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ABSTRACT: Layered double hydroxides (LDHs), a newly
emerging 2D host material, consist of cationic brucite-like
layers and exchangeable interlayer anions. In this work,
the morphology and dispersion of LDH particles in LDH/
Nylon 66 (salt) nanocomposites has been investigated
using focused ion beam (FIB) techniques, transmission
electron microscopy (TEM) and X-ray diffraction (XRD).
The FIB images show that LDHs are present in the poly-
mer phase dispersed to different degrees, with partial
intercalation, exfoliation, and aggregation all being
observed. The most even dispersion was achieved in nano-

composites with the lowest loading (0.5 wt % LDH). Resid-
ual tactoids and agglomerates were most common in the
samples made with the highest concentration of LDHs
studied here (5 wt %). The dispersion observed using FIB
was consistent with TEM and XRD analysis, yet this tech-
nique had significant benefits in terms of time and simplic-
ity over these ‘‘conventional’’ technologies. � 2008 Wiley
Periodicals, Inc. J Appl Polym Sci 108: 4108–4113, 2008
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INTRODUCTION

Since the Toyota Research Group carried out the ini-
tial work to produce Nylon 6/clay nanocompo-
sites,1,2 the use of polymeric nanocomposites in vari-
ous engineering applications has become state-of-the-
art because these materials have high potential for
delivering very significant property improvements
while adding only small amounts of nanoparticles to
polymer matrices. These improvements include mod-
ulus, strength, heat resistance, and reductions of gas
permeability and flammability,3–5 all of which can be
achieved with little increase in weight, significant in
many applications in vehicle transports for example.

As an alternative to the natural layered silicate
clay (montmorillonite) commonly used for the prep-
aration of polymeric nanocomposites, a new class of
nanocomposites employs synthetic nanoparticles,
layered double hydroxides (LDHs), with opposite
charge to montmorillonite, i.e., the layers are cationic

rather than anionic. Nanocomposites based on LDHs
have recently generated interest from researchers
due to their special properties in a wide range of
application such as catalysis, adsorption, structural
applications, and drug delivery.6,7 LDHs have
positively charged hydroxide layers and interlayers
containing exchangeable anions and water mole-
cules. Compositions can be expressed as: [M21

1-xM
31

x(OH)2]intra[A
m2

x/m�nH2O]inter, where M21 and
M31 are metal ions, A is the anion, and intra and
inter denote the intralayer domain and the interlayer
space, respectively. LDH layers consist of edge-
sharing octahedra; each of the octahedra having a
central cation coordinated with six hydroxyl groups.
The layers are 0.48–0.49 nm thick8,9 and their planar
dimensions can be tuned by properly adjusting the
synthesis conditions. The most important features of
LDHs are their large variety of compositions and the
tunable layer charge density.10

It has been commonly agreed that particle disper-
sion plays an important role in the improvement of
mechanical and other properties in nanocomposites,
because a high degree of dispersion ensures maxi-
mum interface area and the maximum impact on
polymer crystallinity and structure. Generally, the
dispersion of particles in the polymer matrix is char-
acterized by scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and X-ray
diffraction (XRD).11–14 SEM can give a general
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description of particle dispersion while TEM allows a
qualitative understanding of the internal structure,
spatial distribution of the various phases, and visual-
ization of the intercalation and exfoliation of platelet
stacks. The shape, position, and intensity of the basal
peaks in XRD may provide quantitative information
on intercalated clay structures. However, each of
these techniques has drawbacks. SEM is not the per-
fect method for characterization of nanocomposites,
because it is difficult to obtain meaningful data from
an unprepared surface. Traditional TEM sample
preparation, involving mechanical milling and ion
gun sputtering, is often time-consuming and requires
experience. Moreover, this preparation technique is
not suitable for composites containing a mixture of
soft and hard materials. XRD, although it offers a con-
venient method for determining the interlayer spac-
ing in the original layered clay and in the intercalated
nanocomposites, can say little about the spatial distri-
bution of the layers or any structural nonhomogene-
ities. Focused ion beam (FIB) techniques, however,
seem to have considerable potential benefits, which
arise from the unique microsectioning capability and
acceptable resolution. FIB polishing gives a very good
surface for this type of measurement.

In this study, FIB imaging has been used to
observe the dispersion of LDHs in Nylon 66 matrix.
TEM and XRD are used to verify the FIB results.

EXPERIMENTAL

Preparation of LDH/Nylon 66 nanocomposites

Raw materials, Mg(NO3)2�6H2O, Al(NO3)�9H2O,
adipic acid and hexamethylene diamine were
obtained from Panreac (Spain). First, the parent Mg-
Al LDH was prepared by pH controlled coprecipita-
tion15 and microwave-hydrothermal treatment. A so-
lution of Mg(NO3)2�6H2O and Al(NO3)3�9H2O with a
total Mg-Al concentration of 0.6 mol/L and a Mg:Al
molar ratio of 2, was added drop-wise to 100 mL of
deionized water (adipic acid) with intense stirring.
The usage of adipic acid was twice the anionic
exchange capacity of the LDHs (i.e., adipic acid/Al
molar ratio 5 2). The pH of the mixture was kept
constant (�10 pH) by simultaneous addition of an
aqueous solution containing 1 mol/L NaOH. The
resulting slurry was aged by microwave-hydroter-
mal treatment for 3 h at 1258C as reported else-
where.16 The microwave-hydrothermal treatment
was carried out in a Milestone Ethos Plus microwave
oven with a teflon-coated autoclave.

The LDH/Nylon 66 nanocomposites were pre-
pared by in situ intercalative polymerization. A
given amount of hexamethylene diamine and adipic
acid with molar ratio of 1 was added to 50 mL of
LDH slurry. The mixture was refluxed under nitro-

gen for 3 h at 1008C after the water was removed
and dried under vacuum. Several mixtures with dif-
ferent LDH concentrations (0, 0.5, 1, and 5 wt %)
were prepared. All mixtures were divided into two
parts. One part was a Nylon 66 salt nanocomposite,
while the other part was polymerized at 1908C for
200 min in an inert atmosphere to obtain LDH/
Nylon 66 nanocomposites.

Characterization

The morphology and dispersibility of LDH in the
Nylon 66 matrix were characterized by means of
FIB, TEM, and XRD.

A FEI FIB201 was used for sectioning, high-resolu-
tion imaging, and also for TEM sample preparation.
The instrument was capable of producing a gallium
ion beam of between 7 (at 1 pA beam current) and
300 nm (at 12 nA) in diameter at 30 keV energy.

TEM samples were prepared by FIB.17 A thin sec-
tion was polished from both sides until it was �100-
nm thick. The polished section was cut away using
the ion beam, and then the entire sample was
removed from the FIB system to an ex-situ lift-out
workstation comprising an optical microscope and
micromanipulator. The slice was extracted and
placed onto a grid for TEM microscopy. TEM image
was obtained using a JEOL 1200EX with an acceler-
ating voltage of 100 kV.

A Siemens D-500 diffractometer with Cu Ka1 radi-
ation (k 5 1.54050 Å) at a generator voltage of 40 kV
and a current of 30 mA was used to study the dif-
fraction behavior of the Nylon 66 (salt)/LDHs nano-
composites. All the experiments were conducted in
the reflection mode at ambient temperature between
18 and 108 2y. The scanning step size was 0.058.

RESULTS AND DISCUSSION

The FIB images for the neat Nylon 66 (salt) and the
nanocomposites containing 0.5, 1, and 5 wt % LDHs
are shown in Figures 1 and 2. It is very obvious that
there are voids in the FIB images of the Nylon 66
salt and its nanocomposites prepared without heat
treatment, while an ordered, wrinkle-like structure is
visible in the FIB images of Nylon 66 and its nano-
composites, which had been heat treated.

The voids may be caused by the volatilization of
components of Nylon salt, such as hexamethylene
diamine. During the polycondenzation, the inert gas
will also accelerate the volatilization process, thus
forming more voids. At high temperature, these void
defects in crystals of Nylon 66 salt may cause the
large molecules to nucleate, resulting in successive
and epitaxial crystallization processes.18,19 The wrin-
kles visible on the FIB images may relate to this
crystallization effect in the polymer phase, and

DISPERSION OF LDH/NYLON 66 NANOCOMPOSITES 4109

Journal of Applied Polymer Science DOI 10.1002/app



Figure 1 FIB images of neat Nylon 66 salt and its nanocomposites at different LDH loadings without thermal treatment.
(a) Neat Nylon 66 salt, (b) 0.5 wt % LDH, (c)1 wt % LDH, and (d) 5 wt % LDH (left: low magnification, right: high
magnification).
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Figure 2 FIB images of neat Nylon 66 and its nanocomposites at different LDH loadings with thermal treatment. (a) Neat
Nylon 66, (b) 0.5 wt % LDH, (c) 1 wt % LDH, and (d) 5 wt % LDH (left: low magnification, right: high magnification).

DISPERSION OF LDH/NYLON 66 NANOCOMPOSITES 4111

Journal of Applied Polymer Science DOI 10.1002/app



future experiments will be conducted to investigate
this phenomenon using optical techniques.

The FIB images of nanocomposites [Figs. 1(b–d)
and 2(b–d)] show a set of particles of different sizes
dispersed in a nonregular way in the organic phase.
The micrographs indicate the presence of reasonably
well-dispersed small features, which may be interca-
lated layers or exfoliated tactoids of LDH crystals.
The tactoids are mostly in the form of thin platelets
having a thickness in the range 11–40 nm and a
length in the range 27–110 nm. When the LDHs are
modified with the carboxyl anion, the basal spacing
is �1.3 nm (XRD test). The length of the typical hex-
agon of LDH on the edge of an agglomerate is
between 70 and 200 nm.20 On the basis of the basal
spacing and the measured thickness range, the num-
ber of platelets estimated is around 8–30, which
means that the LDHs are partially intercalated and
mesoscale tactoids exist. At the same time, the pla-
nar plate size of length (27–110 nm) is considerably
lower than that of the raw material (27–200 nm).
This indicates that layer breakage occurs during
compounding.

However, larger particles are also observed, which
may be aggregates caused by the residual tactoids
that have not been sufficiently well dispersed. Tac-
toids with length over 140 nm are observed in the

FIB images. The ‘‘large particles/aggregates’’ are
especially obvious (and probably especially serious)
in the nanocomposites with the higher LDHs concen-
trations. Furthermore, a few small agglomerates of
LDH layers with variable thickness also appear in
the nanocomposite with 1.0 and 5.0 wt % LDH load-
ings. Generally, the distribution of the LDH particles
throughout the matrix appears to be inhomogene-
ous.

Note also that the heat treatment does not seem to
have a significant impact on the dispersion of LDHs
in the Nylon 66 matrix.

A TEM specimen taken from the Nylon 66/LDH
nanocomposites with 5 wt % LDH loading prepared
using FIB is shown in Figure 3. Compared with the
FIB image from the same specimen (Fig. 2d), TEM
clearly offers much higher spatial resolution than
FIB imaging. However, this study demonstrates that
FIB imaging also proves to be a simple and reliable
method for the assessment of particle dispersion at
the nanometer scale. It should be noted that it takes
more than 3 h for the preparation and imaging of
the TEM specimen while just half an hour is needed
for the preparation of FIB specimen and imaging.

To provide further evidence to support the FIB
results, XRD was also carried out. The XRD patterns
of the modified LDHs, neat Nylon 66, and represen-
tative samples of Nylon 66 (salt)/LDH nanocompo-
sites are shown in Figure 4. The basal spacing of
modified LDHs is about 1.3 nm (2y 5 6.58), which is

Figure 3 TEM image of LDH/Nylon 66 nanocomposites
with 5 wt % LDH loading.

Figure 4 XRD of (a) modified LDH, (b) LDH/Nylon salt
(5 wt % LDH), (c) LDH/Nylon 66 salt (0.5 wt % LDH),
and (d) LDH/Nylon 66 (0.5 wt % LDH).
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similar to the reported value of LDHs intercalated
with adipate.21 For the nanocomposite samples, the
basal peak (001) at 2y 5 6.58 shifts to lower angle or
disappears with the decreasing loading of LDHs,
indicating complete exfoliation of the LDH layers.14

At 5 wt % LDH loading, the presence of the
shoulder (2y 5 6.08) indicates a mixed nano/micro
structure. That is, the LDH layers have been partially
exfoliated and partially intercalated into the matrix,
while some residual tactoids still exist. On the other
hand, at 0.5 wt % LDH loading, the diffraction peak
disappears, leaving a broad diffraction background,
an indication of exfoliation. Apparently, the particle
dispersion in the nanocomposites is better at low
LDH concentrations than that at higher ones. These
observations and related results support the findings
from FIB and TEM analysis.

CONCLUSIONS

To summarize, the dispersion of LDHs in Nylon 66
may be qualitatively estimated from analysis of FIB
images. FIB images show that the LDHs are present
in the polymer phase dispersed to different degrees.
The small features that are visible may consist of
intercalated and exfoliated layers. The larger features
are undoubtedly aggregates or agglomerates. The
best dispersion is achieved in Nylon 66 (salt)/LDH
nanocomposites with the lowest loading (0.5 wt %
LDH). Residual tactoids and agglomerates are most
commonly found in the samples made with the
highest concentrations of LDH (5 wt %). These dis-
persion results observed using FIB also are consist-
ent with information derived from TEM and XRD.

Although TEM imaging can, in principle, provide
higher resolution, FIB imaging is found to provide a
quicker and reliable solution for observing meso-
scale-macroscopic (close-nano) particle dispersion in
nanocomposites. Further comparison between TEM
and FIB imaging for the characterization of other

types of nanocomposites is currently being carried
out.

The authors acknowledge F.M. Labajos and V. Rives for
supplying the samples used in this study.
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