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ABSTRACT: Polymer clay nanocomposites (PCN) of Pol-
yamide6 and sodium montmorillonite are prepared using
different organic modifiers (12-aminolauric acid, n-dode-
cylamine, and 1,12-diaminododecane) to study effect of or-
ganic modifiers on structure and nanomechanical proper-
ties of PCN. Using X-ray diffraction and differential scan-
ning calorimetry, crystalline nature of PCNs are evaluated.
Nanoscale viscoelastic properties of PCNs are evaluated
using nanodynamic mechanical analyzer (NanoDMA).
Nanoscale elastic modulus and hardness of PCNs are eval-
uated using nanoindenter. PCNs show enhancement in
elastic modulus, storage modulus, loss modulus, and loss
factor by maximum amount of 62.88%, 56.38%, 145.74%,
and 71.43%, respectively, and decrease in percentage crys-
tallinity by 16.52% compared to pure polymer. This result

indicates that organic modifiers have effect on crystallinity
and nanomechanical properties of PCN. To evaluate effect
of clay loading on nanomechanical properties of PCN,
PCN containing 12-aminolauric acid is synthesized with
different weight percent (3, 6, and 9% of weight of poly-
mer) of organically modified montmorillonite (OMMT),
which shows that nanomechanical properties of PCN
improves with increase in clay loading. Our study reveals
that change in crystallinity of polymer in PCN may have
role in the enhancement of nanomechanical properties of
PCNs in comparison to pristine polymer. © 2007 Wiley Peri-
odicals, Inc. ] Appl Polym Sci 105: 790-802, 2007
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INTRODUCTION

Since the development of polymer clay nanocompo-
sites (PCNs) by Toyota R and D labs in 1990 in
Japan, PCNs have drawn considerable attention of
researchers because of significant improvement in
mechanical properties,' > thermal properties,”'>*°
liquid or gas barrier properties,*>*' etc. in compari-
son to pristine polymers. Most notable are the
improvements in elastic modulus,*® tensile strength
or elongation strain,”” and enhancement in thermal
resistance and decrease in flammability.”'* Because
of the significant improvement of properties, PCNs
have potential applications in the automobile, avia-
tion, geotextile, biomedical, and other polymer
industries where the use of the polymers is abun-
dant and property enhancement (mechanical, ther-
mal, etc) is the primary concern.
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DISCOVER SOMETHING GREAT

In PCN, nanoclay is uniformly dispersed in the
polymer matrix. Generally sodium montmorillonite
(MMT) is used as clay inclusion due to its highly ex-
pansive nature. The MMT is smectite clay mineral
that has mica type layered structure where clay
sheets are stacked one over another in periodic fash-
ion. The space between two consecutive parallel clay
sheets is called interlayer clay gallery. Depending
upon the dispersion of nanoclay in the polymer ma-
trix, two types of PCN can be formed: (i) intercalated
PCN and (ii) exfoliated PCN. In the intercalated
PCN, polymer and organic modifiers enter the inter-
layer clay gallery by pushing the parallel clay sheets
apart by a significant amount while maintaining the
periodic crystal structure of MMT clay. On the other
hand, when large volume of polymer or modifier
enters inside the clay gallery of PCN, the spacing
between two parallel sheets becomes so large that
clay does not maintain its periodic crystal structure
any more. The clay platelets become delaminated in
the polymer matrix and form exfoliated PCN.

From literature we have seen that the PCNs show
enhanced mechanical, thermal properties; however,
the reason behind the property enhancement is not
well understood. Unless the mechanisms behind the
property enhancement are known, PCN with tailored
properties can not be made. The bulk properties
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of nanocomposites largely depend on the microstruc-
ture and properties of the constituents at the interfa-
ces.” From our steered molecular dynamics prior
study®?* it appears that inclusion in the interlayer
clay gallery has significant influence on the mechani-
cal properties of the clay based nanocomposites. In
intercalated PCN, polymer and organic modifiers
enter into the interlayer clay gallery of nanosized
clay particles. Hence, the properties at the interface
of polymer, clay, and organic modifier can be impor-
tant for the overall properties of PCN. Using nano-
mechanical experiments (nanoindentation, nanody-
namic mechanical analysis, etc.), nanomechanical
properties of PCN samples can be found, the results
of which may provide some important insight into
the effect of nanoscale inclusions and organic modi-
fiers on the properties of nanocomposites. In this
study, we have evaluated the dynamic mechanical
properties of PCN using nanodynamic mechanical
analyzer (NanoDMA), and, its elastic modulus and
hardness using nanoindenter.

For the last 100 years, indentation tests have been
used to determine the hardness of materials.> Here
“hardness” is the ratio of applied load to the pro-
jected contact area of tip probing the sample. In
quasi-static nanoindentation test, a controlled load is
applied to the sample and corresponding displace-
ment of the indenter is measured. On the basis of
well defined models, the load-displacement curve
considering the indenter geometry is analyzed for
calculating the elastic modulus (E) and hardness
(H).>® Elastic modulus is calculated considering the
initial part of unloading curve of load-displacement
plot. The viscoelastic properties of polymeric materi-
als are obtained from loss modulus (E”) and storage
modulus (E’). The storage and loss moduli are
obtained by a%plying AC force modulation in nano-
indentation.””*® Recently, some work has been done
on the determination of elastic modulus and hard-
ness of PCNs using nanoindentation. Shen et al.*’
studied the nanomechanical properties of PA66
based exfoliated PCN. They reported that for clay
loading less than 5 wt %, the nanoclay fillers have
dominant role in the creep behavior compared to the
reinforcement effect. Beake et al.*® conducted depth
sensing nanoindentation on polyethylene oxide
based PCN. According to them, the nanomechanical
behavior of PCN largely depends on the method of
synthesis and clay loading in PCN. Shen et al.*!
studied the effect of strain rate on PA66 based exfoli-
ated PCN. At different strain rates, surface of PCN
and PA66 were indented, which showed significant
strain rate hardening in PCNs; however, almost no
effect of strain rate was observed on elastic modulus
of PCN. In a separate study” they studied the same
PA66 sample prepared by injection molding to eval-
uate the effect of clay platelet orientation on the elas-

tic modulus in nanoscale. They observed that
uneven distribution of clay fillers and crystallinity of
polymeric materials contributes to the enhancement
of elastic property of PCN. For PA6 based PCN,
they further showed that hardness and elastic modu-
lus of PCN vary depending on the crystalline nature
(o and y forms) of polymer. The elastic modulus for
PCN having y-crystalline PA6 was found to be 53%
lower than that of PCN containing a-crystalline poly-
mer.*® Hu et al.** used a nanoindentation technique
to evaluate the elastic modulus of nylonll based
PCN, which was found to be 27% higher than that
of pristine nylonll. Nai et al.* studied the creep
behavior of PA6 based PCN using nanoindentation
for different loading rates and holding period of
loads. Beake et al.* studied the behavior of rubber-
modified acrylonitrile butadiene styrene (ABS) based
PCN against repetitive loading. Bhaskar et al.*” stud-
ied the stress—strain behavior of poly (methyl meth-
acrylate) based PCN using nanoindentation.

Although studies have been conducted for evalu-
ating viscoelastic properties of PCN in the macro
scale using thermal gravimetric analyzer,®™* little
work has been done for evaluating the viscoelastic
properties of pure polymeric materials at nanometer
len%th scale. Recently, dynamic nanoindentation
test™® has been performed on ultra high molecular
weight polyethylene at nanoscale using dynamic
nanoindentation, in which they found that the
improvement of storage and loss modulus depends
on the method of crosslinking of polymer. Asif
et al.>' and Hayes et al.”® studied the viscoelastic
properties of epoxy resin with dynamic nanoindenta-
tion. However, in literature, no NanoDMA studies
have been reported so far on other polymeric materi-
als or PCN. Recently, Mohanty et al.”®> using dy-
namic nanoindentation experiment reported that
nacre containing mostly aragonite shows viscoelastic
behavior due to the presence of protein sandwiched
between two aragonite layers. For the first time, in
the current study, we have evaluated the viscoelastic
response of PCN using dynamic nanoindentation.
Experiments are conducted using a load of 10,000 uN
at a frequency of 50 Hz. To investigate the role of
organic modifiers on viscoelastic properties of PCN,
the tests are performed on PA6 based PCN using
three different organic modifiers.

Ma et al.'" in their work have showed that using
different organic modifiers, different bulk mechani-
cal and thermal properties of PCN are obtained. This
clearly indicates that in addition to enhancement of
miscibility of hydrophobic polymer with clay, or-
ganic modifier has some definite contribution to the
property enhancement of PCN. Hence in this work,
we have synthesized the PCNs containing polyamide
6, MMT, and three different organic modifiers: 12-
aminolauric acid, n-dodecylamine, and 1,12-diamino-
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dodecane, and evaluated their dynamic mechanical
property, elastic modulus, and hardness in the nano-
meter length scale to evaluate the effect of organic
modifiers on the nanomechanical properties of PCN.
To observe the effect of clay loading on mechanical
properties of PCN, same polymer and organic modi-
fier (12-aminolauric acid) containing three different
clay loading (3, 6, and 9 wt % of 12-aminolauric acid
based OMMT of the weight of polymer) are synthe-
sized and their nanomechanical properties are eval-
uated in this work. X-ray diffraction (XRD)**®° and
differential scanning calorimetry (DSC)®*”® are often
used techniques to study the crystallinity of poly-
meric materials. In this work, the crystallinity of
PCN is studied using XRD and DSC to evaluate the
change in crystallinity of PCN with respect to pris-
tine polymer and its effect on nanoscale property
enhancement of PCN.

MATERIALS AND METHODS
Materials

The three organic modifiers 12-aminolauric acid
[NH,(CH,);:COOH], n-dodecylamine [NH>(CHy)q
CHj;], and 1,12-diaminododecane [NH,(CH,)1,NH,]
are obtained from TCI America. Na-MMT (Swy-2,
Crook County, Wyoming, USA) of cationic exchange
capacity 76.4 mequiv/100 mg is supplied by the
Clay Minerals Repository at the University of Mis-
souri, Columbia, MO, USA. Polyamide6 (PA6)
[(CH,)sCONH],, of molecular weight 16,000 is pur-
chased from Polysciences (USA). Methanol anhy-
drous (99.9%), formic acid (FA) (97%), silver nitrate,
acculute standard volumetric solution, final concen-
tration 0.1N, and 0.IN hydrochloric acid [HCI] are
purchased from Alfa Aesar, MA, USA.

Na-MMT is most commonly used clay for making
PCN due to its highly expansive nature, which
allows formation of nanosized inclusions either
through intercalation or exfoliation. Hence in this
work, MMT is used as clay for synthesizing PCN.
PA6 is a common type of hydrophobic polymer,
which has wide range of industrial applications. Me-
chanical and thermal properties of this polymer in
PCN have been studied extensively by researchers
making PA6 a good candidate as a model system for
further research on PCN where understanding key
mechanisms for property enhancement is the goal.

Preparation of organically modified
montmorillonite (OMMT)

The synthesis of OMMT is done following the proce-
dure described in our earlier work.”” Three different
organic modifiers, 12-aminolauric acid, n-dodecyl-
amine, and 1,12-diamonidodecane, are used for syn-
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thesis of three different OMMTs in the current work,
which have been named in this paper as OMMT-
lauric, OMMT-dodecyl, and OMMT-dodecane res-
pectively. The dried OMMT is ground and sieved
through a 45 pm sieve for synthesis of PCN.

Synthesis of polymer clay nanocomposites (PCN)

For the synthesis of PCN, 10 g of PA6 is added to
155.73 mL (190 g) of FA and stirred vigorously for
40 min to make a uniform solution. PCNs containing
three different OMMTs, OMMT-lauric, OMMT-do-
decyl, and OMMT-dodecane, are synthesized, which
are named as PCN-lauric, PCN-dodecyl, and PCN-
dodecane, respectively, in this work. For processing
of 9% PCN, 0.9 g of OMMT is uniformly dispersed
in the PA6-FA solution and stirred vigorously for 6 h
at room temperature. In the resulting solution, DI
water is added and fibrous PCN is formed. The fi-
brous PCN is washed repeatedly in DI water until it
is free from FA. Then the PCN is washed several
times with methanol to remove water from PCN.
Finally it is placed in the vacuum oven at 40°C for
24 h to remove methanol and fibrous PCN is
obtained. Three types of PCN containing 9 wt % of
OMMT loading of the weight of polymer are synthe-
sized. Additionally, for PCN-lauric, 3 and 6 wt %
PCNs (containing OMMT @ 3 and 6 wt % of the
weight of polymer) are synthesized following identi-
cal synthesis route.

Sample preparation of PCN for XRD, DSC,
Nanoindentation, and NanoDMA

The fibrous PCN sample is pressed under a pressure
of 80 MPa for a duration of 10 min to form lamellar
sheet of PCN of thickness 0.80 mm and is used for
XRD. For DSC, nanoindentation, and NanoDMA
experiments, 4 g of fibrous PCN is placed in a cylin-
drical mold of diameter 12.7 mm fitted with a
plunger. The mold containing PCN sample is gradu-
ally heated under vacuum to 230°C. The temperature
is raised from room temperature to 200°C in 1 h at
50°C steps. The temperature is further raised to
230°C in two equal steps of duration of 30 min per
step. After melting, the PCN samples are pressed
under a pressure of 1 MPa for duration of 1 min and
quenched to room temperature under atmospheric
condition. The solid cylindrical sample of PCN hav-
ing diameter of 12.7 mm is formed. The sample is
cut into circular pieces of average thickness of 1 mm
for using in nanoindentation and NanoDMA experi-
ments. For DSC, the pieces of sample of average
weight 10 mg are used. PA6 sample was also sub-
jected to the same conditions used in the synthesis
of PCN.

The AFM phase image of solid PCN sample is
shown in Figure 1. From the phase image, the phase
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Figure 1 AFM image showing the different phases of
PCN: OMMT (lighter spots) are uniformly dispersed in
polymer matrix (darker spots). [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]

lag of dynamic amplitude of different constituents
present in the composite are obtained. Thus from
phase image, the pattern of dispersion and size of dif-
ferent phases present in the composites can be
obtained. In the phase image of PCN, the lighter spots
and darker spots correspond to the clay reinforcement
and polymer matrix, respectively. Here the polymer
is more viscoelastic as compared to clay particles and
thus shows as a darker contrast in the phase image.
Our observation agrees with the observation of Scott
and Bhushan” where the PET is more viscoelastic
than the embedded ceramic particles and thus PET
has darker contrast in the phase image. From Figure
1, it is evident that the clay platelets are uniformly
dispersed in the polymer matrix of PCN.

Characterization
X-ray diffraction (XRD)

The XRD of PCNs is done using X-ray diffractometer
(model Philips X'pert, Almelo, Netherlands). The X-
ray diffractometer is equipped with secondary
monochromator and Cu-tube. Cu Ko radiation of
wavelength 1.54056 A is used in the experiment. The
wide angle XRD of PCN samples are done at a scan
rate of 3°/min and for scan range of 20 = 2.01°-60°.
The results obtained from XRD are used for analysis
of d-spacing and crystallinity of PCN.

Differential scanning calorimetry (DSC)

DSC experiments are conducted using differential
scanning calorimeter (model Q1000 DSC) of TA
instruments (New Castle, Delaware). In the experi-
ment, the sample is first heated from 30 to 100°C in

3 min and then the temperature is stabilized at
100°C for 10 min. The temperature is further in-
creased to 250°C at a heating rate of 10°C/min and
is stabilized at 250°C for 10 min. Then the sample is
cooled down from 250 to 30°C at the rate of —10°C/
min. In the final heating cycle, the sample is further
heated from 30 to 250°C at a rate of 20°C/min. The
results obtained from DSC are used for determina-
tion of crystallinity at melting of PCN using the fol-
lowing equation:”

% crystallinity = 100 x (AH,,)/(AHp)

where, AH,, is the enthalpy of melting of sample, and
AH;¢ is the enthalpy of melting for 100% crystalline ma-
terial, the value of which for PA6is 203.06 ]/ g.67

Nanoindentation

Nanoindentation tests on PCN are performed using
a Triboscope nanomechanical testing instrument
(Hysitron, MN, USA). The triboscope is operated
with a multimode atomic force microscope (AFM)
(Veeco Metrology Group, Santa Barbara, CA, USA).
A trigonal pyramid shaped diamond Berkovich tip
is used for the experiments. All the tests are per-
formed at room temperature and pressure in a direc-
tion perpendicular to the face of the PCN. A 5-5-5
trapezoidal loading function is used in the quasi-
static (load controlled) nanoindentation test. In the
loading function, the first segment indicates that
time for reaching maximum load of indentation is
5 s. The second segment indicates the hold period of
peak load, which is 5 s in this case. The last segment
indicates the unloading time from peak load to zero
load, which is set in the experiment as 5 s. Contact
mode atomic force microscopy using Multimode
AFM having a Nnaoscope-Illa controller equipped
with a J-type piezo scanner (Veeco Metrology Group)
is used for imaging the PCN samples. The contact
mode AFM image is generated using silicon nitride
tips from Veeco.

The solid PCN sample is prepared as described in
a previous section and is cut using a diamond-
wafering blade (Buehler, Isomet) and care is taken to
obtain a flat surface for the indentation tests. The
tests are performed at a load of 10,000 pN and 21
indentations are done at that load on each sample.

Using the Oliver-Pharr method,* the elastic modu-
lus (E) and hardness (H) are determined from the
load—displacement curves. In this method, the un-
loading segment of the curve is fitted to a power-law
function to obtain the contact depth. Using the initial
straight line portion of the unloading curve and dif-
ferentiating the power-law function the stiffness (S =
dP/dh) is calculated. The reduced elastic modulus
(E;) of PCN is obtained using a relation involving

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 Schematic diagram showing the indentation on PCN. The inset shows the molecular model of intercalated PCN.
(A), (B), and (C) represent MMT clay sheet, polymer, and organic modifier, respectively, in the intercalated PCN. [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

contact stiffness and the contact area. As the sample
and indenter, both undergo elastic deformation, the
deformations of both of them are considered in calcu-
lating reduced elastic modulus (E,) of sample. The
reduced elastic modulus is calculated as follows:

1/E, = (1—=V*)/E+ (1 —V})/E;

where E and v are the elastic modulus and poison’s
ratio of the sample, respectively; and E; and v; are
the respective properties for the indenter. For dia-
mond E; = 1141 GPa and v; = 0.07.

Indentation hardness is defined as the mean pres-
sure the material will support under load. The hard-
ness is calculated by dividing the maximum load by
the contact area of the indenter at peak load.

H = Ppax/A

where, H is hardness, Ppn.x is the maximum load
experienced by sample, and A is the contact area at
peak load.

Nanodynamic mechanical analysis (NanoDMA)

Dynamic nanoindentation tests on PCN are per-
formed using a Triboscope nanomechanical testing
instrument (Hysitron). The triboscope is operated
with the multimode AFM (Veeco Metrology Group).
The load resolution of triboscope is 1 nN and dis-
placement resolution is 1 nm. A trigonal pyramid
shaped diamond Berkovich is used in the experi-
ment. All the tests are performed in room tempera-
ture and pressure in a direction perpendicular to the
face of the PCN as shown in Figure 2.

In the variable dynamic load test on PCN, the
load and load—-amplitude are changed maintaining a
constant frequency. The load range is chosen to get
the property from the clay—polymer interfaces in
PCN, which are 5000 and 10,000 uN as the beginning
and end loads, respectively. The peak load from
starting load point is reached in 11 segment steps at
a loading rate of 1000 uN per second. The starting
dynamic load is 50 N and the frequency of loading
function is 50 Hz.
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During the dynamic nanoindentation test, the dis-
placement amplitude, load amplitude, and phase lag
are measured to calculate the storage modulus, loss
modulus, and loss factor (tand) of PCN samples. The
instrument and sample to be tested are modeled by
damped harmonic oscillator with single degree of
freedom.®’ A small oscillatory load (P) with a known
load amplitude (Pp) and frequency () is applied on
the sample in the dynamic nanoindentation test.
Using lock-in amplifier, the alternating displacement
response during the experiment is measured at the
same testing frequency. The sinusoidal behavior of
the load (P) and the resulting displacement is given
by the following expression:

P = Py sin ot
X = Xp + sin(ot — @)

Here, t is the time and ¢ is the phase difference
between load amplitude (Py) and displacement am-
plitude (Xo).

The stiffness and the damping coefficient observed
in dynamic nanoindentation test is a combined
response of the instrument and the specimen under
testing. Hence, the response of the instrument must be
isolated from the gross response for obtaining the true
dynamic properties of sample. Therefore, prior to the
experiment, the damping coefficient (C;), stiffness (ko),
and mass (1) of the indenter are obtained by air cali-
bration. This is followed by real-time correction of the
aggregate response for the response of the instrument.
The portion of material’s displacement response that
is in-phase with the oscillating load gives the elastic
response of the material. The energy that is absorbed
by the material during the contact with indenter gives
the viscoelastic response of the sample. It is produced
by the out-of-phase portion of response. The values of
storage modulus (E'), loss modulus (E”), and loss fac-
tor (tand) are given by the following expressions:

El _ ks\/}E
VA
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E/l _ (‘OCS\/E
2VA,
tan 6 = wkfs

where, k; and C; are the stiffness and damping coef-
ficient of the specimen, respectively, and A, is the
projected contact area of indenter on the surface of
specimen.

RESULTS AND DISCUSSION
X-ray Diffraction (XRD)

The XRD plot of PCNs containing 9 wt % of OMMT
and polymer is shown in the Figure 3. The low angle
peaks are observed at 20 = 6.54° 6.605 and 6.66° in
PCN-lauric, PCN-dodecyl, and PCN-dodecane,
respectively, which correspond to the dypp; peak of
intercalated PCNs. The corresponding d-spacing of
PCN-lauric, PCN-dodecyl, and PCNo-dodecane are
found to be 13.51, 13.39, and 13.27 A, respectively.
However, this low angle peak is not found in pure
PAG6. The presence of low angle (< 10°) XRD peak in
PCNs is an indication of the presence of intercalated
OMMT in PCN.

PAG6 is a highly crystalline polymer, which shows
polymorphism containing o-monoclinic, y-mono-
clinic, and amorphous phase in its structure. The «
and vy crystalline phases in PA6 are observed in the
range of 20 = 19°48'-24°3'%! The o form has zigzag
planar conformation, which is formed by anti parallel
chains connected by hydrogen bonds. The y form is
composed of parallel chains connected by hydrogen
bonds. The a crystalline phase is thermodynamically
more stable in comparison to y crystalline form."" The
XRD peaks in specified range of 26 = 19°48'-24°3' are
deconvoluted as shown in Figure 4 to measure the o

W WJ\ PCN (1,12-diaminododecane) N
W, wwf \
: N

] il PCHN (n-dodecylamine)
s el R e SR B

Polyamide 6 |
10 20 30 40 50
20 (degree)

PCN (12-aminolauric acid)

Intensity (arbitrary units)

Figure 3 XRD characteristics of pure polymer, PA6, and
PA6 based PCNs.

and vy crystalline phases of PCNs and pure PA6.
Peaks 1, Peak 2, and Peak3 in Figure 4 represent the
oy-monoclinic, y,-monoclinic, and o,-monoclinic crys-
talline phases of PA6, respectively,.®’ The peak posi-
tions corresponding to these crystalline phases are
shown in Table I. For the assessment of relative pro-
portion of o and vy crystalline phases in PCNs and
PAG6, the area under the peaks of different crystalline
phases and their ratios are calculated from Figure 4,
which are presented in Table II. Column 5 in Table II
gives the ratio of o and y crystalline phases in PCNs
and PAG6. It is observed that the PCN-lauric-9% and
PCN-dodecyl-9% have predominantly v crystalline
phase. On the other hand, PA6 has dominantly o
crystalline phase. This phenomenon agrees with the
previous observation.*> However, in PCN-dodecane-
9%, the crystalline phase is more close to pure PA6
where the o crystalline phase is dominantly observed.
The nanoclay fillers in PCN disrupt the ordered la-
mellar stacking of polymer chain, which results in the
transformation of crystallinity from o phase in PA6
into y phase in PCN. The PCN-dodecane contains
1,12-diaminododecane, which has two protonated
amine groups at both the ends of each modifier mole-
cules. Protonated amine groups of intercalated modi-
fiers have relatively stronger interactions with the
interlayer clay surface in comparison to the end func-
tional groups of other two modifiers. Hence in PCN-
dodecane, the intercalated organic modifiers have rel-
atively feeble interactions with intercalated polymer.
The relatively weaker interaction may not be able to
disrupt the ordered lamella stacking of polymer and
thus crystalline phase in PCN-dodecane is found
more close to pure PA6, which is dominantly o crys-
talline in nature.

Differential Scanning Calorimetry (DSC)

Melt crystallization experiments are conducted on
pure PA6 and PA6 based PCNs containing different
organic modifiers to assess their effect on the crystal-
lization behavior of PCNs. The heat of fusion and
the percent of melt crystallization of different PCNs
containing 9 wt % of OMMT are shown in Table IIL
From the results in Table III, it is observed that pure
PA6 shows relatively higher crystallinity than that of
PCNs. Pure PA6 has orderly oriented lamellar stacks
that impart crystallinity. In PCN, when polymer
chains are intercalated into clay sheets, the nanoclay
fillers appear to disrupt the regular ordered orienta-
tion of polymer, which results in the reduction of
crystallinity of PCN.

All PCNs are synthesized with 9 wt % of OMMT
containing identical polymer and clay, however,
with different organic modifiers. Although the PCNs
contain the same clay loading, it is observed from
Table III that PCNs containing different types of

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 Deconvoluted XRD peaks showing o and vy crystalline phases of polymer of (a) PCN-lauric-9 wt %, (b) PCN-
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organic modifiers show different amounts of crystal-
linity. This phenomenon leads to the conclusion that
organic modifiers have a significant impact on the
crystallinity of PCN.

In our previous photoacoustic Fourier transform
infrared spectroscopy (PA-FTIR) and molecular dy-
namics (MD) studies,””®® it is observed that there are
only nonbonded interactions between the constitu-
ents of PCN. From MD study,84 in PCN-lauric-
9%, the strongest attractive interaction is observed
between clay and organic modifier followed by the
interactions between clay and polymer, and polymer
and organic modifier. The three modifiers investi-
gated have almost same backbone-chain length;
however, the end functional groups of the modifiers
vary from each other as shown in Table IV. Thus dif-
ferent amounts of interactions are due to end func-

Journal of Applied Polymer Science DOI 10.1002/app

tional groups between the constituents of the PCNs.
The difference in interactions in PCN due to differ-
ent modifiers may be responsible for the different
amounts of crystallinity in PCNs. In the PCN-lauric-
9%, the polymer (PA6) structure appears most dis-
turbed by the interactions of the modifier resulting

TABLE 1
Position of XRD Peaks Corresponding to o and vy
Crystalline Phases of PCNs and Pure Polymer

Center of Center of Center of

Sample Peak-1 (20)  Peak-2 (20)  Peak-3 (20)
PCN-lauric-9% 19°53' 20°46' 23°53'
PCN-dodecyl-9% 19°59 20°56 23°59’
PCN-dodecane-9% 20°8 21°51 23°33'
Pure PA6 20°22' 22°14' 23°56
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TABLE II
Area of Deconvoluted XRD Peaks of a and y Crystalline Phases of PCNs and
Pure Polymer

Area of Area of Area of (col.2 + col. 4)/(col. 3)
Sample (col. 1) Peak-1 (col. 2) Peak-2 (col. 3) Peak-3 (col. 4) (col. 5)
PCN-lauric-9% 84.31 465.12 298.21 0.82
PCN-dodecyl-9% 209.46 740.51 441.38 0.88
PCN-dodecane-9% 567.15 200.86 593.91 5.78
Pure PA6 746.97 192.33 801.71 8.05

in the lowest crystallinity followed by PCN-dodecyl-
9% among the three PCNs. It appears that in PCN-
dodecane-9%, polymer structure may be least influ-
enced by organic modifier and thus resulting in the
highest crystallinity among all the PCNs. Pure poly-
mer has the highest crystallinity.

These differences in crystallinity of PCNs may be
attributed to nanoscale clay inclusions and the inter-
actions between its constituents. It appears that the
inclusions and the interactions inhibit the formation
of periodic structure of the polymer resulting in the
low crystallinity. For the same amount of nanoscale
inclusions and for different organic modifiers, the
difference in crystallinity may be attributed to the
differences in interactions between the constituents.
It is likely that higher interactions between the con-
stituents may result in fewer formation of periodic
structure resulting in lower crystallinity.

To assess the effect of clay loading on the crystalli-
zation behavior of PCN, the PCN-lauric with three
different OMMT loading (3, 6, 9% of the wt of poly-
mer) are tested for melt crystallization, and the
results are presented in Table V. It is observed that
with increase of clay loading in PCN, more polymer
chain will be intercalated in the interlayer clay gal-
lery. Thus it appears that greater amount of ordered
lamellar conformations of polymer is disrupted
resulting in the reduction of crystallinity of PCN
with the increase in clay loading.

Nanoindentation

Effect of organic modifier on elastic modulus and
hardness of PCN

To evaluate the effect of organic modifier on nanome-
chanical properties of PCN, nanoindentation experi-
ments are conducted on PCN samples containing dif-

TABLE III
Change of Crystallinity in PCNs of 9% OMMT Loading
with Varying Organic Modifiers

Sample (col. 1) AH,, (J/g) % Crystallinity
PCN-lauric-9% 46.81 23.05
PCN-dodecyl-9% 50.18 24.71
PCN-dodecane-9% 51.82 25.52
Pure PA6 56.06 27.61

ferent organic modifiers. The results are presented in
Table VI. It is observed that the hardness of PCN is
higher than that of pure PA6, whereas no significant
change is observed in PCNs containing the three dif-
ferent modifiers that ranges between 0.165 and 0.171
GPa. The depth of penetration of indenter tip of all
three PCNs is very similar (in the range 1619-1629
nm) under the maximum loading of 10,000 uN. This
results in approximately the same area of contact as
shown in eq. (2) of a previous section.

The elastic moduli of PCNs containing three dif-
ferent organic modifiers with 9% OMMT loading are
plotted as shown in Figure 5. It is observed that the
elastic modulus of all PCNs is higher than that of
pure PA6 (E = 3.352 = 0.169 GPa). Among PCNs,
PCN-lauric has the highest elastic modulus with a
value of 5460 = 0.267 GPa followed by PCN-do-
decyl with value of 4.766 * 0.108 GPa. The PCN-do-
decane has the least elastic modulus among the
PCNs with a value of 4.417 = 0.010 GPa.

Hence from the results it is seen that the PCNs
containing same polymer, PA6 and clay but with dif-
ferent organic modifiers have different values of
elastic modulus at nanometer length scale. This indi-
cates that organic modifiers have significant influ-
ence on the elastic modulus of PCN. From DSC
result we have seen that crystallinity of PCNs
decreases in the order of PCN-dodecane, PCN-do-
decyl, and PCN-lauric. The values of elastic modulus
decrease in the reverse order, i.e., in the sequence of
PCN-lauric, PCN-dodecyl, and PCN-dodecane. Thus
from the nanoindentation tests, it is observed that
crystallinity decreases with increase in elastic modu-
lus of PCN. It appears that organic modifiers have
significant influence on the elastic modulus of PCNs.
The different organic modifiers due to different end
functional groups may have resulted in different

TABLE IV
Dynamic Mechanical Properties of PCN-Lauric with
Different OMMT Loading

Organic modifier Methylene chain End groups
12-Aminolauric acid (CHy)11 NH3;, COOH
n-Dodecylamine (CH,)11 NHj;, CH;
1,12-Diaminododecane (CH)12 NH;, NH;3

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE V
Change of Crystallinity in PCN-Lauric with Varying
OMMT Loading

Sample, (col. 1) AH,, (J/g) % Crystallinity
PCN-lauric-9% 46.81 23.05
PCN-lauric-6% 53.26 26.23
PCN-lauric-3% 53.63 26.41
Pure PA6 56.06 27.61

amounts of crystallinity in PCNs. The different
amount of crystallinity produce different amount of
entanglement of polymer chain with other constitu-
ents of PCN and thus resulting in the different non-
bonded interactions of interphases in PCNs. Proper-
ties of composites largely depend on the microstruc-
ture and interfacial interactions of the constituents of
composites. Hence the different amount of crystallin-
ity caused by different organic modifiers resulting in
the different structure and interfacial interactions in
PCN may be attributed to the differences in elastic
modulus of PCN. The higher the crystallinity, the
lower the entanglement of polymer chains with
other constituents of PCN, which may result in
lesser interactions between the interphases of PCN
resulting in lesser elastic modulus.

Effect of clay loading rate on elastic modulus and
hardness of PCN

To evaluate the effect of clay loading on elastic mod-
ulus and hardness of PCN, PCN-lauric with 3, 6,
and 9 wt % of OMMT loading are tested with quasi-
static nanoindentation experiments. The result of
OMMT loading amount on elastic modulus of PCN
as presented in Table VII are graphically plotted in
Figure 6. From Figure 6, it is observed that with
increase in clay loading from 3 to 9 wt %, elastic
modulus of PCN increases from 4.43 to 5.46 GPa,
which corroborates the DSC results. As seen from
DSC results, with the increase of clay loading, the
crystallinity of intercalated polymer decreases. It
appears that the increase in disorderliness of interca-
lated polymer structure increases the entanglement
of polymer with the amount/percent of clay and
modifier in PCN and results in higher interfacial
interactions of polymer with the other constituents

TABLE VI
Elastic Modulus and Hardness of PA6 Based PCNs
Containing Different Organic Modifiers

SIKDAR ET AL.
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Figure 5 Effect of organic modifiers on elastic modulus
of PA6 based PCNs.

of PCN. The nanoclay fillers act as reinforcing agent
in PCN, with the interlayer having high elastic mod-
ulus of 25-30 GPa.** Thus, with the increase of clay
loading, in addition to the increase of interfacial
interaction of polymer, the reinforcing property of
nanoclay itself may contribute to the enhancement of
elastic modulus of PCN.

Nanodynamic mechanical properties of PCN

Effect of organic modifiers on nanodynamic
mechanical property of PCN

The dynamic nanoindentation tests on the PA6
based PCN containing three different organic modi-
fiers of 12-aminolauric acid, n-dodecylamine, and
1,12-diaminododecane are conducted to evaluate the
effect of organic modifiers on the viscoelastic proper-
ties of PCN. The mean value of storage modulus
(E"), loss modulus (E”), and loss factor (tand) have
been presented graphically in Figures 7-9, respec-
tively. From these figures it is observed that all
PCNs have higher storage modulus, loss modulus,
and loss factor in comparison to pristine polymer.
The PCN-lauric has the highest storage modulus,
loss modulus, and loss factor followed by PCN-do-
decyl and PCN-dodecane. Thus it is seen that the
viscoelastic properties follow the same sequence of
magnitude in PCNs as the elastic modulus. The stor-

TABLE VII
Elastic Modulus and Hardness of PCN-Lauric for
Different wt % of OMMT Loading

Elastic modulus Hardness Elastic modulus Hardness

Sample (col. 1) E (GPa) H (GPa) Sample (col. 1) E (GPa) H (GPa)
PCN-lauric-9% 5.460 + 0.267 0.170 = 0.026 PCN-lauric-9% 5.460 = 0.267 0.170 = 0.026
PCN-dodecyl-9% 4.766 + 0.108 0.168 = 0.008 PCN-lauric-6% 4748 + 0.064 0.200 = 0.001
PCN-dodecane-9% 4417 = 0.010 0.172 = 0.013 PCN-lauric-3% 4.431 = 0.044 0.194 + 0.013
Pure PA6 3.352 + 0.169 0.121 = 0.010 Pure PA6 3.352 = 0.169 0.121 = 0.010
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Figure 6 Effect of OMMT loading rate on elastic modulus
of PCN-lauric.

age and loss moduli in PCN-lauric are much higher
than those of other two PCNs. However, the differ-
ence in magnitude of these moduli between PCN-do-
decyl and PCN-dodecane are relatively less. The
PCNs with same polymer and clay but with different
organic modifiers exhibit different storage modulus,
loss modulus, and loss factor. This clearly indicates
that organic modifiers also influence the viscoelastic
properties of PCN.

In dynamic mechanical testing using NanoDMA, a
sinusoidal load is applied to the sample. The energy
recovered and energy absorbed in response to the
cyclic loading pattern is measured. The loss modulus
gives the quantity of energy lost or absorbed by the
material after withdrawal of load, which signifies
the viscous property of the viscoelastic material. The
storage modulus is the measure of energy recovered
from cyclic loading and represents the elastic prop-
erty of sample under cyclic loading. The ratio of loss
and storage modulus is the loss factor, which repre-
sents the viscoelastic property of material.
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Figure 7 Effect of organic modifiers on storage modulus
of PA6 based PCNSs.
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Figure 8 Effect of organic modifiers on loss modulus of
PAG6 based PCNSs.

The storage moduli of PCNs are found to be higher
than that of pure polymer as shown in Figure 7. Again,
PCNs with different organic modifiers give different
storage modulus. In PCN, the clay nanofillers act as
reinforcing agent. The reinforcing effect of nanoclay
fillers may contribute towards the increase in storage
modulus of PCN in comparison to pure polymer. The
mechanical behavior of PCN is significantly influenced
by the crystallinity of polymer and interfacial interac-
tions of the constituents of PCN. The PCNs are syn-
thesized with same polymer and clay, however, with
different organic modifiers. The presence of different
organic modifiers results in varying amounts of inter-
actions in the PCNs, which are likely to produce differ-
ent amounts of crystallinity in the PCNs. Thus varia-
tion in storage modulus in different PCNs may be
attributed to the difference in crystallinity in PCNs.

Because of clay inclusions and interactions between
constituents, the mobility of polymer chains in PCNs
decreases in comparison to pristine polymer. It
appears that in response to loading and unloading in

014
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10.12)
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Figure 9 Effect of organic modifiers on loss factor of PA6
based PCNs.
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Figure 10 Effect of OMMT loading on storage modulus
of PCN-lauric.

the dynamic mechanical test, the polymer chains take
more time to rearrange themselves as compared to the
pure polymer. This additional immobility of polymer
in PCN may be attributed to the higher loss modulus
of PCN in comparison to pure polymer.

In the presence of different organic modifiers, the
crystallinity and hence interactions of polymer with
clay and modifiers vary possibly resulting in the dif-
ferent hindrance to polymer mobility and conse-
quently producing different loss modulus in PCNs
containing different organic modifiers. It appears
that crystallinity of intercalated polymer influences
the interactions between polymer and clay, which in
turn affects the mobility of polymer chains in PCN.
The PCN-dodecane has least loss modulus between
the PCNs. The other two PCNs have relatively
higher loss modulus, which may indicate higher
polymer chain immobility as a result of compara-
tively lesser crystallinity of polymer in PCNs.

The loss and storage modulus for the PCNs have
same increasing or decreasing trends. It is observed
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Figure 11 Effect of OMMT loading on loss modulus of
PCN-lauric.
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that PCN-lauric shows higher loss modulus as well
as storage modulus. Thus PCN-lauric shows higher
elastic and viscous properties with respect to pure
polymer than the other two PCNs. However, the val-
ues of PCN-lauric are not much higher than other
two modifiers as seen in Figures 7-9, and PCN-dode-
cane and PCN-dodecyl have very close values of loss
factor as evidenced from Figure 9.

Effect of clay loading on nanodynamic mechanical
property of PCN

The results of viscoelastic properties of PCN-lauric
with increased clay loading are graphically pre-
sented in Figures 10-12. As seen from these figures,
with increasing clay loading, the loss factor, storage,
and loss modulus increases in PCN-lauric. For
increasing nanoclay fillers, the reinforcing effect of
polymer increases and this produces higher storage
modulus in PCN. As discussed previously in this pa-
per, as the clay loading is increased, the crystallinity
of the polymer decreases. The increased immobility
of polymer chain may be attributed to the increase
of loss modulus with the increase of clay loading
rate. With the increase of clay loading in PCN-lauric,
the loss and storage modulus are both found to
increase considerably. However, as the loss and stor-
age modulus increase or decrease, the loss factor
which is the ratio of two moduli does not change by
a significant amount. The PCN-lauric with 9% clay
loading has distinctly higher value of loss factor
than the other two PCNs. However, the PCNs with
6 and 3% clay loading have the same loss factor.

SUMMARY AND CONCLUSIONS
1. Dynamic nanoindentation experiments have

been conducted for the first time to evaluate
viscoelastic properties (storage modulus, loss
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Figure 12 Effect of OMMT loading on loss factor of PCN-
lauric.
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