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This work investigates the fatigue behaviour and the mechanism of laligue failure ol an epoxy resin
with a dispersion of modified layered silicates in the polymer matrix. The fatigue properties are
very important lor siructural application of nanocomposile materials. Clay—epoxy nanocomposiles
were successfully synthesized with a commercially available 1-Methylimidazole curing agent. The
XRD and TEM findings demonstraied a paltern of clay morphology typically found in nanocompos-
ite syslems. The fatigue performance and fatigue failure mechanism of the clay—epoxy materials
were siudied under repetitive bending loads. The resulls showed that the fatigue life of filled epoxy
improved significantly at strain amplitudes below a lhreshold value. The E-SEM observations of the
epoxy and the clay—epoxy fracture suraces showed differenl patterns. In conclusion, the addilicn
of siticate strongly determines the fraclure mechanism and enhances the faligue performance.
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1. INTRODUCTION

Polymer nanocompusiles filled with layered silicates have
been swdied extensively in the last decade hecause of the
dramatic improvement in their performance with a silicate
addition of only 3 wi% or less."? Monimorillonite or
MMT. onc of the common silicates, is a crystalline, 2:1
layered cluy mineral in which a central alumina oclahedral
layer is sandwiched belween two silica letrahedral lay-
ers. The layers are separated by a regular spacing. which
is commonly lermed the gallery. The more expanded this
eallery distance. the betler the properties ol clay-polymer
nanocomposites, hecause the pelymer matrnix has intruded
10 i greater exlent into the Gller.

Two 1ypes of polymer aanccomposile struclures can
be obtained. namely imercalaled and exfolialed structures,
Intercaluted structures are tormed when a small incrense
ol the gallery distance occurs. On the other hand, exfo-
lialed structures are formed when the silicale layers are
well separated and individually dispersed in the polymer
matrix. Since the latler structure is more homogencous
than the former. exlolinted nanocomposites exhibil better
propertics. However, it is difficult 10 obtiin an exloliled
structure by iself. In Lact the majority ol studies show that
polymer nanocomposiles possess mixed structures or an
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intercalited  structure only.' That is, exfoliation rarely
scems 10 oceur compleiely,

It is reported 1hat the modulus. strength. and toughness
of different 1vpes ol cluy—epoxy syslems improve signif-
icantly with 1the addition of 5 wi% clay.** In struciural
application. latigue properties and fatigue failure mecha-
nism are significant. In the present study. the fatigue per-
formance and Lthe mechanism ol [atigue failure ol cpoxy
and clay—epoxy materials will he invesligaled.

2, EXPERIMENTAL DETAILS

The material used in the present work was Digly-
cidyl ether of bisphenol A/DGEBA resin {Araldile Algy
9708-1) purchased (rom Ciba-Geigy combined with
I-Methylimidazole (1-MI), purchased from Aldrich. as the
curing agent. The filler, which is a commercial MMT.
Nanomer L0, was purchased from Nanocor Inc.

The epoxy and clay powder were dried overmight at
50 °C in a vacuum prior to sumple production. Unflled
cpoxy specimens were made by mixing the epoxy resin
and 2.3 wi% hardener. Filled specimens were synthesized
by mixinz the dusired amount ol clay with epoxy resin u
(76 £ 1) °C using an overhead stirrer for 30 min: 2.5 wi%
of hardener was Lthen added 1nto the mixture and mixed in.
The blend was poured into release-agent-coated-aluminum
moulds with mylar-sheet-covered glass bases, then cured
at 160 °C for 2 hrs, and followed by a post-cure ar 180 °C
for 2 hirs.
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Fhe Gigue west sumples were prepared using triangular
moulds with o thichness of 4 mm. The wiangular sam-
ples were then ground psing sand paper ol 180 arid
follossed by 1200 grid, 10 obtain o homogeneous thickness
ol 3 m.

X-ray dilfraction (XRD) analysis was performed using
a Phillips PW 1130 senennor. A voltage of HE KV and
current of 25 mA were emplayed Tor Cu Ka radiation,
Measurements were performed ina cange ol 28 = 15307
tor the unfilled and tilled epuxy samples a5 well as the
dricd MNT powder,

Triunsmission clectron microscope samples were cut
using a Leica Reichert Ultracut S Microtome with a
Dintome diamond knife. which wax placed am an angle
of 6°. The 70 nm thickness ol sections were collecied
on hexagonal 300 mesh copper grids. The images were
obtained (rom a Phillips EM 420 Transmission Eleciron
Microscope (TEM), which was operated in bright licld
made qu 100 KV,

The faligue tests were carried out at ambient (emperi-
ture, using both an Instron machine for zero-cycle fatigue
tests and o cantilever-bending nyitchine. The [racture sur-
faces were observed using an Environmental-Scanning
Electron Microscope (E-SEM) FEI Quanta 200 cquipped
with EDX apparaws, This microscope was operated o
20 kV at a low vacuum mode.

3. RESULTS AND DISCUSSION

Epoxy based nanocomposiles were successlully  syno-
thesized by in-sine polymerisation. Four dilferent clay
loadings: 2.5 wi%. 3 wit@. 2.5 wist. and 10 wi%. were
prepared 1o produce the MMT-cposy syslems.

The structures of the specimens were examined by XRD
and TEM. A typical XRD pattern of MMT and cluy-
2poxy nanocomposites 15 shown i Figure 1{a). A powder
diffractogram of pure MMT. showing a sirong peak due
to the (001) reflection corresponding to o of-spacing of
2.2 nm. with the {002) and (101) peaks also quite evident.
The diffracirogrum ol the pristing epoxy and MM T—epoxy
materials are shown above the MMT XRD pattern. Tor the
MMT—epoxy nanccomposites only a very weak (001} peak
cun be observed indicating that this system is largely exfo-
hated for all clay contents. I is also clear thal the (101)
peik can be observed and its intensily increases with the
clay content. This shows thm XRD is sensitive enough to
detect the presence ol the organoclay, and that the (001)
of the clay is diminished relative 10 the {1G1) when in the
CpUXY.

Figure I(b) shows the TEM image ol the 2.5 wi%
MM [—epoxy materials which is illustrated a tvpical imiae
of vrganoclay in cpoxy. The images ol all MM T—cpoxy
samples exhibil o number of paralle]l organoclay layers.
I was calculated thar 1he average inter-layer distance was
between 4.2 and 1.1 nm for all ¢lay contents and a min-
imum layer distance ol 2.5 nom. This indicates that these
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materials possess i mixiure of exfelinted and intercalated
structure. where exfoliation is at best panial.

Figure 2 shows the fmigue lile ol the epoxy and MMT-
epoxy malerials, which in general. can be divided into
four dilferent areas of surain amplitude, The four arcis are
ihe sirain amiplitude for zero-cycle Fatigue: the high sirain
amplitudes with @ small numher of eycles: the medium
strain ampliades with a medium number of ¢cycles. where
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Fig. 3. E-SEM fmages of fracture suiface of eposy fa) on tie edge ard (b on the cemer ol Enigoe-leinded simples.

the plateaus oceur: and the low sirain amphiwdes with a
large number of cycles.

It cam be seen that the zero-cycele Taligue propeny (the
strain that can be withstood in a monotonic 1est) does
not improve significantly with clay addition. For the high
sirain amplitudes, there is an improvement of latigue
crndurance of the filled epoxy compared 1w that of the
unlilled epoxy. For the medium strain amplitudes, plateaus
occur and these platecaus show critical conditions. In this
region, there is no consislent patiern of fatgoe lite
improvement. For the low strain amplitudes, there is o sig-
nificant improvement of the fatigoe lite of the lilled cpoxy
compared o thm of the unfilled epoxy. 1t is obvious thal
the unfilled epoxy [uils al aboutl 42 million cycles and the
filled cpoxy does not Iail al up w 110 million cyceles,

Micro observitions of the epoxy and MMT—poxy ITac-
Lore surfaces cun be seen in Figures 3 and <, respectively.
Fizures 3{a) and {b) show siriations of the epoxy [rac-
twre surtace on the edge and on the comer, respectively,
A slrintion is o common Iracture pattern of & briule epoxy
material. It is clear that 1he striations are close together on
the edze of the fracture surtace angd considerably Turther
apart on the center of the [racture surlace, With a carelul

IPirture Wag = pf|
"'l"l N=ia "ra L8 Sl

examination, it suggests that the erack started from the
edge of the samples: the crack then propagaled 10 bath
sides along the edge {z-direction}. Then. the crack moved
towiurds the cenler in y-2 direction 1o the other edge until
the sample was Lolally broken.

Figures J(a} and (b) show the 2.5 wi% MMT—epoxy
lracture surluace on the edze and on the cenler, respectively,
Strimtions and clumps are observed in these images.
Comparing these images, the siriations on the edge and on
the cenler part ol the [racture surliee are similar, in which
Lthe crack propagated in z-direction. Morcover. comparing
Figures 3(a). (b). d¢a) and {bh), the mechanism ol failurc on
the e¢dge ol he lilled epoxy is similar 10 that ol the unfilied
epoxy. However, Lhe striation patierns and the directions
of the crack propagation on the centre part of the [faclure
surliaces between the unfilled and filled cpoxy muterials
are different. This indicates thit clay addition changed the
pattern of the striation and the direction of crack propa-
sation on the center purt of the sample. Moreover. clay
wddition alko changed the morphology of the material by
the appearance of the clumps. From EDX obscrvations, it
wits [ound that the clumps were clay agareantes in the size
range 7.6-14.8 pm.
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Fig, 4. E-SEM amages of Vrciire surlace of 2.5 wife MMT—eposy fad on the edge and th) on e center of Ttigue-loaded sumples.
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4. CONCLUSIONS

An aggregate-intercalated-exloliated  structure is formed
i the MMT—poxy nanocomposites. Clay addition gen-
crally improves the [aogue endurance for a given strain
amplitude, More notably, below o threshold amplitde.
lilled cpoxy has o fatigue endurance of about three times
higher than the unfilled epoxy.

The mode of lailure of vpoxy and clay—epoxy is sim-
ilar. which is Iracture behaviour typical ol britle cpoxy.
However, clay addition changes the morpholegy and the
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pattern of striation on the racture surliees as well as the
direction of erack propagation.
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