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Abstract The mechanical properties of epoxy/clay
nanocomposites were investigated in relation to the particle
size and shear stiffness state of the dispersed nanoplatelets.
The fracture toughness and the underlying toughening
mechanisms were thoroughly discussed in detail. For this
study, a highly pure synthetic fluorohectorite with large
lateral extensions (& 3.8 um) was used and compared to
natural montmorillonite characterized by significantly
smaller lateral extensions (/~400 nm). Moreover, for the
synthetic fluorohectorite, the subtle balance between layer
charge density and the hydration enthalpy of interlayer
cations allows for switching between a shear-labile and
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shear-stiff state, something impossible for the natural ma-
terial. To ensure optimum dispersion, solution blending
was followed by three roll milling for nanocomposite
preparation. The addition of all three types of clay used in
this study provoked a decrease in glass transition tem-
perature, which indicated a moderate interfacial strength.
The maximum increase in fracture toughness and strain
energy release rate was observed for the nanocomposites
prepared with the large and shear-stiff fluorohectorites at a
particle content as low as 2.2 vol%. Morphological inves-
tigations by scanning electron microscopy of the fracture
surfaces revealed the contribution of several micro-me-
chanical toughening mechanisms. In contrast to the small
natural montmorillonite, the large synthetic nanoplatelets
promoted additional energy dissipating mechanisms such
as crack deflection and crack pinning leading to an en-
hanced fracture toughness. These observations are dis-
cussed in details using fracture mechanical approaches.

Introduction

Epoxy resins are widely employed in various industrial
applications, which range from protective coatings to ma-
trices in structural fiber-reinforced composites for diverse
automotive and aviation components. Despite having sev-
eral advantages in terms of processing and mechanical
properties, epoxy systems suffer from high brittleness due
to the densely cross-linked network structure. Many at-
tempts to improve the inherently low fracture toughness
were carried out either by decreasing the network density
[1] or introducing rubber-based toughening agents [2].
Nevertheless, in most cases, the toughening of epoxy resins
was accompanied by a decline of both the elastic modulus
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and the glass transition temperature [2, 3]. In contrast to
these approaches, incorporating inorganic nano-particles
into the epoxy matrix provided a suitable solution to
overcome the low toughness without sacrificing the in-
herent matrix properties (i.e., strength). For instance, the
incorporation of spherical nano-silica (diameter ~20 nm)
led to a nearly two-fold improvement in toughness and
elastic modulus at 15.1 vol% particle content [4]. How-
ever, high filler contents are required to achieve such en-
hancements. In order to obtain a further improvement in
toughness and stiffness simultaneously, the use of platelet-
like nano-particles is favorable [5—7]. These nano-particles
provide a significantly larger lateral expansion in addition
to a high in-plane modulus, which can be transferred to the
matrix by an optimum interfacial adhesion [8—10].

Among the plethora of platelet-like nano-particles, the
layered silicates of the smectite family (e.g., natural
montmorillonite—MMT) emerge as suitable nanofillers
after an organophilization process. In order to improve the
compatibility of the hydrophilic layered silicates in the
polymeric matrix, the surface tension can be lowered by a
simple cation exchange with organic molecules. Most
commonly, alkyl-ammonium cations with various chain
lengths are used for organophilization [11]. For instance,
organo-modified MMT-filled epoxy nanocomposites
showed significant improvements in toughness (60 %) at
5 wt% clay content, though less pronounced improvements
in modulus (10 %) were achieved [12]. In many cases,
optimum dispersion of MMT tactoids was not achieved,
instead micron-sized aggregates were spotted. These ag-
gregates may be attributed to associated impurities and
amorphous materials such as iron- and aluminum-oxihy-
droxides in natural MMT deposits acting as binders [13].
Therefore, such natural fillers are difficult to be disaggre-
gated and even more to be completely delaminated [14].
Furthermore, due to their genesis, the charge density in
natural clays is heterogeneous, leading to a non-uniform
surface chemistry hindering the adjustment of the stiffness
state.

Synthetic layered silicates can be considered as suitable
candidate materials to overcome these drawbacks due to
their high purity and homogenous layer charge density.
Although a better and more homogeneous dispersion was
achieved, the improvements in toughness and/or stiffness
of such systems were comparable to natural
MMT/nanocomposites [5, 15]. The moderate fracture
toughness was related to proposed length-scale argument
by Kinloch and Taylor [7]. It was suggested that a mini-
mum particle size is required to promote on-plane tough-
ening mechanisms (i.e., crack pinning and deflection) by
effective crack/particle interactions. In this context, the
addition of 5 wt% non-modified mica, characterized by a
large lateral extension (50 pm), increased the fracture
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toughness two-fold alongside a moderate improvement in
modulus by 20 % [7].

Considering the upper mentioned length-scale argument,
the aim of the present study is to understand and quantify
the effect of particle size and shear stiffness on the
toughening of epoxy resins using different clay materials
and even more to evaluate the underlying toughening
mechanisms with respect to the particle size. To achieve
this aim systematically, as a common reference material,
natural montmorillonite characterized by a small lateral
extension (ca. 0.4 pm) with lower shear stiffness (hydrated
interlayer structure, named shear-labile) is used. Alongside,
synthetic fluorohectorites having bigger lateral extensions
(ca. 3.8 um) with lower (with hydrated interlayers, named
shear-labile) and higher shear stiffness states (collapsed
non-hydrated interlayers, named shear-stiff) were prepared
and used. A synthetic Na-fluorohectorite prepared in a melt
synthesis is applied. This filler is characterized by large
lateral extensions (ca. 3.8 um) and outstanding layer
charge homogeneity. The homogenous charge density al-
lows for a transformation between highly hydrated shear-
labile (lower shear stiffness) and a non-hydrated shear-stiff
state (higher shear stiffness) by simple cation exchange.
Due to its inhomogeneous layer charge density and amor-
phous impurities this transformation is not possible for
common natural MMT [16-18]. Consequently, the influ-
ence of stiffness state of the nanofiller on the mechanical
properties of the epoxy/clay nanocomposites was analyzed
in detail using the shear-stiff K-hectorite (O/K-hect) and
the shear-labile (O/Mg-hect).

These three types of layered silicates allow a systematic
investigation on the impact of the dispersed filler, in terms
of lateral extension and stiffness state—Ilabile or stiff—on
the mechanical properties, especially the fracture toughness
of the epoxy nanocomposites and the underlying tough-
ening mechanisms.

As a prerequisite to analyze the gained results, a ho-
mogenous dispersion, alongside the knowledge of the
particle size, is essential. For this reason, the strategy of
particle modification and dispersion is described in detail.
Furthermore, the results of the particle size analysis via
static light scattering (SLS) are presented in detail.

Experimental
Materials

Synthetic Na-fluorohectorite was prepared by melt syn-
thesis with an idealized chemical formula of Nags[Mg, 5.
Lig5]Si4O;0F,. The cation exchange capacity (CEC) was
determined to be 110 meq./100 g using the copper com-
plex method [19]. As described in the following, the
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Na-fluorohectorite was used to prepare the shear-labile Mg-
fluorohectorite (Mg-hect) and the shear-stiff K-fluorohec-
torite (K-hect) by cation exchange reactions.

As a smectite clay reference, natural MMT supplied by
Nanocor® (Illinois, USA) was employed. The clay has a
reported CEC of 125 meq./100 g, however, it was found to
be only 90 meq./100 g as determined by the copper com-
plex method.

Dodecylamine (97 %, Sigma-Aldrich) was used for the
organophilization of the hydrophilic layered silicates after
protonation with an equimolar of HCI (0.1 M). Magnesium
chloride (hydrated) and Potassium chloride were used for
cation exchange reactions (Griissing GmbH Analytika).
Analytical grade tetrahydrofuran (THF 99.9 %) and anhy-
drous ethanol (EtOH) were purchased from Sigma-Aldrich
and used as received.

Diglycidylether of bisphenol A epoxy resin, EPIKOT
Resin 0162 (Momentive Specialty Chemicals GmbH), and
methylhexahydrophtalic acid anhydride curing agent,
EPICURE™ Curing Agent 868 (Momentive Specialty
Chemicals GmbH), were purchased for the preparation of
the epoxy network. N,N'-Dimethylbenzylamine (99 %,
Sigma-Aldrich) was used to accelerate curing.

ETM

Tailoring the nanofiller properties

Maximization of aspect ratio and rendering the stiffness
state

In order to prepare the shear-labile Mg-fluorohectorite
(Mg-hect) and the shear-stiff K-fluorohectorite (K-hect),
the synthetic Na-fluorohectorite was, as an initial step,
transformed to a highly hydrated shear-labile state by a
cation exchange of the interlayer Na™ with Mg?" cations in
an aqueous suspension [16-18]. This Mg-hect with its
highly hydrated state in an aqueous dispersion was pro-
cessed in a stirred media mill in order to exfoliate the
nanofiller tactoids by applying mechanical shear forces.
After milling, the typical tactoid thickness was found to be
(10-15 nm) [18]. As a first approximation of the lateral
extension, the hydrodynamic radius obtained from SLS is
used [20].

Subsequent to the exfoliation process, half of the Mg-
hect sample was exchanged with K™ cations. After dehy-
dration, the obtained K-hect is in a shear-stiff, mica-like
state without intracrystalline reactivity [16]. In this col-
lapsed state, the interlamellar space of K-hect is no longer
accessible for organic molecules and the CEC value is at-
tributed solely to the external basal planes of the tactoids.
Consequently, the CEC value of K-hect was determined to
just 18 meq./100 g using the copper complex method [19].

An overview of all processing steps starting with the
synthesized Na-hect is schematically shown in Fig. 1a.

Organophilization of nanofillers

A standard procedure for organophilization was employed
for all three types of nanofillers (MMT, Mg-hect, and
K-hect). Cation exchange was carried with the amounts of
dodecylammonium chloride corresponding to the CEC of
each nanofiller [21]. First an aqueous solution of dodecy-
lammonium chloride was added slowly to an aqueous
suspension of the clay. The modification triggered floccu-
lation of the nanoplatelets in the aqueous suspension. These
flocculated nanoplatelets were centrifuged and washed
with a mixture of ethanol/water (1:1,,;) and subsequently
phase transferred into THF (Fig. 1b). The three employed
nanofillers and their specific properties are given in
Table 1. In order to distinguish the organophilized nano-
fillers, they are further referred with a prefixed O (O/MMT,
O/Mg-hect, and O/K-hect).

Preparation of epoxy/clay nanocomposites

For each type of nanofiller, a series of nanocomposites with
various clay contents (1.25, 2.5 and 5.0 wt%) were pre-
pared. In order to explain the observed phenomena, the
weight fraction is converted to volume fraction, consider-
ing the real filler content determined by thermogravimet-
rical analyses and the filler density.

As a general procedure for all three types of clay, after
organophilization, the nanofiller/THF suspension was
mixed with the dissolved epoxy resin by stirring it in a round
flask for 1 h. Then the solvent was removed in a rotary
evaporator under vacuum at 80 °C (Fig. 1b). Subsequently,
the anhydride hardener was added to the epoxy-nanofiller
mixture according to its stoichiometric ratio. The final
mixture (epoxy, hardener, and nanofiller) was processed
using a EXAKT ES8O three roll mill (Exakt Vertriebs GmbH)
to achieve an optimal dispersion prior to curing. The mixture
was fed directly to the first roll and sheared between the
gaps, after which the dispersion was repeatedly fed into the
machine for the next passage (Fig. 1c). During the dispers-
ing process, the adjacent rollers rotate at different speeds and
in counter rotational directions. A rotational speed of
300 min~" was fixed and the gap sizes were set to provide an
increase of the shear rates by a stepwise reduction of the gap
width for each passage (Table 2). The particle size distri-
bution was then determined after each passage using static
light-scattering measurements.

Subsequently to the three roll mill process, 1 wt% of
N,N'-Dimethylbenzylamine, as referred to the liquid matrix,
was added to accelerate the curing process. The mixture was
degassed under vacuum at 60 °C for 15 min and then cured
at 140 °C for 11 h in an aluminum mold coated with release
agent (Loctite Frekote 770-NC, Henkel AG & Co. KGaA) to
produce 4-mm-thick nanocomposite plates.
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Fig. 1 a Production of high aspect ratio shear-labile Mg-hect by
exfoliation in a stirred media mill and its subsequent cation
conversion into a non-swollen, shear-stiff nano-mica (K-hect) by
cation exchange, b selective organophilization of external basal

floccul

removal of TH Fjjj (c)
process in three roll mill

------------ water
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feed roll
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ation

planes of K-hect, phase transfer, and solution blending with the epoxy
resin, and ¢ dispersion of the nanofiller in the epoxy matrix using a
three roll mill in a continuous operation

Table 1 Nomenclature and properties of the three different employed organophilized nanofillers

Name of nanofiller Mean lateral extension (um)

CEC (meq./100 g)

State of shear stiffness Modification sites

O/MMT 0.4 90
O/Mg-hect 3.8 110
O/K-hect 3.8 18

Labile External and internal surfaces
Labile External and internal surfaces
Stiff Only external surfaces

Table 2 Processing parameters
of the three roll mill

1st gap distance (pm)

2nd gap distance (pum) Roll speed (rpm)

st passage 30
2nd passage 20
3rd passage 15

20 300
15 300
10 300

Characterization methods

Powder X-ray diffraction (PXRD) patterns were obtained
using Nickel-filtered Cu-Ko radiation (4 = 1.54187 ;\) ona
Bragg—Brentano-type diffractometer (PANalytical XPERT-
PRO, Spectris) equipped with an X’Celerator Scientific
RTMS detector. Textured samples were prepared by the
slow evaporation of clay suspensions in THF on planar glass
slides. PXRD patterns of the final nanocomposites were
obtained with powder samples obtained by grinding apply-
ing a pulversiette 14 cryo-grinder (Fritsch, 2 mm sieve).
PXRD patterns for these samples were obtained in trans-
mission geometry on a STOE Stadi P (Stoe & Cie) powder
diffractometer equipped with a MYTHEN1 K detector us-
ing Cu Ko, radiation (1 = 1.54056 A).

The amount of organic content in the different or-
ganically modified nanofillers as well as the nanofiller
content in the nanocomposites was determined by ther-
mogravimetric analysis (TGA). The measurements were
carried out using a TGA/STDA851e (Mettler Toledo). The
nanofillers were heated up to 700 °C and the cured epoxy
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nanocomposites up to 1100 °C under oxygen flow (50 ml/
min) at a heating rate of 10 K/min.

The particle size distribution was recorded for suspen-
sions of the nanofiller in THF (1 wt%) on a Horiba LA-950
static light-scattering instrument (Retsch Technology
GmbH). The refractive indices for nanofiller and THF were
chosen as 1.590 and 1.407, respectively.

The dispersion quality of the nanofiller in the epoxy
matrix was monitored using a LEO 922 A EFTEM trans-
mission electron microscope (Carl Zeiss AG), with an ac-
celeration voltage of 200 kV. Thin sections of 50 nm were
cut on a Leica Ultracut microtome (Leica Biosystems
GmbH) equipped with a glass knife. Fracture surfaces of
selected Kj. samples were analyzed using a Zeiss 1530
(Carl Zeiss AG) scanning electron microscope possessing a
field emission cathode for high-resolution micrographs
using an acceleration voltage of 1.5 kV.

Dynamical mechanical thermal analyses (DMTA) were
performed according to DIN EN ISO 6721-7 using an
Advanced Rheometric Expansion System (ARES RDAIII,
Rheometrics Scientific) in torsional mode. A sinusoidal
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deformation of 0.1 % with a frequency of 1 Hz was ap-
plied, from 25 to 200 °C at a heating rate of 3 K/min.
According to the standard, rectangular samples were used
(50 x 10 x 2 mm>). The glass transition temperature (1)
of the epoxy nanocomposites was determined as the max-
imum of the loss factor, tan 6.

Tensile tests were performed at 25 °C according to EN
ISO 527-2 using a universal testing machine (Zwick 1475,
Zwick GmbH & Co. KG) equipped with a 100 kN load
cell. The longitudinal and lateral strains were measured by
mechanical extensometers (BZ1-EXZW004, respectively,
BZ1-EXZWO014, Zwick GmbH & Co. KG). To determine
the Young’s modulus, a crosshead speed of 1 mm/min was
applied. For the tensile strength and the elongation at
break, a crosshead speed of 5 mm/min was performed.

The fracture toughness, in terms of the critical stress in-
tensity factor (Ki.), was determined according to ISO 13586
using CT specimens. The specimen width was w = 33 mm
and the thickness was d = 4 mm. For each sample, a sharp
crack was generated by tapping a new razorblade into the
machined V-notch. The tests were carried out using a uni-
versal testing machine (Zwick BZ2.5/TN1S, Zwick GmbH
& Co. KG). The crack opening displacement was measured
using a clip extensometer (632.29F-30, MTS Sensor Tech-
nologie GmbH & Co. KG). The critical stress intensity
factor was calculated using Eq. (1):

K= (%), 0
. w
where Fp,.x represents the maximum force required for
crack propagation, a is the initial crack length, and f (a/w)
is a geometrical term defined in the ISO 13586. In addition,
the critical energy release rates (Gy.) of the neat epoxy and
the epoxy/clay nanocomposites were calculated according
to Eq. (2):

K
Ge=T

(1=, (2)
where E is the Young’s modulus and v the Poisson’s ratio
of the nanocomposites as determined via tensile testing. In
order to gain a better understanding of the apparent fracture
toughening mechanisms, the diameter of the plastic zone in
the vicinity of the crack tip is calculated from Eq. (3).

Furthermore, the crack tip opening displacement (J,.) is
calculated according to Irwin [22] (Eq. 4) using the data of
the tensile and fracture toughness tests.

2
E’fl;y (1-7). (4)

dIrwin

5tc =

Plane strain conditions assumed for all

calculations.

were

Results and discussion

Preparation and characterization
of the organophilized nanofillers

In this chapter, the main results regarding the production
and exfoliation of the synthetic fluorohectorite are pre-
sented. Moreover, the organophilization process is ana-
lyzed thoroughly in terms of organic content and
intergallery distance of the modified clays.

As described in detail by Moller et al. [16], the synthetic
Na-hect allows a controlled transformation between a highly
hydrated shear-labile and a non-hydrated shear-stiff state by
a simple cation exchange of the interlayer Na™ cations with
Mg*" (Mg-hect), respectively, K™ (K-hect). This transfor-
mation is enabled by the subtle balance between layer charge
density and the hydration enthalpy of the different interlayer
cations in the synthetic clay [16]. On the contrary due to its
lower and more heterogeneous layer charge density this
transition between hydration states is not feasible for natural
MMT. In the shear-stiff K-hect, the interlayer space is no
longer accessible neither for hydration nor for cation ex-
change after collapsing and therefore organophilization is
restricted to external basal planes [16].

Organophilization achieved by modification of the ex-
ternal basal surfaces via cation exchange mainly serves two
purposes. On the one hand, the surface tension is lowered
in order to achieve a good dispersion of the nanofiller in
polymer matrix. On the other hand, the matrix-nanofiller
interaction is improved relative to the fillerfiller interac-
tion. By this, the load transfer at the interface is enhanced
and aggregation is minimized. Formation of aggregates
will of course reduce the specific interface area in the
nanocomposite and consequently will hamper potential
improvements of the nanocomposites properties.

Organophilization via cation exchange for both hydrated
fillers, natural MMT and Mg-hect, involves both external
and internal surfaces. The organophilized nanofillers were
termed as O/MMT and O/-Mg-hect. The complete ex-
change can be indicated by a shift in the basal spacing from
13.5 to 17.4 A and from 14.6 to 18.2 A for O/MMT and
O/Mg-hect, respectively (Fig. 2). Complete exchange of
inorganic interlayer cations in both O/MMT and O/Mg-
hect reduces the attractive Coulomb forces between the
silicate layers and thus the shear strength in the tactoid is
decreased.

Contrary to the hydrated fillers (O/MMT and O/Mg-
hect), due to the inertness of the interlayer in the shear-
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Fig. 2 PXRD patterns of the basal reflection (d(001)) of the employed nanofillers before and after organophilization

stiff K-hect, the modification is restricted to the external
basal surfaces. The organophilized K-hect (O/K-hect)
consequently shows no shift in the basal spacing (9.9 A)
which is typical for non-hydrated 2:1 layered silicates
(Fig. 2¢). This theoretically higher shear stiffness state is
expected to minimize any possible gliding of adjacent
layers, perpendicular to stacking direction under shear
loading [23].

Furthermore, the amount of organic content of the three
different organophilized nanofillers was determined by
TGA measurements. It was found to be 4.4, 16.7, and
15.8 wt% for O/K-hect, O/Mg-hect, and O/MMT, respec-
tively. The observed significant difference is another con-
sequence of the diverging intracrystalline reactivity of the
different nanofillers. Considering the amount of organic
content, the densities of the organophilized nanofillers were
determined to 2.1 g cm ™ for both O/MMT and O/Mg-hect
and 2.7 g cm > O/K-hect. These densities are used to de-
termine the filler content by volume.

Morphology and dispersion quality

Minimizing any possible aggregation and hence maximiz-
ing the specific interface between matrix and nanofiller is a

prerequisite for an optimized performance of nanocom-
posites. In order to analyze the effect of particle size it is
necessary to monitor the lateral extension of the different
nanofillers during nanocomposite preparation. Changes in
the particle size distribution during the dispersion process
in the three roll mill may serve as a first indication of the
degree of aggregation and were therefore monitored ap-
plying SLS. Prior to three roll milling, huge aggregates
were determined for O/MMT indicated by a multimodal
distribution (Fig. 3a). No detectable amounts of primary
platelets smaller than 350 nm could be observed. With
increasing numbers of milling passages applied, a con-
tinuing disaggregation occurs, yielding to smaller particle
sizes and a narrower distribution. However, a complete
disaggregation of O/MMT could not be achieved since
some aggregates are detected after the third passage. This
can be attributed to the iron- and aluminum-oxihydroxides
impurities associated with natural MMT deposits. On the
contrary, no aggregates were detected by SLS measure-
ments for the O/Mg-hect suspension before processing in
the three roll mill. Moreover, no significant breakage of the
large particles occurs during processing (Fig. 3b). The
same is true for the shear-stiff O/K-hect where again, upon
processing, no significant changes in the particle size

Fig. 3 Evolution of LV o ———— 100 )
cumulative, volume-weighted
particle size distributions 80
obtained by SLS for a O/MMT 80 1
and b O/Mg-hect in THF initial
suspension during processing in o 60 4 -7 N

. . > . 60 4
the three roll mill with respect = . =
to the number of applied S _ 1"passage g— .
passages o 401 2™ passage 40 A . initial

39 passage, . Ca
20 - . .- 1% passage
20 4 *--2™ passage
04 *-- 39 passage
uJ iJ iJ o b v v
0.1 1 10 100 0.1 1 10 100

Particle size distribution / pm
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distribution were observed. These results highlight the ef-
ficiency of the chosen dispersing method to achieve the
required homogenization and disaggregation of the nano-
fillers in the matrix while avoiding breakage of the
nanoplatelets.

Following the curing of the epoxy/clay nanocomposites,
PXRD patterns were obtained to monitor any possible
changes in basal spacing due to (partial) intercalation
(Fig. 4). Despite the significant dilution of the filler in the
matrix, leading to peak intensities, the basal spacings are
still clearly detectable and no shifts of the basal reflections
occurred during dispersion and curing (compare Fig. 2).
Consequently no additional swelling respectively interca-
lation of all three types of organophilized nanofiller oc-
curred during dispersion and curing. Additionally, the
PXRD results reveal a random particle distribution in the
nanocomposite powders since the basal reflection intensi-
ties are not enhanced as compared to the textured clay films
obtained in reflection mode (Fig. 2).

TEM permits a qualitative observation of the internal
structure of the nanocomposites through direct visualiza-
tion of the filler distribution in the matrix. Figure 5 shows
TEM micrographs of the nanocomposites at the highest
nanofiller content. For O/MMT-filled nanocomposites
(Fig. 5a), the processing technique yielded a homogenous
dispersion of mostly single O/MMT tactoids. Nevertheless,
as expected from SLS observations, few micro-aggregates
with an average particle size larger than 2 pm were iden-
tified. The presence of such aggregates reduces the specific
interface area significantly and consequently is expected to
be detrimental for the final nanocomposites properties.

,O/Mg-hect (18.2 A)

----- O/MMT (17.4 A)

O/K-hect (9.9 A)

!

normalized intensity / a.u.

T T T T
2 4 6 8 10 12

2 theta/ °

Fig. 4 PXRD patterns of the different ground epoxy/clay nanocom-
posites measured in transmission geometry

For O/Mg-hect- and O/K-hect-filled nanocomposites
(Fig. 5b, c), homogenously dispersed individual tactoids
were observed. Since the preparation process excluded any
drying steps, the formation of band-like structure aggre-
gates was avoided even for such large nanoplatelets.

Thermo-mechanical properties

Dynamic mechanical thermal analysis (DMTA) was used
to characterize the relaxation properties of the different
nanocomposites related to the type and content of the
nanofiller. It was seen that the glass transition temperatures
(T,) of the nanocomposites were reduced with increasing
the nanofiller content (Fig. 6). Comparing the influence of
the different nanofillers, the decrease in 7T, of the
nanocomposites filled with the small O/MMT was the most
pronounced. At the highest filler content (2.8 vol%), the
addition of O/MMT provoked a drop in 7, by 20 °C,
whereas the T, of nanocomposites filled with the larger
O/Mg-hect and O/K-hect was less influenced by the filler
content. At the highest content of O/Mg-hect (2.8 vol%), a
decrease in T, of only 11 °C was observed.

Comparable tendencies were revealed in similar studies
based on epoxy resins filled with organically modified
clays [5, 15, 24]. As an example, the 7, of an epoxy
nanocomposite filled with 5 wt% synthetic fluorohectorite
(Somasif ME 100) modified with dodecyl ammonium was
reduced from 133 to 116 °C [5]. As described by
Messersmith and Giannelis [25], the observed changes in
the glass transition temperature are related to the molecular
mobility of polymer chain segments at the poly-
mer/nanofiller interface. Consequently, the changes are
strongly dependent on both the quality of the interfacial
interaction and specific surface area [5, 26, 27]. In the
present study, the aliphatic dodecyl tail of the surface
modifier is too short to achieve any entanglements, and it is
not capable to form covalent cross-links with the ther-
mosetting matrix during curing. Therefore, a moderate in-
teraction between the polymer matrix and the nanofillers is
assumed. Due to the moderate interaction, the dodecyl
chains may act as steric spacers inducing a higher dynamic
of the polymer network around the filler. This consequently
increases the molecular dynamics of the polymer network
locally at the interface, leading to diminishing of the main
transition relaxation times of the affected polymer network.
As a result, an overall drop of T, is observed.

In order to analyze the influence of the particle geometry
on the glass transition temperature, the number of nano-
particles, ny, in a reference volume V. is calculated with
respect to the filler content, ¢, according to Eq. (5), where

Viup the volume of the nanoplatelets (mean value) calcu-
lated from the mean tactoid height, fzclay and the mean clay
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Fig. 5 TEM micrographs of epoxy/clay nanocomposites at the highest nanofiller content for a O/MMT, b O/Mg-hect, and ¢ O/K-hect
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Fig. 6 Glass transition temperature of the epoxy/clay nanocompos-
ites with respect to nanofiller type and content, assessed from tan &
maximum by dynamic mechanical thermal analysis

diameter, dcjay. As a mean value of /iy, a value of ten
times the intergallery distance is estimated. For all esti-
mations, the nanoplatelets were approximated as cylinders.

= ———— 5
¢f Tc'hday‘dz ( )

Ve 4.V,
np clay

At any given volume fraction, the number of O/MMT
particles is at least two orders of magnitude higher as the
number of the large synthetic fluorohectorites particles.
This fact is exemplarily shown for V.= 1cm’ and
¢ = 2.7 vol% in Table 3.

Furthermore, the surface area of the three types of
nanofillers is calculated according to Eq. (6). In the cal-
culation of the surface area, the lateral surface is neglected
since the front surface is more relevant for particle matrix
interactions [28].

2
Sctay.s = %dmy (6)

As expected the mean surface area of the small MMT
particles is lower as compared to the larger synthetic
fluorohectorites (Table 3). O/Mg-hect and O/K-hect have
the same surface area since these particles just differ in the
intergallery distance. However, in correlation with the
number of particles, the total surface area of all three types
of nanofillers is comparable. Consequently the drop in 7,
might not be related to different surface areas.

In order to deepen our understanding on the influence of
the nano-particle geometry on 7T, and the molecular mo-
bility, the affected volume in the vicinity of the nano-
particles (Fig. 7) was estimated considering the different
particle geometries. To simplify the rough estimation of the

Table 3 Estimated number of nanoplatelets, surface area, and affected volume for the different types of nanofillers

Type of Number of Mean surface per nano- Affect Mean affected volume Total affected

nanofiller particles® particle (m?) volume/particle per nano-particle (em) volume® (cm?)
volume

O/MMT 1.1 x 10" 2.5 x 1071 1.205 3.03 x 107" 0.0325

O/Mg-hect 1.4 x 10" 1.9 x 107" 1.023 1.97 x 107" 0.0276

O/K-hect 2.8 x 10" 1.9 x 107" 1.011 9.73 x 107" 0.0273

2 In 1 cm? at a filler content of 2.7 vol%

@ Springer



J Mater Sci (2015) 50:4845-4859

4853

Fig. 7 Schematic
representation of the affected
polymer matrix volume at the
interface between the nanofiller
and the cured epoxy matrix

affected volume, it was assumed that the affected volume
surrounding the nanoplatelets has a homogenous finite
thickness of 0.5 ﬁclay To estimate the thickness of the af-
fected volume more precisely, small angle scattering ex-
periments (SAXS and SANS) should be considered, which
do not fall within the aim of this publication. However, this
will effectively be a very promising perspective for this
work. In Table 3, the ratio of the affected volume to the
particle volume is given for the three different types of
clay. It is obvious that this ratio is the highest for the small
O/MMT nanoplatelets. The higher amount of affected
polymer network respectively interfacial volume is result-
ing in intensified molecular dynamics in the periphery of
the polymer/nanofiller interface. Hence the highest de-
crease in T, for the O/MMT nanocomposites observed is
plausible.

Mechanical properties
Tensile properties

Tensile properties for different epoxy/clay nanocomposites
were determined with respect to the type and volume
content of the nanofiller (Figs. 8, 9, 10). As expected, the
incorporation of nanoclays led to a significant increase in
the Young’s moduli as a function of nanofiller content
since the clay nanoplatelets possess higher moduli than the
neat epoxy matrix. The presence of the nanoplatelets sig-
nificantly restricts the mechanical mobility of the polymer
network globally. This effect is more pronounced at higher
filler contents since the interaction of the stress fields
around the nano-particles, respectively, the formation of a
continuous interphase becomes more probable.

At a given volume content, the aspect ratio is the key
factor influencing the nanocomposite stiffness as expressed
by the Halpin—Tsai equation [29]. The synthetic nanofillers
(O/Mg-hect and O/K-hect) have significantly higher aspect
ratio (up to 430, respectively, 860) as compared to the
natural O/MMT nanofiller (up to 35). This leads to higher
moduli at lower volume fraction (Fig. 8). It is noteworthy

interface
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Fig. 8 Young’s modulus of the different epoxy/clay nanocomposites
with respect to the nanofiller content

100
80 E -
o
£ ] m_z ;% |
S [] L A
§ 60 L -
(<))
g - -
A
G 40 - _
2
g 4 4
8 20 @ neat -
A ONMMT
4 & O/Mg-hect J
® O/K-hect
0 ) ' I ' I M )
0 1 2 3

nanofiller content/ vol. %

Fig. 9 Tensile strength of the different epoxy/clay nanocomposites
with respect to the nanofiller content

to mention that both O/Mg-hect and O/K-hect have the
same lateral extension but two different interlayer dis-
tances, consequently, they differ in the tactoid height (h) as
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Fig. 10 Elongation at break of the different epoxy/clay nanocom-
posites with respect to the nanofiller content

shown in Fig. 2. Therefore, O/Mg-hect has a lower aspect
ratio as compared to O/K-hect. Accordingly, the most
significant improvement in the Young’s modulus was ob-
served for the O/K-hect filled epoxy nanocomposites due to
the highest aspect ratio. Furthermore, the higher shear
stiffness of the tactoids has a favorable influence.

The increase in Young’s Modulus is achieved never-
theless at the expense of tensile strength (Fig. 9) and
elongation at break (Fig. 10). Similar observations for a
decrease in tensile strength and elongation at break were
reported in literature [5, 15, 30]. For instance, incorpora-
tion of organophilized hectorite (Somasif ME 100) in an
epoxy matrix reduced the tensile strength significantly even
at low volume fraction [5]. This reduction was attributed to
various phenomena including micron size agglomerates [5,
15], heterogeneous network density [30], or a weak epox-
y/clay interface adhesion [31].

As seen in the TEM micrographs (Fig. 5), the prepared
samples show little to no aggregates due to the optimized
dispersing technique. Furthermore, a slight change in the
network density in the vicinity of the nanofiller is expected
due to moderate interaction between the nanofiller and the
matrix. In this case, the decrease in tensile strength is most
probably related to stress concentration at the sharp tactoid
edges resulting in flaws within the interface. These stress
concentrations are more pronounced for large synthetic
O/K-hect characterized by a collapsed structure, due to the
thinner tactoids. Surprisingly, the large primary nanopla-
telets did not provoke any further detrimental effect on
tensile strength and elongation at break in comparison to
the other types of nanofillers.

In order to confirm the assumptions of Kinloch and
Taylor [7], the Poisson ratio, v, was determined. As
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expected a value of v = 0.35 was found, within the limits
of accuracy, independently from type and content of
nanofiller.

Fracture toughness

Linear elastic fracture mechanics were employed to eval-
uate the impact of the three different nanofillers on the
fracture toughness in terms of the critical stress intensity
factor, Kj. (Fig. 11). Especially the influence of particle
size (lateral extension) and stiffness state is discussed.
The brittle behavior of the neat epoxy is reflected in the
low Kj. value of 0.47 MPa m®>. The incorporation of all
three different nanofillers led to an improved fracture
toughness in relation to the nanofiller content. The addition
of 2.8 vol% O/MMT (small lateral extension) results in an
increase up to 0.69 MPa m?? (47 %). Moreover, a more
pronounced enhancement of 68 % (0.79 MPa m®?) is
measured for the larger O/Mg-hect nanoplatelets at the
same volume fraction. As anticipated, the large but shear-
stiff nanoplatelets of O/K-hect lead to the most prominent
improvement of 0.84 MPa m®? (78 %) even at 2.2 vol%.
Obviously a higher toughening effect is related to the size
of the dispersed nanofiller. The large lateral extension of
fluorohectorite nanoplatelets (O/Mg-hect and O/K-hect)
contributed to a more pronounced toughening effect as
compared to the much smaller O/MMT nanoplatelets.
Alongside the particle size, the stiffness of the nanofiller is
a key factor influencing the fracture toughness. The higher
shear stiffness, as for O/K-hect, increases the load bearing
ability in the layer stacking direction and the flexural
rigidity of the tactoids. This is due to the presence of the
non-hydrated K*-ions in the interlayer distance bridging
the layers [16]. Further investigation of the occurring
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Fig. 11 K. of the different epoxy/clay nanocomposites with respect
to the nanofiller content
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energy dissipating mechanisms and their relation to the
particle size and stiffness state is addressed hereafter.

Toughening mechanisms

The occurring toughening mechanisms during mode I crack
propagation were deduced from the morphology of fracture
surfaces (CT-specimen) using scanning electron microscopy
(Fig. 12). All micrographs were taken from the center of the
sample in the vicinity of the notched region.

As it is typical for neat epoxies, the fracture surface is
smooth, showing no obvious plastic deformation during
crack propagation (Fig. 12a). On the contrary, the fracture
surfaces of the epoxy/clay nanocomposites reveal more
tortuous crack propagation paths depending on the lateral
extension and stiffness state of the used nanofiller
(Fig. 12b, c, d). The fracture surfaces of O/MMT-filled
nanocomposites are characterized by a rough structure
exhibiting a large number of voids (Fig. 13a) initiated from
particle debonding (Fig. 13b). As a consequence, particle
debonding followed by void formation and growth by shear
yielding of the matrix were identified as the main occurring
toughening mechanisms.

However, from the fracture surfaces of the nanocom-
posites filled with the large synthetic fluorohectorite

nanoplatelets (up to 8 pwm), further toughening mechanisms
like crack deflection and crack pinning were identified
(Fig. 12c, d). The large lateral extensions of the nanopla-
telets led to additional energy dissipation by a local crack
deflection since the crack is forced to propagate along the
interface between the epoxy resin and the clay nanoplate-
lets. As a consequence of the interfacial crack growth,
debonding of the nanoplatelets was observed at higher
magnification. The surface of the debonded platelets is
smooth, which confirms the assumed moderate adhesion
between the nanofiller and the epoxy matrix (Fig. 14).
The investigation of the fracture surfaces of the O/Mg-
hect-filled nanocomposites reveals the occurrence of
similar toughening mechanisms (Fig. 15). The K. values
were lower as compared to the O/K-hect-filled nanocom-
posites. Interestingly, SEM micrographs show the cleavage
of the shear-labile tactoids during crack propagation, which
might be an explanation for the lower fracture toughness.

Micromechanics

The impact of particle size on toughening mechanisms is
further analyzed by a fracture mechanics approach. During
crack propagation, plastic yielding of the matrix occurs in
the plastic zone at the very close region of the crack tip.

Fig. 12 SEM micrographs of fracture surfaces of a neat epoxy, and the different nanocomposites filled with b O/MMT (2.8 vol%), ¢ O/Mg-hect
(2.8 vol%), and d O/K-hect (2.2 vol%). The direction of crack propagation is from left to right as indicated by the arrows
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Fig. 13 SEM micrographs of fracture surfaces of O/MMT epoxy nanocomposite (2.8 vol%) at higher magnification revealing void formation
and growth. The direction of crack propagation is from left to right as indicated by the arrows

Fig. 14 SEM micrographs at higher magnification of O/K-hect-filled
nanocomposite a at 0.6 vol% showing crack pining and crack
deflection and b the smooth debonded nanofiller surface is pointed

¥ ) )

Fig. 15 Higher magnification SEM micrographs of O/Mg-hect-filled
nanocomposite (2.8 vol%) a showing crack pining and crack
deflection, and b the smooth debonded nanofillers surface. The

The presence of nano-particles might influence the shape of
the plastic zone. Nevertheless, a cylindrical plastic zone is
considered as a first approximation. The diameter of the
plastic zone for the epoxy/clay nanocomposites (Table 4)

@ Springer

out (2.2 vol%). The direction of crack propagation is from left to right
as indicated by the arrows

highlighted area shows the cleavage of a shear-labile tactoid. The
direction of crack propagation is from left to right as indicated by the
arrows

was calculated from Irwin’s analysis (Eq. 3). Obviously,
the fluorohectorite nanoplatelets characterized by large
lateral extensions (up to 8.6 um) are in the same order of
magnitude as the plastic zone diameter. Hence, the plastic
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Table 4 Diameter of the plastic zone and crack tip opening displacement (J.) in epoxy/clay nanocomposites

Type of nanofiller Nanofiller content (wt%/vol%)

Diameter of plastic zone (pm)

Crack tip opening displacement (J,.) (um)

Unfilled 0 35+£0.7
O/MMT 1.5/0.8 55+09
2.8/1.6 6.0+ 1.1
5.012.8 75+ 14
O/Mg-hect 1.4/0.6 75+£22
2.711.2 8.1+ 1.7
5.012.2 9.8+ 14
O/K-hect 1.2/0.7 84+ 1.7
2.8/1.6 93+34
49/2.8 11.1 £ 1.9

09 +£0.1
1.3 £0.1
14+£02
14+£02
1.7+ 04
1.8 +03
1.8 £0.2
1.9+£03
21+04
20+02

zone is almost fully spanned by a single tactoid and con-
sequently crack propagation is highly constrained. In
contrast, the size of the O/MMT particles is as small as the
diameter of the plastic zone and hence the direction of the
crack propagation is less influenced.

In order to understand the occurring toughening
mechanisms the average particle size is compared to the
crack tip opening displacement (J,.), as calculated from
Eq. (4). The resultant values are given in Table 4. The
sharpness of the crack tip, reflected in J,, is altered by the
plastic yielding of the matrix in the vicinity of the crack tip.
However, to promote effective toughening mechanisms, in
particular crack pinning and crack deflection, the filler
must be at least as large as J. [32, 33]. The . of O/MMT-
filled nanocomposites (=~ 1.4 um) is approximately twice
the maximum particle size of MMT (~750 nm). Conse-
quently, crack deflection and crack pinning are unlikely to
occur since the particles are too small for effective crack
tip/particle interactions. On the contrary, the J, values for
O/Mg-hect- and O/K-hect-filled nanocomposites (1.7 to
2.1 um) are below the average lateral extensions of these
nanofillers (~3.8 um) allowing the aforementioned
toughening mechanisms to occur as it was revealed by
SEM investigations.

Energy release rate

The energy release rate (Gy.) of the nanocomposites was
calculated using Eq. (2) by relating the stress intensity
factor (Fig. 10) and the Young’s modulus determined by
tensile testing (Fig. 8). The addition of all three different
types of nanofillers led to an increase in Gy, although no
continuous enhancement with increasing filler content was
observed. Moreover, above a filler content of as low as
1 vol%, already a plateau was reached and the G, does not
increase further within the experimental errors at higher
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Fig. 16 Gy of the different epoxy/clay nanocomposites with respect
to the nanofiller content

filler loadings (Fig. 16). For the shear-labile O/MMT-filled
epoxy nanocomposites having 0.4 pum lateral extension, the
maximum value for Gy, was 116 Jm ™2, which is equivalent
to an increase of 62 % as compared to the neat epoxy
matrix (71 Jm~?). The larger shear-labile O/Mg-hect
nanoplatelets (=~3.8 pm) led to a more pronounced in-
crease of up to 147 JIm™2 (106 %). Notably, the highest
increase in Gy, of up to 171 Jm ™2 (140 %) was obtained for
the nanocomposites filled with the large (~3.8 um) and
shear-stiff O/K-hect.

Considering Eq. (2), the observed trend in Gy with in-
creasing nanofiller content is a consequence of the pro-
gressive increase in Young’s modulus and the respective
non-proportional increase in Kj.. The occurrence of a
maximum in Gy, at a certain filler content was already
reported by Zilg et al. [S]. Zerda and Lesser [34] postulated
that this maximum occurs due to a critical interparticle
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distance. According to Kinloch and Taylor [7], the inter-
particle distance strongly affects the energy release rate,
although no critical value could be identified. At high filler
contents, the interparticle distance is reduced which is
followed by an increase of stress field interactions around
the nano-particles. These stress field interactions cause the
observed progressive increase in Youngs’s Modulus since
the restriction of the matrix mobility is intensified. How-
ever, these stress field interactions might reduce the effi-
ciency of a single particle in terms of toughening.

In the case of O/MMT nanocomposites, toughening is
dominated by particle debonding and subsequent void
growth accompanied with plastic flow of the matrix. As a
consequence of the reduced interparticle distance at higher
nanofiller contents, the probability of void coalescence is
increased resulting in accelerated crack propagation re-
spectively a less pronounced Kj. increase. Concerning the
O/Mg-hect- and O/K-hect-filled nanocomposites, the role
of the interparticle distance is different since crack de-
flection is the major toughening mechanism. In case of
stress field interactions at reduced interparticle distances,
the crack is deflected on these stress fields assemblies of
closely located nanofillers rather than individual nanopla-
telets. The presence of such assemblies might diminish the
toughening effect of single dispersed tactoids above the
critical filler content. As a consequence, the non-linear
increase in K. at higher filler contents is observed. Relat-
ing these facts with the increasing Young’s modulus with
respect to the number of nano-particles, the observed trend
in Gy, values is reasonable.

Conclusion

In this work, the improved fracture toughness of epoxy
layered silicates nanocomposites is related to the dispersed
reinforcing nanofiller, in terms of particle size (lateral ex-
tension) and mechanical properties (stiffness state). In
order to maximize the specific interface area in the
nanocomposites, a combination of solution blending and a
three roll mill process is applied.

A significantly higher increase in fracture toughness is
observed for the large synthetic O/Mg-hect as compared to
common MMT (O/MMT). This is due to the large lateral
extension of such synthetic nanoplatelets (up to 8 pm)
which contributes to effective energy dissipation mechan-
isms such as crack deflection. Moreover, the absence of
such  toughening mechanisms for O/MMT-filled
nanocomposites is explained due to the fact that their mean
particle size (400 nm) is much smaller than the crack tip
opening displacement.

Further improvement in fracture toughness is achieved
using the shear-stiff O/K-hect. For this material
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interlamellar crack propagation and/or particle cleavage is
impeded due to the collapsed tactoid structure. In sum-
mary, the shear-stiff O/K-hect is an outstanding type of
nanofiller for the preparation of epoxy nanocomposites.
These nanocomposites provide a subtle balance between
high stiffness and high fracture toughness even at very low
content (0.6 vol%).
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