experimental reseseebaled that average failure load increased
significantly in nanoparticle-reinforced adhesieijs. The highest average failure load was obthine
with 4wt% nano-AJO;in epoxy adhesive. Fatigue tests were performed dtiz frequency, and 0.1
loading ratio (R). When the fatigue test resultsenexamined, it was observed that the additiomef t
nano-AbO; and nano-Si@to the adhesive increased fatigue strength ofathieesive joints, on the
other hand, the addition of the nano-Ti® the adhesive reduced fatigue strength of theside
joints.

Key words: A. Adhesion B. Single lap joints C. Particle-reirfement D. Strength E. Fatigue

1. Introduction

It is a rare occurrence that structures and modagineering components are subjected to
static loading only. The vast majority of partssinuctures are subjected to regular or irregulaticy
loads. For this reason, design analysts focus enfdliures that develop due to cyclic loads in
materials. In structural components exposed toicyahds, regular/irregular repetitive stressesuocc
based on loading type, and these stresses usaakyg ¢the component to fail due to fatigue [1].

With the development of adhesive technology aftex Second World War, the use of
adhesively bonded joints has increased signifigaftbr this reason, fatigue of adhesive joints has
emerged as an important research field. Especiaftgr the 1970s, the increase in use of adhesive
joints in the aerospace industry has increasedhtpertance of fatigue analyzes further.

It is known that the fatigue event develops dua twumber of defects and discontinuities in
materials and causes damage in materials. Thug ihalways a possibility of bonding of adhesive
joints at the bonding area, or in the adhesiverlaliese defects, which are not visible, causguati
damage when subjected to cyclic loading with tiri@erefore, in addition to determining the
mechanical properties of adhesive joints undercstaads, it is also vital to determine their faigy
behavior under cyclic loads. Mechanical parts agally exposed to dynamic and cyclic loads. Such
parts subjected to cyclic loads may experiencgdatifailure in time under stress values below their
static strength. So, it is important to determihe fatigue strength of the adhesive joints in t@ll i
aspects.

While investigating the static and fatigue stresgth adhesive joints, studies on the overlap
length, adherent thickness, adhesive thicknessngeg of joint, loading forms (constant amplitude,
variable amplitude), loading rate (R), frequenayface operations, temperature and environmental
conditions such as humidity, composite patch, liyfwint, etc. were carried out on the subject[2-7].



Recently, there have been some studies as notee biel the literature concerning the effect of
various nanoparticles, particularly those incorpegtain epoxy adhesives, on the mechanical
properties of the adhesive joints [8-11]. When ¢hatudies are examined; it can be seen that
nanoparticles have an important effect on the ma&chhproperties of the adhesive joints. As seen in
these studies, nanoparticles improve the propesfitse adhesive, despite the use of small amaunt i
the adhesives. Nanoparticles; while contributingsifpeely to thermal, electrical and thermos-
mechanical properties of adhesives, nanopartids iacrease the durability of adhesives against
environmental factors, and equip them with highewvatbsorber properties, and improve their aging
properties at the same time.

Meguid et al. [12] investigated the effef nanoparticles added in the epoxy adhesivéhen
static strength of the adhesive joints. In the wtwdrbon fiber and epoxy resin laminate substate
6061-T6 aluminum substrate were used as adhe@mdsDexter Hysol EA 9330 epoxy was used as
the adhesive; and carbon nanotube (CNT), aluminamnoipowder (ANP) were used as the
nanoparticles. The results showed that varyingwbight percentage of the nanoparticles into the
epoxy adhesive considerably influences the debgnaimd shear characteristics of the interface. The
results also showed that increasing the amouriteoh&noparticles beyond a certain weight fraction o
the adhesive decreases the interface strength.

Zhai et al. [13] studied the influendedifferent nanoparticles and surface roughnesshen
adhesion between epoxy adhesive and substratéhelrstudy, steel sheets were used to be the
adherent, epoxy adhesive of Pattex® Kraft-Mix adreegHenkel Adhesives Ltd.), a two-component
system was used as the adhesive; and najidAhano-CaC@ and nano-Si@Qwere used as the
nanoparticles. The results of pull-off adhesiortsteshowed that nano-&D; of the three kinds of
nanoparticles had the most influence on adhesrength. As the results showed that modified by 2%
nano-AbOs, the adhesion strength of epoxy adhesive on thfacgiabraded with 150# was visibly
improved by about 5 times.

In a study performed by Srivastava [Bébon/carbon-silicon carbide (C/C-SiC) composite
was produced. Multiwall carbon nanotubes (MWCNT#gd and unfilled epoxy resin were used for
bonding of composite substrates. The test resollicated that 3% MWCNT filled epoxy resin
bonded C/C-C/C and C/C-SiC-C/C-SiC substrates Hadher adhesive joint strength than those
bonded with epoxy resin alone.

In a study conducted by Mactabi et &8]] aluminum single lap joints were produced, gsin
carbon nanotube reinforced epoxy adhesive, andebbetrical resistance case of the joints was
monitored during fatigue loading. The conductivetwoek was obtained by carbon nanotube
reinforcement inside the adhesive. This study mtdid an in situ monitoring technique which is
promising in evaluating the integrity and predigtithne residual life of adhesively bonded single lap
joints subjected to fatigue loading.

In a study done by Kang et al. [16], static and dynamic strengths of adhesive joints
reinforced by carbon nanotubes were compared setbhbadhesive joints without carbon nanotubes.
Composite aluminum single-lap joints were produced their strengths were examined. The test
results showed that fatigue strength of the adbgsimts reinforced by carbon nanotubes increased,
in contrast to this, the static strength of theesilie joints reinforced by carbon nanotubes deetkas

In a study performed by Khashaba dilal, scarf adhesive joints (SAJs) withiahd 16 scarf
angles were manufactured. Carbon fiber composteraats and epoxy adhesive reinforced by nano-
SiC and nano-AD; were used to manufacture SAJs. The test resudiseththat the ultimate tensile
strengths of5° and 18 SAJs were respectively improved by 41.2% and 8fd€/SiC/E-SAJs and
22.5% and 26.5% foAl ,03-SAJ compared to neat epoxy-SAJs.

In a study conducted by Akpinar [18F thechanical properties of single lap joints reicéol
by nano-AlO; and nano-Ti@nanoparticles were investigated. When the restuitaitned from the
experiments were examined; it was seen that theiléefailure load increased with the use of
nanoparticle-added adhesives. Furthermore, wheriotite-displacement curves of the joints were
examined, it was determined that the displacemapadities of the adhesive joints reinforced by
nanoparticles also increased.

In a study done by Khashaba et al. [t fatigue performance of scarf adhesive joiSBIS)
reinforced by multi-walled carbon nanotubes (MWCNTs$ano-SiC and nano-AD; was
investigated. The scarf adhesive joints (SAJs) veaitgected to uniaxial static tensile and constant



amplitude fatigue loading. Results from fatiguetdeshowed that the fatigue lives of the modified
SAJs with MWCNTSs and SiC increased, while the fai¢jves of the modified AD; decreased.

In the study performed by Akpinar et [@0], nanoparticles were added to the adhesive to
increase the damage load of the adhesive jointstemglle and bending moment damage loads of
these joints were experimentally investigated. Tthst results indicated that the addition of
nanoparticles to the adhesive increased the tesrsildour-point bending damage load of joint.

In the study performed by Razavi et[al], the average shear strength and elongation at
failure of adhesively bonded single lap joints attd using nanoparticle reinforced adhesive were
studied. Different mixtures of two nanoparticles. isilica nanoparticles and multi walled carbon
nanotubes were added to the adhesive. The expeaalhresults demonstrated that adding the mixed
nanoparticles had a significant effect on the meidah behavior of single lap joints.

The aim of this work is to improve the mechanicadgerties of adhesive joints by adding
nanoparticles to the adhesive. In this study, naR®;, nano-TiQ and nano-Si® powders were
added to the epoxy adhesive to produce nanopartifdéorced adhesive joints, and unreinforced
adhesive joints were produced to compare static fatigue strengths of the single lap joints
experimentally.

2. Experimental work

2.1. Materials

In the experimental work, AlISI 304 stainless stkadet with a thickness of 2 mm was used as
an adherent material. For bonding, a two part DRty adhesive produced by 3M Company (St.
Paul, MN, USA), was used as adhesive. For the ratiofes in the adhesive, A, TiO, and SiQ
nanoparticles (Nanografi, Ankara, Turkey) having awerage size of 15-20 nm were used.
Mechanical properties for the adhesive and adheised in the experimental study are given in Table
1 and Table 2. The material properties of the nartagbes are presented in Table 3.

Table 1 Material properties of the adhesija2].
Table 2 Material properties of the adherend [23].

Table 3Properties of the nanoparticles [24].

DP460 Epoxy adhesive have differentrmigonditions. Curing condition used in this study,
and mixing ratio of the DP460 Epoxy adhesive i®gifable 4.

Table 4 Curing condition and mixing ratio of the DP460 [25]

2.2. Manufacturing of the single lap joints (S.Js)

2.2.1. Providing surface preparation of the adherent

AISI 304 stainless steel sheets with a thicknes8 wfm were cut by laser cutting method to
produce single lap test specimens of 120 x 25 mig. (E). Surface preparation is essential for
adhesively bonded joints to demonstrate high pevdoice. The bonding surfaces were abraded with
P80 grade emery paper to remove contaminants anougghen. Then, these eroded surfaces were
washed with powder detergent under tap water. Afteshing, bonding surfaces were cleaned by
means of acetone, following this, bonding surfasese flushed by tap water. Bonding surface
conditioning procedures were finished by drying dldberents by means of heated air.

Fig. 1.Single lap joint geometry

2.2.2. Preparation of adhesive materials
In this study, the method used by Zhaale[13] was preferred to add nanoparticles i
adhesive because similar nanoparticles were usedhlay et al. [13]; and stated this method’s



reliability and convenience. In this method, namtipies were directly added in epoxy adhesive and
mechanically mixed with a spatula around 5 min.Fig. 2, adhesive and nanoparticle weighing
procedure previous to mixing was demonstrated. Takemcomparison, neat adhesive was also
prepared.

Fig. 2. Thedetermination of adhesive and nanoparticle weight

2.2.3. Mounting of the single lap joints

To manufacture tensile and fatigue tepecimens of SLJs according to joint types,
nanoparticle-reinforced or neat adhesives wereiggppin the bonding area as seen in Fig. 3 and the
specimens were placed into the mold illustratedFign 4. The mold’s schematic diagram was also
illustrated in Fig. 5Three specimens were manufactured in the moldiatea

Fig. 3. The application of adhesive to adherents
Fig. 4. The mold used in the preparation of the SLJs sasmple

Fig. 5.Molding in the production of samples

Following this, in order to obtain a constant adlesayer and to ensure that the adhesive is
fully spread over the surfaces, pressure was applethe bonding area by weights shown in Fig. 6.
Pressure performed during bonding process incrahsesurface wetting ability of the adhesive and
affects the adhesive thickness. The adhesive tegsknecommended in the literature is 0.05-0.2 mm
[26]. In the experiments made with various adhesivethe literature, the curing pressure was taken
around 1 - 0.05 MPa [26]. In this study, curinggsuee of 0.4 MPa was applied to the bonding area
by means of weights placed on the bonding areaeShe pressure applied through the weight to the
bonding area is constant in all samples, the boral thickness is also constantly measured in all
samples. As a result of the measurement of thesaghéickness, the bonding line thickness of 0.4
MPa was calculated as 0.1 - 0.15 mm as a resutheofcuring pressure. In order to measure the
adhesive layer thickness, the thicknesses of this pa be bonded were measured separately using
digital calipers before bonding. After the bondipgpcess, the thickness of the bonding area was
measured and the adhesive thickness was calcligtedbtracting the thickness of the pieces to be
adhered. This thickness is between the recommewudks for the adhesive joints. The weights
placed on the adhesive joints were taken away aftdrours and the samples were removed from the
mold as shown in Fig..7The specimens were allowed to cure completely Aadays at room
temperature and they were ready for experiments.

Fig. 6. Applying weight to samples

Fig. 7. The samples removed from the mold subsequent togcprocess

2.3. Mechanical testing of 9.Js

A series of mechanical test were cargatito determine the effects of .85, TiO, and SIQ
nanoparticles added in the adhesive on the teasitk fatigue properties of SLJs. The boundary
conditions of the SLJs are shown in Fig. 8.

Fig. 8. The boundary conditions of the SLJs

2.3.1. Tensile tests of the SLJs

The tensile tests were performed with a Shimadzul &A50 kN testing machine (Kyoto,
Japan) (Fig.9) at ambient laboratory environmentjem 1 mm/min crosshead speed. The sample
types used in the tensile tests were shown in Tabl€en joint types were used to carry out the
experiments. In order to increase the reliabilifythee test results, three samples were produced for
each joint type, in total, 30 samples (10 jointetyp3: 30). The SLJs were carefully observed during



tests and the maximum failure loads and ultimaisike strains of SLJs were recorded. After thestest
the failure surfaces of samples were examined.

Fig. 9. Shimadzu AG-I (250 kN) tensile test device
Table 5 Joint and particle types for fatigue tests

2.3.2. Fatigue test of the 9. Js

The experiments were performed with & kOl computer controlled Shimadzu EHF-EV
(Kyoto, Japan) universal fatigue device (Fig. 10ambient laboratory environment. All the fatigue
tests were carried out under sinusoidal wavefonosstant load amplitude, frequency of 10 Hz, and
stress ratio of 0.1. These test procedures aremmended by ASTM D3166 and used by some
investigators [15,27]. To form the S-N curve, efgle of the SAJs was tested at four different stres
levels based on the average static strength. Ugatign-out was determined as tfcles. The sample
types used in the fatigue experiments were shovilrabie 6. Four joint types were used to carry out
the experiments. The weight percentages of nanolesrtwere used in this study selected according
to the tensile test results, and performed in shigly. In Table 7, the weight percentages used this
study related to the maximum failure loads wereashorl herefore, at least five samples were tested
for each stress level. 20 samples (4 stress lave@lexperiment) were produced for each joint type,
total, 80 samples (4 joint type x 20: 80). The Skdse carefully observed during fatigue tests dued t
number of cycles to failure of SLJs was recordeiterthe tests, the failure surfaces of samplegwer
examined.

Fig. 10.100 kN computer controlled Shimadzu EHF-EV univefaigue device

Table 6 Joint types for fatigue tests
Table 7 The maximum failure loads and the weight percergagehe nanoparticles

3. Results and discussion

3.1. Tensile test results of the S.Js

The experimental study was performed to investiglageeffect of the nanoparticles added in
the epoxy adhesive with different weight percensa(f®o, 4%, 6%), on the mechanical properties
involving the average failure loads and elongagibfailure.

Fig. 11 illustrated the failure loadstloé SLJs as a function of different weight peragas of
nano-AbOs;, nano-TiQ and nano-Sigin the adhesive. All the failure loads of reinfalgeints were
higher than unreinforced joints which were 5.28 k)X¢ept the joints reinforced by 2% $i@Vhen
the content was 4 wt% for ADs, the failure load was the highest, 10.42 kN, #ikife load increased
97% compared to unreinforced joints. When the gunteas 4 wt% for TiQ the failure load was the
highest, 9.87 kN, the failure load increased 86%hmared to unreinforced joints. When the content
was 6 wt% for SiQ the failure load was the highest, 10.09 kN, th#ufe load increased 91%
compared to unreinforced joints.

Fig. 11.Average failure loads of the SLJs reinforced byaaiO;, nano-TiQ and nano-Si®

Fig. 12 illustrated the load-displacement curveshef SLJs. When load-displacement curves
were investigated, it was seen that nanopartidlaeement to the epoxy adhesive increased the
displacement capacity of the SLJs. The displaceroapacity of all the reinforced joints increased
significantly compared to unreinforced joints. AHe maximum failure loads of the joints were
conformed to maximum displacement capacities ofidhs. It can be said that nanoparticles added
in the adhesive increases damage-damping capadbiitid the displacement capacity of the joints and
consequently the failure loads of the joints inseea

Fig. 12.Load-displacement curves of the joints



3.2. Visual examination of failed joints

The fracture surfaces of the failed ailreejoints are shown in Fig. 13. As it is seerFig.
13a, the failure of the unreinforced SLJs is irgteidl. However, as shown in Fig. 13b-d, the failure
mode of SLJs reinforced by nano8k, nano-TiOand nano-Si@Qare a combination of cohesive and
adhesive failures.

The active adhesive forces between tier@nt and adhesive material and cohesive forces i
the adhesive determine the strength of the joMteen the interfacial forces of interaction were
exceeded due to the applied forces, an interfacédk occurred and the adhesive—steel connection
failed. Therefore, for unmodified joint system lé@ae was at the interfaces because these forces wer
weaker than the cohesive forces and did not staedcapplied forces. However, for nano-modified
joint system, the addition of nanoparticle may f@ice the interfacial forces in some way [28].dnhc
be said that epoxy adhesive has a strong interautith steel substrate due to nanoparticles@4l
TiO,, SiO,) used in this study.

Simple visual examination demonstratétemnces in the fracture surfaces of nanoparticle
reinforced joints and unreinforced joints. Namelye single lap joints produced by nanoparticle
reinforcement have bigger failure load than uncéd joints, a larger bending moment is applied
on the joint at higher failure load, and crackgiiave from both ends of the overlap, producing
symmetrical halves of the failed joints (as it &8s in Fig. 13 b,d). The mentioned bending moment
above is based from the eccentricity of the sihggejoints. The eccentricity of the joint introdsce
bending. Because of the bending, the peel stressgbg near ends of the joint can be large, causing
joint failure.

Fig. 13. Fracture surfaces of the SLJs (a-unreinforced,iferced by AO; c-reinforced by Ti@Q d-
reinforced by SiQ)

3.3. Fatigue test results of the S.Js

In Fig. 14, the S-N curves of the SLds shown. As shown in Fig. 13, the endurance lohit
adhesive joints increased with reinforcement nah®@Aand nano-Sig) by contrast, with the
endurance limit of adhesive joints decreased wémforcement nano-Ti©Qas compared with
unreinforced joints.

When Fig.14 was examined, the enduréingeof adhesive joints unreinforced was measured
2.37 kN, the endurance limit of adhesive jointaf@iced by nano-AD; was measured 2.90 kN, the
endurance limit of adhesive joints reinforced by\odiO, was measured 1.85 kN, the endurance
limit of adhesive joints reinforced by nano-Si®as measured 2.64 kKN. According to these results,
nano-AbO; and nano-Si@reinforcement increased the endurance limit ofjtiets by 22.3% and
11.3%, respectively. In contrary, nano-}i®inforcement decreased the endurance limit ofdimes
by 22%.

Fig. 14. S-N curves of the SLJs (a-reinforced by.@Junreinforced, b-reinforced by Tiinreinforced, c-
reinforced by SiQunreinforced)

In the experimental study performed by Kang efl#], so as to investigate why the fatigue
strength of the adhesive joints with the carbonohames increased, crack initiation and propagation
of the adhesive joints were measured. Fig. 14 shbesrack length variation of adhesive joints with
and without 2 wt% carbon nanotubes. As shown in E&y cracking of the adhesive joint without
carbon nanotubes initiated at 1377 cycles and dliguie fracture occurred simultaneously without
any crack propagation time. However, the crackefdadhesive joint with carbon nanotubes initiated
at 18,596 cycles and the fatigue fracture occuate2b,297 cycles. From the test results of Fig.itl5,
can be concluded that the fatigue life of the amMegsint with carbon nanotubes is longer than tifat
the adhesive joint without carbon nanotubes becawweonly crack initiation but also crack
propagation time are large when the carbon nanstateincluded in the adhesive layer. Similarly, in
this study, the improving fatigue strength of thie]$ reinforced by nano-AD; and SiQ can be
related to this statement.

Fig. 15.Crack length variation of the adhesive joint [16].



3.4. Visual examination of failed joints

Fractured surfaces images were takesr &tigue tests of SLJs to investigate the fractur
modes. Fig. 16-19 illustrate the fractured surdaoé the SLJs after fatigue tests. Simple visual
examination demonstrated differences in the fracturfaces of single lap joints tested at high and
low maximum fatigue loads. It can be seen thabwakel maximum loads, the area of interfacial failure
increased. In contrast with this, it can be see # higher maximum loads, the area of cohesive
failure increased generally.

Fig.16.Fractured surfaces of the SLJs produced with ritedsive
(a-Pmax: 3,69 kN, b-Pmax: 3,17 kN,maR: 2,64 kN)

Fig.17.Fractured surfaces of the SLJs reinforced by nah@A
(2-Rax 4,22 kN, b-Rax 3,69 kN, c-Rax 3,17 kN)

In a study performed by Khoramishad et al. [29]s 1B possibly due to the fact that as the damage
evolution is slower in the low load case, thera iknger time for localized damage to take place
during the longer cyclic life.

Fig.18. Fractured surfaces of the SLJs reinforced by fid0n
(8-Rax 3,17 kN, b-Rax 2,64 kN, c-Rax 2,13 kN)

Fig.19. Fractured surfaces of the SLJs reinforced by &i@p
(2-Rax 3,17 kN, b-Rax 2,90 kN, c-Rax 2,67 kN)

4. Conclusions and suggestions

The experimental study was performethtestigate the effect of the nanoparticles adaed i
the epoxy adhesive on the mechanical propertieshimg the average failure load and fatigue
strength in single lap-joint geometry.

The results obtained were as follows:

» All the failure loads of nanoparticle reinforcednjis were higher than unreinforced joints
which was 5.28 kN, except the joints reinforcedby SiQ.

* When the content was 4 wt% for.8k, the highest failure load was obtained to be 1&M2
the failure load increased 97% compared to unreiefbjoints. When the content was 4 wt%
for TiO,, the highest failure load was obtained to be ®I8/the failure load increased 86%
compared to unreinforced joints. When the contesd & wt% for SiQ the highest failure
load was obtained to be 10.09 kN, the failure lvaeased 91% compared to unreinforced
joints.

* When load-displacement curves were investigatadas seen that nanoparticle reinforcement
to the epoxy adhesive increased the displacemeracity of the SLJs. The displacement
capacity of all reinforced joints increased sigrafitly compared to unreinforced joints.

* The failure mode of the unreinforced SLJs was okthito be interfacial; the failure mode of
SLJs reinforced by nano- &b, nano-TiOand nano-Si@Qwas obtained to be a combination
of cohesive and adhesive failures.

» After fatigue tests, it was seen that the endurdme# of adhesive joints increased with
reinforcement nano-AD; and nano-SiQ by contrast with this, the endurance limit of
adhesive joints decreased with reinforcement naf-Bs compared with unreinforced
joints.

* Nano-ALO; and nano-Si@reinforcement increased the endurance limit ofjtiets 22.3%
and 11.3%, respectively. In contrast with, nano,F&nforcement decreased the endurance
limit of the joints 22%.

» After fatigue tests, when failure surfaces werengrad, the failure mode of unreinforced
joints and nano-AD; reinforced joints were obtained to be interfaeitathe lower maximum
loads, however, at bigger maximum loads, it carséen that the failure was mixed type
(interfacial and cohesive).



» After fatigue tests, the failure mode of nano-J@&hd SiQ reinforced joints was generally
obtained to be interfacial both the lower maximwads and bigger maximum loads.

Since the fatigue tests took a long time, the ngxatios of the nanoparticles added into the
adhesive were fixed. These values were taken astios of the highest damage loads obtained in the
tensile tests and compared with the neat adheaivplss. In subsequent studies it will be useful to
experiment with varying nanoparticle mixture ratios
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Figure Captions

Fig. 1.Single lap joint geometry

Fig. 2. Thedetermination of adhesive and nanopatrticle weight

Fig. 3. The application of adhesive to adherents

Fig. 4. The mold used in the preparation of the SLJs sasmple

Fig. 5.Molding in the production of samples

Fig. 6. Applying weight to samples

Fig. 7. The samples removed from the mold subsequent togcprocess

Fig. 8. The boundary conditions the SLJs

Fig. 9. Shimadzu AG-I (250 kN) tensile test device

Fig. 10.100 kN computer controlled Shimadzu EHF-EV univefatigue device
Fig. 11.Average failure loads of the SLJs reinforced byaaiO;, nano-TiQ and nano-Si®
Fig. 12.Load-displacement curves of the joints

Fig. 13. Fracture surfaces of the SLJs (a-unreinforced,irferced by AOs; c-reinforced by TiQ d-
reinforced by SiQ)

Fig. 14. S-N curves of the SLJs (a-reinforced by.@Junreinforced, b-reinforced by Tiinreinforced, c-
reinforced by Si@unreinforced)

Fig. 15.Crack length variation of the adhesive joint [6].

Fig.16.Fractured surfaces of the SLJs produced with ritedsive
(a-Pmax: 3,69 kN, b-Pmax: 3,17 kN,maR: 2,64 kN)

Fig.17.Fractured surfaces of the SLJs reinforced by nah@®A
(2-Rax 4,22 kN, b-Rax 3,69 kN, c-Rax 3,17 kN)

Fig.18. Fractured surfaces of the SLJs reinforced by fid0n
(8-Rax 3,17 kN, b-Rax 2,64 kN, c-Rax 2,13 kN)

Fig.19. Fractured surfaces of the SLJs reinforced by &if
(a-Rax 3,17 kN, b-Rax 2,90 kN, c-Rax 2,67 kN)
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Table captions

Table 1 Material properties of the adhesijz?].

Table 2 Material properties of the adherend [23].

Table 3 Properties of the nanoparticles [24].

Table 4 Curing condition and mixing ratio of the DP460 [25]

Table 5 Joint and particle types for fatigue tests

Table 6 Joint types for fatigue tests

Table 7 The maximum failure loads and the weight percergagehe nanoparticles

TableMaterial properties of the adhesij&?].

. (MPa) 384+1.1
E (MPa) 1984 + 43
v 0,37
& (%) 4.7

o Ultimate tensile strength; E: Young's modulusPoisson’s ratio;
g Ultimate tensile strain

Tabléviaterial properties of the adherend [23].

o, (MPa) 515-720
s (MPa) 210

E (GPa) 190

v 0.29

£ (%) >50

o Ultimate tensile strengtle; Yield strength (MPa); E: Young's
modsilu: Poisson’s ratiog. Ultimate tensile strain

Table Broperties of the nanopatrticles [24].

Al,0, TiO, SIiO,
Average particle size 20 10-25 15-20
(hm)
szecn‘lc surface area 140 60 150-550
(m°/g)
Density(kg/m) 3900 4100 2200
Purity (%) 99 99 99,5

Table €£uring condition and mixing ratio of the DP460 [25]

Mixing ratio (Epoxy: Curing
A/Hardener:B) temperature/time
3M™ DP 460 AB=21 23C/24 hour

Table 5 Joint and particle types for fatigue tests

The weight ratio of the
nanoparticle in the

Joint type Nanoparticle

type adhesive (%)
NA Neat adhesive -
Al-2 Al,O4 % 2
Al-4 Al 0O, % 4
Al-6 AlL,O; % 6
Ti-2 TiO, % 2
Ti-4 TiO, % 4

Ti-6 TiO, % 6



Si-2 Sio, % 2

Si-4 SiG % 4

Si-6 SiG % 6
NKMeat adhesive; Al: ADs; Ti: TiOy; Si: SIO

Table 6 Joint types for fatigue tests
The weight ratio of

Nanopatrticle

Joint type type the nanoparticle in
the adhesive (%)

NA Neat adhesive -

Al-4 Al,04 % 4

Ti-4 TiO, % 4

Si-6 SiQ % 6

NA: Neat adhesive; Al,@%; Ti: TiO,; Si: SiO

Table 7 The maximum failure loads and the weight percergade¢he nanoparticles
The weight ratio of the

Max. failure load

Joint type nanoparticle in the adhesive
yp (F, kN) P )

Al-4 10.42 % 4

Ti-4 9.87 % 4

Si-6 10.09 % 6

Al: £&; Ti: TiOy; Si: SIO



HIGHLIGHTS

Behavior of nano-particle used in the adhesive joints was analyzed as experimental .

The effects of nano-particles were investigated in the single lap joints on the static and fatigue
strength.

Three type nano-particles are used to mix with adhesive.

The highest average failure load was obtained with 4wt% nano-Al,Osin epoxy adhesive.

It was observed that the addition of the nano-Al,O3 and nano-SiO, to the adhesive increased
fatigue strength of the adhesive joints.



