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Abstract

Sub-micron thick flakes were obtained by sonication of vermiculite that was first exfoliated by either
thermal shock or chemical treatment with hydrogen peroxide. Dimer fatty acid polyamide
nanocomposites with a mixed morphology were prepared via a solution-dispersion technique. The
large (in the micrometre range) vermiculite flakes assumed random orientations in the matrix. BET
surface area measurements indicated flake thickness below 100 nm but SEM showed that thicker
flakes were also present. Filler content was varied up to 30 wt.%. At this loading, the tensile strength
doubled, the modulus increased five-fold but the elongation-at-break decreased by a factor of ten.
Dynamic mechanical analysis suggests that three stiffening mechanisms were operating. The
reinforcing effect of the high stiffness inorganic flakes is the primary contributor. Together with the
chain confinement effect, that expresses itself in an apparent increase in the glass transition
temperature, this provided an adequate rationalisation of the stiffness variation below Tg. However,
an additional stiffening effect is indicated at temperatures above Tg. The mechanism may involve
dynamic network formation based on fluctuating hydrogen bonding interactions between the matrix

polymer chains and the filler particles.
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Introduction

Polymer nanocomposites are high performance materials promising to meet new application
requirements and to replace existing materials [1-3]. Adding clay-based nanoparticles can
significantly improve properties such as heat resistance, stiffness, strength, toughness, impact
resistance, barrier properties, rheological properties, flame retardancy, etc. [4-9]. In this
regard high particle aspect ratios are desirable and are achieved by extensive delamination
and even exfoliation of clay flakes. Exfoliated structures are favoured by strong interfacial
adhesion and appropriate mixing processes that also effect homogeneous dispersion of clay
layers within the polymer matrix [10].

Conventional polymer nanocomposites are prepared using surfactant modified clays. It is
well-known that the nature of the surfactant plays an important role as it determines the
degree of clay exfoliation that can be achieved. However, these surfactant molecules need to
be chosen very carefully such that interaction with the polymer chains in the matrix is
favoured above surfactant-clay and surfactant-surfactant interactions [8, 9]. Unfortunately the
use of cationic surfactants introduces problems including limitations with respect to thermal
stability. Hence surfactant-free organo-modifications are of interest [11]. In polyamides it is
possible for the polymer chains themselves to provide the required organo-modification when
amine functional groups are present, e.g. at the chain ends. Dimer fatty acid-based
polyamides are of this type and they are soluble in lower carboxylic acids, e.g. formic acid or
acetic acid [12]. When these polyamides are dissolved in acidic solvents, the amine
functional groups at the ends of some chains become protonated. Thus, it is possible for these
cationic polymer end groups to displace the exchangeable cations present in clays to facilitate
exfoliation of the clay sheets [11]. The technique also allows organo-modification of the
external surfaces of nano-sized clay sheets suspended in an acidic solution. This may

facilitate clay dispersion and to prevent restacking when they are ultimately compounded into
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the polymer matrix. That was one of the objectives of the present communication. However,
instead of a smectite clay, submicron vermiculite nano-flakes were used. These were
prepared by either first exfoliating the vermiculite via thermal shock or by suspending it in a
H,0, solution followed by ultrasound dispersion in the liquid phase.

The “vermiculite” of commerce features the desirable property that it expands by more
than eight times in volume when heated rapidly to elevated temperatures [13-17] or by
treating it with H,O, [18, 19]. Heating a vermiculite flake results in the rapid transformation
of the interlayer water into steam. This generates high pressure that causes the flakes to
separate and to expand in a worm-like manner. This expansion can reach 30 times the
original flake thickness while the original basal dimensions of the particles remain unchanged
[16, 18, 20]. Vermiculite can also be exfoliated by treatment with H,O, [18, 19]. Exfoliation
into submicronic and even nanoflakes can be accomplished by subsequent sonication using
high power ultrasound [18, 21-25].

Dimer fatty acid polyamides find application as thermoplastic hot melt adhesives and as
injection mouldable polymeric encapsulants for electronics packaging [12, 26]. These
applications may benefit from improvements in the matrix strength and stiffness. The present
communication compares the effect of submicron vermiculite flakes, prepared by either
thermal or H,O, exfoliation followed by sonication, on the mechanical properties of such
polyamide/bio-nanocomposites. A primary objective of the present study was to gain an
understanding of the stiffening mechanisms operating in amorphous polyamide-vermiculite

nanocomposites.



Experimental

Materials

Acetic acid 100% (glacial), ammonium chloride and de-ionized water were obtained from
Merck Chemicals and used as received. The amorphous copolyamide, Euremelt 2138
(E2138), was supplied by Huntsman Advanced Materials. According to the supplier, this
grade polyamide has a softening point in the range of 138 to 148 °C and an amine value of
ca. 4 mg KOH g polymer. Vermiculite grade Superfine (1 mm) was obtained from

Mandoval Vermiculite.

Sample preparations
The raw vermiculite was first washed with de-ionized water to remove soluble compounds
and organic impurities by flotation. The washed material (N-VMT) was dried at 60 °C for 48
h. The ammonium exchanged vermiculite (A-VMT) was prepared as previously described
[11]. A typical procedure was as follows: Vermiculite (100 g) was suspended in 500 mL of a
1 M solution of NH4CI (pH ~ 5) and stirred for 2 h at ambient conditions. The solid was
separated by sedimentation and the supernatant decanted and replaced with fresh NH,CI
solution. This procedure was repeated five times. Then the NH, -vermiculite was washed
with a large volume of de-ionized water until all CI~ was removed (checked with AgNO;
solution).The flakes were allowed to air dry. The resulting product was then exfoliated using
either thermal shock or by suspension in a H,O, solution.

Thermal exfoliation was achieved by exposing the material for 5 min to a temperature of
700 °C in a convection oven. The expanded samples were sonicated at 20 kHz and 375W
using an ultrasound probe (Sonics & Materials Inc., Model Vibracell VC375, 12.15 mm
diameter). Typically, 2 g of TE-VMT was suspended in 300 mL of de-ionized water and

sonicated for 2 h. The slurry was allowed to settle for 2 h. Thereafter the supernatant was
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decanted. Water was added to the residue and the sonication proceeded for another 2 h. This
process was repeated for a third time at which stage the remaining residue was discarded.
Afterwards all samples obtained in this way were combined to obtain the sonicated thermal-
exfoliated vermiculite filler.

A similar procedure was used to prepare the sonicated hydrogen peroxide-exfoliated
vermiculite filler. Instead of de-ionized water, 30% H,O, solution was initially used as
medium. The chemical exfoliation was first performed by the suspending 100 g amounts in
500 mL of 30% H,0, solution at room temperature for 48 h. After the first sonication the
process used for the thermal-exfoliated vermiculite was followed. The combined hydrogen
peroxide exfoliated and sonicated vermiculite samples were then washed with a large amount
of de-ionized water to remove any residual H,O,.

The sonicated vermiculite flakes were recovered by filtration and heated at 150 °C for 48
h to remove residual water. The filler powders were then re-dispersed in acetic acid at a
solids content of 5 wt.%. Part of these dispersions was used to prepare polymer
nanocomposites. The remaining dispersions were again washed four times with de-ionized
water, dried in an air circulating oven at 60 °C for 24 h and then crushed by milling to a
powder for further analysis.

A typical preparation procedure for the polyamide vermiculite composites was as
follows: A weighed amount of the polyamide was separately dissolved in acetic acid,
corresponding to 10 wt.% of polyamide solution. A predetermined amount of 5 wt.%
vermiculite dispersion in acetic acid was placed in an 800 mL stainless steel container. It was
mixed at room temperature in a high shear mixer for 2 min. Then a set amount of 10 wt.% of
polyamide solution was added drop by drop. After completion of the addition, high shear
mixing was continued for another 10 min. At this point the dispersion assumed a translucent

appearance. Then de-ionized water was added while mixing in order to precipitate the

5



polymer bio-nanocomposite. The precipitate was separated from the solution by decantation.
The precipitate was immersed in a large amount of de-ionized water and kept there for a total
of six days in order to remove the acetic acid. The de-ionized water was replaced with fresh
water on a daily basis. Following these steps, the composites were allowed to dry at ambient
conditions. Finally, they were dried in a convection oven at 60 °C for 48 h. Neat polyamide
polymer was also subjected to the same procedure to prepare the samples used for property
comparisons. Finally, thin polymer test sheets were made by hot pressing at temperatures

between 150 and 180 °C for 15 min.

Characterization

Elemental composition was determined using X-ray fluorescence (XRF) spectroscopy. Major
elemental analysis was executed on fused beads using an ARL9400XP+X-ray fluorescence
(XRF) spectrometer. The samples were milled in a tungsten-carbide milling pot to achieve
particle sizes <75 um and dried at 100°C and roasted at 1000°C to determine the loss on
ignition (LOI) values. Then 1g sample was mixed with 6 g of lithium tetraborate flux and
fused at 1050°C to make a stable fused glass bead. The Thermo Fisher ARL Perform'X
Sequential XRF with OXSAS software was used for analyses.

X-ray diffraction was conducted on a PANalytical X’Pert Pro powder diffractometer
with an X’Celerator detector and variable divergence and receiving slits with Fe-filtered Co-
Ka radiation (A =0.17901 nm) in the 26 range of 2° to 60° at a scan rate of 1.0° min™.

Thermogravimetric analysis (TGA) was performed on a Perkin Elmer Pyris 4000TGA
instrument using the dynamic method. About 15 mg of the sample (vermiculite or polymer)
was placed in open 150 pL alumina pans. Temperature was scanned from 25 to 950 °C at a

rate of 10 °C min~* with air flowing at a rate of 50 mL min™.



Particle size distribution, in the range 0.01 um to 10 mm, was determined using the low
angle laser light scattering (LALLS) method on a Malvern Mastersizer 3000 instrument. The
refractive indices used were 1.520 (for vermiculite) and 1.330 (for water). Specific surface
area was determined using nitrogen and the BET method at liquid nitrogen temperatures with
a MicrometricsTristar 1l BET instrument. Prior to measurements, samples were degassed
under vacuum (102 mbar) at 100 °C for 24 h.

A Zeiss Ultra 55 FESEM Field emission scanning electron microscope (FESEM) was
used to study the morphology of the vermiculite samples and the fracture surface morphology
of the composites at 1 kV. The composite samples were frozen in liquid nitrogen, cryo-
fractured and vacuum dried. The vermiculite samples and fractured surface of the composite
samples were coated with carbon prior to analysis. A transmission electron microscope
(TEM) (JEM-1200EX, JEOL, Tokyo, Japan) (acceleration voltage100 kV) was used to study
the morphological structure of bio-nanocomposites. The samples were cry-sectioned using a
diamond knife.

Melt viscosities were determined at 160 °C in the steady shear, rotational mode. An
Anton PaarPhysica MCR301 rheometer fitted with a CTD 600a convection hood and fitted
with a 50 mm cone-and-plate measuring system was used. The shear rate was varied from 0.1
to 105,

Dynamic mechanical properties were recorded on a PerkinElmer DMA 8000 instrument.
Dynamic tests were performed in the single cantilever bending mode using a displacement of
amplitude of 0.05 mm at frequencies 1, 10 and 100 Hz. The sample dimensions were as
follows: length = 11.30 mm, width = 4.40 mm and thickness = 2.60 mm. Temperature was
scanned from —30 °C to 80 °C at a scan rate of 1 °C min ™.

Tensile test specimens were punched out of the pressed sheets. They were conditioned at

25 °C and 50% RH for at least 48 h before testing. Tensile tests were performed according to
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ASTM D638 at a crosshead speed of 50 mm min' on a Lloyds Instruments LRX Plus

machine fitted with a 5 KN load cell. The results reported are averages of five tests per

formulation.

Results and discussion

Vermiculite filler characterization

Figure 1. SEM micrographs of vermiculite samples: (a) Raw; (b) NH,"-exchanged; (c) H,O,-exfoliated; (d)

Thermal-exfoliated; (e) Sonicated H,0O,-exfoliated, and (f) sonicated thermal-exfoliated.



Scanning electron microscopy (SEM). SEM micrographs of the neat, ammonium and
sonicated vermiculite flakes are shown in Figure 1. Figure 1(a) and (b) show edge-view SEM
micrographs of the neat and ammonium-exchanged vermiculite flakes respectively. Figure
1(c) and (d) show the concertina-like expansion caused by a 700 °C temperature shock and
chemical treatment with H,0,. Clearly the separation of the stacks is imperfect and the
thicknesses of the flake lamellae formed are in the micrometre range, i.e. several orders of
magnitude thicker than single vermiculite sheets. Figure 6(e) and (f) show that sonication led
to a significant decrease of the particle sizes as observed by others [18, 25]. The majority of

the particles were irregular, but on the whole, they were convex shaped two-dimensional

flakes.
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Figure 2. Particle size distribution plots of NH,"-exchanged vermiculites in neat pre-expanded form together

with the sonicated samples that were either thermally or chemically exfoliated.

Particle size. The particle size distributions reported in Table 1 and Figure 2 confirm
that ammonium exchange did not materially affect the particle size distribution. However,

sonication caused a significant reduction in size. All particle size distributions showed a



bimodal dispersion with a large peak at larger size values and a much smaller peak located at
lower particle sizes. Since the material consists essentially of high aspect ratio flakes, the
lower humps are indicative of the variations in the flake thicknesses. In both cases the peak
position is located in the sub-micron range. Table 1 indicates that the dso particle size of the
NH,"-exchanged vermiculite was 979 um. This was reduced to 12.4 um and 20.9 um in the
sonicated forms of the thermal- and H,O,-exfoliated samples, respectively. This corresponds
to dso size reductions of by factors of 71 and 42 for the two types. Thus, for the same
conditions of sonication (frequency, power, time and temperature), size reduction was more
extensive for the thermally expanded vermiculite sample than the chemically expanded

sample.

Table 1: Particle sizes (um) and BET surface areas of vermiculite samples.

Sample dio dso dw BET, m’g™ t,nm’ A, -
Neat vermiculite 423 890 1760 1.49 525 1695
NH, -exchanged 421 879 1750 1.58 496 1772
H,0,-exfoliated 5.62 20.9 54 10.5 74 282
Thermally exfoliated 291 124  39.2 124 63 197

“Average flake thickness estimated from BET specific surface area. “Apparent aspect ratio estimated from dsg/t.

BET surface area. Table 1 also reports the BET specific surface areas for all vermiculite
samples. Again, there was very little difference in the values for the raw vermiculite and the
ammonium-modified version (1.49 m? g* versus 1.58 m? g™%). However, sonication produced
a significant increase in the specific surface area to 10.5 m? g* for the vermiculite exfoliated
by hydrogen peroxide reaction and 12.4 m? g for the vermiculite exfoliated by thermal

shock (Table 1). Since the surface area contributed by the edges of large aspect ratio flakes
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can be neglected, this implies that the latter flakes were relatively thinner. The BET specific
surface area is given by Ager~ 2/t where p is the density and t the thickness of the flakes.
The average flake thickness can then be estimated from the BET surface area and the density
of the vermiculite. Assuming p = 2.55 g cm™ vyields flake thickness estimates of t = 63 nm
and t = 74 nm for the sonicated forms of the thermal- and H,O,-exfoliated forms,
respectively. This suggests that the flakes may include nano-scale particles as at least one
dimension was less than 100 nm. Furthermore, crude estimates of the flake aspect ratios are
obtained by considering the ratio dso/t. These values are also plotted in Table 1. However,
these analyses did not take into account that the flakes might include lateral splits, i.e.
extensive planar cracks. This means that the actual flakes could be thicker and feature lower

aspect ratio values than indicated in Table 1.

X-ray fluorescence (XRF) chemical composition. The XRF chemical composition of
the vermiculite samples are presented in Table 2. The values for the neat material are
consistent with those previously found [14, 15]. Previous analyses established that Palabora
“vermiculite” is not pure vermiculite but rather a randomly-interstratified mixed-layer
vermiculite-biotite containing less than 50% vermiculite [14, 18, 27-29]. The structural

formula for this mineral consistent with composition data is given in Scheme | [14]:

0.60(Mg, Fegzo)[Si3.2A|o.78FegI)2]Olo (OH), K¢ 4
+0.40(Mg 2.50Feg.tso)[Sis.zAlo.mFegI)z]Olo (OH), MQSEO-HH .0

Scheme 1. Structural formula for Palabora vermiculite consistent with XRF data [14].

The differences observed in the XRF analyses evident in Table 2 reflect natural variations

rather than composition changes caused by the processing of the samples.
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Table 2: Chemical composition (wt.%) of ignited vermiculite samples with the corresponding loss of ignition.

Sample Si0, MgO AlL,O; Fe,03 K,O CaO P,0Os TiO, | LOI
Neat vermiculite 4255 2439 1006 949 621 461 113 1.16 | 8.70
NH,"-exchanged 4342 2418 1026 960 6.23  3.69 125 116 | 9.97
H,0,-exfoliated 45.67 23.02 8.67 862 534 395 348 102 | 163
Thermally exfoliated ~ 43.22 23.96 9.86 927 597 479 1.57 1.13 19.8

X Vermiculite

[ Neat
X ||+

’\jk h\NIL-exchanged
A . A
Thermally exfoliated

30 wt.% composite

Intensity, a.u.

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrri

0 10 20 30 40 50 60
20(CoKa), °

Figure 3. X-ray diffraction (XRD) patterns of the various vermiculite samples. Key: @ = vermiculite; X

“hydrobiotite”; and 4mica (biotite/phlogopite).

X-ray diffraction (XRD). Figure 3 shows the X-ray diffraction (XRD) patterns of
various vermiculite samples. The neat vermiculite features multiple reflections, suggesting a
mixture of different minerals as reported in the literature [14, 30]. It features a strong broad
peak at 20 = 8.66° (1.19 nm) and weaker reflections at 20 = 7.20° (1.43 nm) and 260 = 10.24°
(2.00 nm). The 1.43 nm reflection is consistent with a vermiculite phase with two water

layers in the galleries forming hydration shells around the exchangeable cations [31]. The
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1.00 nm reflection is from the mica (biotite/phlogopite). Perfectly alternating 50/50 mixed
layered vermiculite, i.e. “hydrobiotite”, features reflections at 2.441 nm (001) and 1.221 nm
(002) [32, 33]. In the present sample the main peak is located at higher 26 angles. This and
the extensive line broadening are indicative of a random distribution of the vermiculite and
biotite layers.

Two XRD diffractogram sample sets corresponding to the two different exfoliation
procedures were obtained. The corresponding pairs were identical indicating that similar
products were obtained irrespective of whether the exfoliation was achieved through a
thermal shock or hydrogen peroxide treatment. This means that the two procedures delivered
similar end products as far as phase composition is concerned. Apart from the reflection
intensities, the diffractograms for the composites were also independent of the concentration
of the vermiculite incorporated. This was expected as the composite preparation method and
the sample preparation procedure did not involve high shear forces that could have caused
further delamination of the vermiculite. Therefore only the thermally exfoliated data and the
diffractogram for the 30 wt.% vermiculite composite are presented in Figure 3. A broadening
of the “hydrobiotite” reflections as well as the disappearance of some of them was observed
in ammonium-exchanged vermiculite sample as well in the diffractograms of all the sonicated
materials and the polyamide-vermiculite composites. The broadening is attributed to the
delamination of vermiculite sheets together with particle size reductions induced by

sonication.
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Figure 4. Cross sectional SEM image of the polyamide composite containing 20 wt.% vermiculite and (d) 30

wt.% HES-VMT content at 10 pm.

Composites characterization

Electron microscopy. Representative visualizations of the morphology and orientation of the
vermiculite flakes in the polyamide composites are illustrated in Figure 4 - 6. They were
obtained for sample containing 20 wt.% vermiculite obtained by sonication of exfoliated
fillers. The vermiculite flakes assumed random orientations within the polymer matrix as
indicated in Figure 4. However, twisted and folded platelets were also observed. TEM
micrographs taken of microtome cross-sections (Figure 6) show flake thickness in the sub
100 nanometer range. However platelets with thickness up to about one micrometre are

observed in SEM micrographs (Figure 4). The polyamide appears to have covered the
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external surfaces of vermiculite platelets (Figure 5). This suggests good wetting and a strong
interaction between the outer surface of vermiculite layers and the polyamide matrix. This is
supported by the cohesive rather than adhesive failure of the matrix seen in Figure 5: Note the
ropey polymer structures connecting two flakes. However, the flakes in Figure 5 also feature
partial delamination, i.e. lateral internal cracks that appear to be devoid of polymer. It is
considered likely that these cavities were not present initially but that they were created

during the cryofracturing of the sections containing the rigid vermiculite sheets.

-

200 nm . )
= EHT= 1.00kV WD= 47mm Signal A=InLens Date:14 Oct2014 Photo No. = 1258

Figure 5. Cross sectional SEM images of polymer composites 20 wt.% thermally expanded vermiculite.
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Figure 6. TEM images of polyamide composites containing 20 wt.% sonicated H,O,-exfoliated vermiculite.

The micrographs evidence for the composites is consistent with a filler morphology
comprising a combination of nano-platelets and micro-flakes. A similar morphology was

previously observed for vermiculite reinforced polyurethane [34].
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Figure 7. TGA curves for sonicated H,O,-exfoliated vermiculite and its polyamide composites.

Thermogravimetric analysis (TGA).TGA curves recorded in an air atmosphere for
sonicated H,O,-exfoliated vermiculite and its polyamide composites are presented in Figure
7. The curves for the materials derived from the thermally exfoliated vermiculite have a

similar appearance. Mass loss commenced below 100 °C for the NH,4 -exchanged vermiculite

and occurred in several steps. The total mass loss reached 7.6 wt.% at 950 °C. It reflects the
loss of physisorbed and interlayer water at lower temperatures and mass loss due to
dehydration of hydroxyl groups at elevated temperatures.

The TGA curves for the neat polymer and the composites display two major mass loss
steps. Most of the mass loss occurs in the first step in the temperature range 300 °C to 500
°C. The polyamide leaves a char residue of about 10 wt.% at 500 °C and mass loss is
complete at ca. 600 °C. Above this temperature the composites show plateau values
corresponding to the inorganic residue derived from the decomposition of the vermiculite.
These were used to confirm filler content of the composites. The first mass loss event

commences at higher temperatures in the composites. This reflects the effect of the flake-
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shaped filler particles that inhibit the mass transfer to the atmosphere of the volatile
degradation fragments. However, a radical trapping effect may also play a role [35].
Mechanical properties. Figure 8 shows that the tensile strength increased with filler
loading while the elongation at break decreased precipitously. At a loading of 30 wt.%
vermiculite, the tensile strength was about double of that of the neat polyamide. However, the

elongation-at-break was only one tenth of the original value.
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Figure 8. Effect of vermiculite content on (a) the tensile strength and elongation-at-break, and (b) the Young’s

modulus. Open symbols: Thermal-exfoliated vermiculite. Filled symbols: H,O,-exfoliated vermiculite.

Modelling the Young’s modulus. The Halpin-Tsai equation [36] is widely used to

predict the modulus of composites [37, 38]:

E (+SnVv)

E, -1V @

where E is the composite tensile modulus, E; is the tensile modulus of the matrix, Vs is the
volume fraction filler and & is a shape factor that depends on the geometry of the filler

particles and their relative orientation with respect to the load direction. The parameter 7 is

given by
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T TE, 19 @)

where E;s is the tensile modulus of the filler. Van Es [39] proposed corrected shape factors for

platelet reinforcements for the longitudinal (E., ) and transverse ( E.;) composite modulus

2 W
as ¢, = 37 and &; = 2, respectively. Van Es [39] also approximated the composite

modulus of a matrix containing randomly oriented platelets using an averaging scheme as
follows:

E. = 0.49E. +0.51E_; (3)
where E, is the composite modulus andE. and E.; are evaluated from the Halpin-Tsai

equations using the respective shape factors & and<; .

Figure 8 shows least square fits of the Halpin-Tsai equations for platelets to Young’s
modulus data of the present vermiculite-based composites assuming random platelet
alignment. The tensile modulus for the vermiculite flakes was taken as 175 + 16 GPa [40].
The tensile moduli of the polyamide was taken as the measured value of 33 + 4 MPa. By

considering random orientation of the platelets and using Equation 3 with &; fixed at & =2,
good fits were obtained using &, = 29.0 and £, = 36.4, for the composites based on H,0,-

exfoliated and thermal-exfoliated vermiculite fillers respectively. These values correspond to
aspect ratios of the platelets of 43.5 and 54.5.

Viscosity. The melt viscosity of filled polymer compounds is important as it relates to
the processability by conventional plastic conversion technologies such as extrusion and
injection moulding. The melt viscosity is sensitive to the structure, particle size and shape as
well as the interface characteristics of the dispersed phase [41]. In some suitable instances,

rheology can even be used to quantify the shear thinning effect for polymer—clay
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nanocomposites and thereby to compare the extent of delamination of platelet stacks [42].
According to Figure 9, the neat polyamide and its vermiculite composites all showed weak
shear thinning behaviour. The addition of vermiculite significantly increased the melt
viscosity. For the H,O,-exfoliated vermiculite, at a loading of 30 wt.%, the viscosity was

more than an order of magnitude higher than that of the neat polyamide.
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Figure 9. Effect of the vermiculite type, content and shear rate on the viscosity of polyamide composites at 160

°C. Open symbols: H,0,-exfoliated vermiculite. Filled symbols: Thermal-exfoliated vermiculite.

Dynamic mechanical analysis (DMA). Typical DMA results are shown in Figure 10.
The glass transition temperatures for each material was associated with the position of the tan
O peak. The values are reported in Figure 11(a) as a function of filler loading and
measurement frequency. The presence of the vermiculite filler caused a large upward shift of
up to 10 °C in the glass transition temperature (Tg). This shift in the glass transition
temperature suggests that the presence of the filler constrained polymer chain mobility. As
evidenced by Figure 10(a) and Figure 11(a), although Tg increases with increasing

vermiculite content, the composition dependence is weak. The bending modulus for the neat
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polyamide shows a plateau value at temperatures well below Tg. It decreases rapidly towards
much lower values as Tg is approached and passed. The modulus curves for the filled
compounds show a similar shape. In essence they appear shifted upward and towards higher
temperatures when compared to the curve for the neat polyamide. Figure 11(b) shows the
effect of filler content and measurement frequency on the modulus plateau values in the
glassy region. The modulus does increase slightly with frequency but filler content has a
much greater effect. The reinforcing action of the stiff inorganic flakes is the primary reason
for the increase in the bending modulus. However, the increased Tg values for the polymer
matrix also contributes. These two effects were removed by scaling the modulus curves and
plotting them with respect to the temperature shift relative to the corresponding glass
transition temperatures. Such master curves are plotted in Figure 12. They show that, for all
practical purposes, this curve shifting approach collapsed all the data sets into a single curve
for temperatures below Tg. This implies that, in the glassy region, the reinforcing action of
the filler is adequately described by a combination of filler micro-mechanics (the primary
effect) and a secondary effect associated with the reduction in chain mobility caused by the
special confinement effect imposed on the polymer chains by the high surface area flakes.
The latter expresses itself by a change in the effective thermal state of the polymer chains that

is adequately captured by the apparent shift in the glass transition temperature (Tg).
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Significant deviations are apparent at temperatures above Tg with the modulus values

failing to form a single band. The scaled modulus curves deviate to higher values as the filler

content is increased. Compared to the curve associated with the neat polyamide, the moduli
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decrease more slowly with increasing temperature. Nevertheless, the curves for compositions
containing 20 wt.% and 30 wt.% filler virtually coincide. This means that there must be a
tertiary reinforcing effect attributable to the presence of the flakes that reaches a limit beyond

which further addition of filler has little effect.
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Figure 12. Modulus “mastercurves” generated by scaling with respect to the modulus plateau in the glassy
region and a glass transition temperature shift. The glass transition was associated with the temperature
corresponding to the peak in tan 8. Open symbols: Thermal-exfoliated vermiculite. Filled symbols: H,0,-

exfoliated vermiculite.

It is tentatively proposed that virtual crosslinking forms the basis of this tertiary effect.
The electron microscopy results have confirmed strong interactions between the polyamide
matrix and the vermiculite flake surfaces. That was expected given that, by design, some
polymer chain ends are attached to the mineral surface via strong electrostatic forces.
Furthermore, the polyamide chains are capable of strong inter-chain hydrogen bonding
interactions as well as interactions with the vermiculite surfaces, whether covered by polymer
or not. Above the glass transition temperature the chains have considerable mobility. The
dynamic nature of hydrogen bond formation creates a time-varying and spatially fluctuating

cross-linked network that connects chains and filler particles. The effective crosslink density
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of these networks is increased as the filler content increases. Increased crosslink density
implies increased stiffness of the network explaining the higher modulus values at elevated
temperature observed in Figure 12. Strong interactions between reinforcement and matrix
molecules originated from hydrogen bonding were previously observed in dimer acid

polyamide filled with cellulose fibres [43].

Conclusions

Submicron vermiculite flakes bio-nanocomposites were prepared via a solution-dispersion
procedure designed to effect in situ organo-modification of the filler surface by protonated
dimer fatty acid polyamide chains. Bio-nanocomposites, based on a dimer fatty acid
polyamide, were successfully prepared from ammonium ion-exchanged vermiculite. The
flake-like reinforcement was generated by first exfoliating the mineral via either thermal
shock or treatment with hydrogen peroxide followed by sonication. This resulted in extensive
delamination and size reduction. The matrix vermiculite compatibilisation did not employ
any surfactants. The composites were made by mixing an acetic acid dispersion of
vermiculite flakes with a solution of the polyamide in the same solvent. The composite was
recovered via precipitation by adding water. XRD results indicated that the polymer did not
intercalate into the vermiculite galleries implying that the flake morphology was fixed at the
sonication stage. SEM and TEM confirmed the formation of bio-nanocomposites featuring a
mixed morphology. The flakes were randomly distributed in the matrix and featured
thicknesses ranging from submicron in size down into the nano-range. BET surface area
measurement support flake thickness values below 100 nm. Good adhesion between the
matrix and the flakes was indicted by fact that cryo-fracturing resulted in cohesive rather than
adhesive failure at the flake surface. Adding 30 wt.% filler increased the melt viscosity,

measured at 160 °C, by factor of about 20. It also doubled the tensile strength but decreased
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the elongation-to-break by a factor of ten. Halpin-Tsai analysis of the variation in Young’s
modulus with filler content supported the high aspect ratio nature of the flake reinforcement.
Dynamic mechanical analysis showed that the glass transition temperature (Tg) of the
polymer increased by up to 10 °C when the filler was added. This indicates that the high
contact surface area presented by the dispersed nano-platelets dispersed in the matrix
inhibited segmental polymer chain mobility. This implies an effective stiffening of the
polymer matrix at temperatures above Tg. It also explains, in part, the higher apparent
reinforcing effect observed at temperatures above Tg. Analysis of the variation in composite
modulus with temperature and composition indicate that, below the glass transition
temperature, the composite stiffness is adequately explained by invoking the reinforcing
effect of the inorganic filler together with the apparent shift in Tg. It is postulated that
dynamic network formation through polymer-filler hydrogen bonding interactions provides a
tertiary stiffening mechanism that operates at temperature above Tg. In conclusion, the key
finding of this work is that organo-modification of clays with surfactants is not essential for

the preparation of polyamide-clay nanocomposites with excellent mechanical properties.
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