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The creep behavior and solid and melt linear viscoelastic-
ity of novel polyamide 6 (PA6) nanocomposites reinforced
with cellulose nanocrystals (CNCs) prepared via in situ

anionic ring-opening polymerization (ROP) were investi-
gated to accelerate research efforts to develop new poly-
meric materials with improved properties for lightweight,
load-bearing applications. The obtained results showed
that incorporation of relatively small amounts of! 2wt%
CNCs into the PA6 thermoplastic matrix gave nanocom-
posite samples with significantly enhanced creep and
viscoelastic materials functions of the PA6 as indicated by
lower creep strain, lower creep compliance, improved
elastic recovery after removal of load, and reduced Arrhe-
nius activation energies for time-dependent viscoplastic
flow. The obtained results were analyzed and interpreted
by theoretical equations for predicting the viscoelasticity
and creep behavior of polymeric systems. The melt rheo-
logical properties showed enhanced melt strength and
elasticity. The formation of a percolated network structure
of CNC was revealed by morphological observations that
were consistent with the dynamic structure break-up and
reformation rheological experiments. The stiffness, rigidity
of the CNCs along with their special ROP-facilitated
intrinsic strong chemical interactions with the PA6 matrix
is believed to be responsible for the observed superior
creep and viscoelastic materials functions even with very
little CNC concentration. POLYM. ENG. SCI., 56:1045–1060,

2016. VC 2016 Society of Plastics Engineers

INTRODUCTION

Polymer nanocomposites are an important class of polymer

based materials that have found numerous applications in sci-

ence, engineering and advanced technologies due to their unique

properties that are attainable through the combination of specific

characteristics of the polymer matrix and the relatively small

concentration of nano-filler reinforcements. In this context,

engineering thermoplastics like polyamide 6 are currently of

academic and industrial research interest due to their superior

mechanical properties, wear and chemical resistance, and good

thermal stability [1, 2]. However, in a similar way to other ther-

moplastic polymers, they undergo viscoelastic deformation and

creep under load when used in load bearing applications.

Recently, addition of various kinds of nanoparticles into

polymer matrices has been shown to effectively improve the

creep resistance of the polymer matrix to an extent that depends

on the type, shape and concentration of the nanoparticles. For

example, Yang and co-workers [3] reported that low content

(i.e., 1 wt%) of spherical (TiO2) and platelet-like (organoclay)

particles in polyamide 6,6 improved the creep resistance of the

polymer matrix even at elevated temperatures and different

stress levels.

A number of research studies that aim to improve the physi-

cal properties of polyamide 6 (PA6) matrix through the addition

of various nanoparticles such as silica [4], organoclays [5], gra-

phene [6] and carbon nanotubes [7] have been reported. For

example, nanoclay has been found to improve the viscoelastic

and rheological properties of PA6 matrix [8], where it was

found that addition of a small volume fraction of clay to PA6

reduced the creep strain of both water saturated and dry PA6

samples through molecular level viscous slippage inhibition

effect.

More recently, there has been a great interest in both the sci-

entific and industrial communities in application of natural

fibers from renewable agricultural resources as the reinforcing

additive in polymer composites. This interest is primarily due to

the low cost and abundance of plant-based cellulose fiber

resources, low density of the final composite part, low wear of

processing equipment, and biodegradability [9, 10]. Therefore,

this cost effectiveness, lightweight, renewability and environ-

mental sustainability compared to traditional glass or carbon

fiber composites have made these natural fibers very attractive

for polymer composite applications. Gong et al. [11] developed

composites of polyvinyl acetate reinforced with cellulose nano-

fibers. Their results showed that the final creep deformation of

the matrix can be reduced by using 12 10% of CNFs. They

also showed that the activation energy of the molecular motion

through analysis of a-transition tan d peak measured at different

frequencies could be increased by increasing the CNF content.

Spoljaric et al. [12] used microcrystalline cellulose (MCC) as

reinforcing filler in polypropylene matrix. They found that MCC

can effectively reduce the creep strain of polypropylene at vari-

ous loading levels as well as increase the storage modulus and

glass transition temperature. The MCC was also found to

increase the elastic recovery of strain in recovery process and
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reduce the permanent deformation which is an important factor

in dimensional stability of polymer materials when the load is

removed. Their results showed that upon application of a reac-

tive interfacial modifier, the reinforcing effect can be signifi-

cantly improved.

Cellulose nanocrystals (CNCs) have gained particular interest

among bio-derived nano-fillers due to their exceptional mechan-

ical properties having a longitudinal modulus in the range of

100–150 GPa with an average value of 130 GPa that is almost

equivalent to that of aramid fibers [13, 14]. CNCs have been

used as an effective reinforcing agent in a number of polymer

systems including polyurethanes [15], poly lactic acid (PLA)

[16], epoxy thermosets [17], and polyvinyl acetate adhesives

[18]. In a study on shape memory polyurethane reinforced with

CNCs [19], a significant enhancement in creep resistance was

observed by a reduction of around 40% of the total creep strain

with only 1% of CNC in the composite. Iyer et al. [20] devel-

oped low-density polyethylene (LDPE)/CNC composites using

solid state pulverization technique. The excellent dispersion of

CNCs in this hydrophobic LDPE matrix obtained by this mixing

strategy resulted in effective property enhancement of mechani-

cal properties and creep resistance.

Despite this reported successes in the application potential of

cellulosic fibers as reinforcement for polymers, their use in

engineering thermoplastic composites have remained a challenge

due to the high melting point (and thus processing temperature)

of these thermoplastics such as polyamide 6 (Tm " 2208C)

which overlaps with the thermal degradation temperature of

CNCs [21]. Consequently, most nanocomposites containing

these nanocrystals have been made by either using hydrophobic

polymers with low melting points, or by solvent casting techni-

ques with less than optimal impact [22, 23]. Recently, in a

series of studies, Kiziltas et al. [24, 25] reported a melt process-

ing strategy that has been used to blend microcrystalline cellu-

lose with polyamide 6 matrix in a Barbender
VR

mixer. The

rheological characterization of the composite showed an

increase in melt elasticity and viscosity at high MCC content;

and the crystallization studies showed some molecular motion

inhibition in crystal formation in presence of MCC particles.

Carolina-Correra et al. [26] used a combination of solvent cast-

ing and melt processing method to fabricate nano-cellulose rein-

forced PA6 composites and their obtained results showed

promising reinforcing capability even at very low CNC content

of 1 wt%. This observed reinforcement efficiency is primarily

due to the good dispersion of CNC particle and good protection

of CNCs by the cast nylon chains in the melt processing step

against thermal degradation.

In addition to the melt processing techniques already

described, anionic ring-opening polymerization (ROP) of e-

caprolactam has been used in resin infusion type processes [27]

to fabricate PA6 based macro- and nano-composite. In a series

of relatively recent studies by Rijswijk et al. [28–31] on glass

fiber-reinforced PA6 composites and other studies by other

researchers on clay [32], zinc [33], and carbon nanotube [35]

reinforced PA6 composite, the authors showed that by using the

ROP reaction, an effective dispersion of particles (or excellent

fiber wet out in the case of macro-fibers [27]) could be achieved

by the selection of optimized ROP and processing conditions.

An example of the efficiency of this ROP technique was

reported by Tung et al. [35] where rheological experiments were

used to compare clay-reinforced polyamide 6 nanocomposites

prepared by both melt blending and in situ ROP technique.

Their results indicated that ROP facilitated the fabrication of

composites with improved properties due to better dispersion of

clay.

The work described in this article is part of a long-range

research effort to develop novel composite materials based on

polyamide 6 matrix reinforced by cellulosic fibers using the

ROP technique because the relatively low polymerization tem-

perature ("1508C) minimizes the thermal degradation of the cel-

lulosic fibers that is observed in conventional polymer

processing methods like extrusion and injection molding as

already described. In addition, the low viscosity of the starting

reactive monomeric system allows for better dispersion of nano-

particles. The aim of this article is to report on the preparation,

viscoelastic, and creep behavior of PA6/CNC nanocomposite

prepared by in situ ROP reaction using optimal prescribed con-

ditions with improved results. The obtained results are analyzed

and interpreted within the context of a number of extant theoret-

ical equations that pervade the literature for predicting the vis-

coelasticity and creep behavior of polymeric systems. It is

hoped that the interesting results of this study will provide a

basis for further exploitation and better understanding of the fac-

ile strategy of developing new engineered thermoplastic nano-

composites reinforced with cellulosic fibers with improved

properties for a number of load-bearing applications with

enhanced benefits.

In addition to their superior mechanical properties like high

stiffness and high surface area available for interaction with

matrix, CNC particles have a low density compared to conven-

tional reinforcements such as silicates, glass fiber and carbon

fiber. Therefore, the PA6/CNC nanocomposite material of this

study is lighter and has superior performance properties for tar-

geted metal replacement component spare parts in vehicular

applications where light weighting while meeting CO2 reduction

standards is crucially important.

EXPERIMENTAL

Materials and Preparation of Nanocomposites

The caprolactam monomer used was an AP-Nylon
VR
caprolac-

tam grade (purchased from Brueggemann Chemical, Pennsyl-

vannia) with low moisture content (<100 ppm) suitable for

anionic ring-opening polymerization. The phenyl isocyanate and

sodium hydride used were purchased from Aldrich and used as-

received. Bleached kraft pulp paper (from southern yellow pine)

with 99–100 wt% cellulose (lignin-free pulp) was obtained from

Weyerhaeuser and used as the starting material for the prepara-

tion of cellulose nanocrystals (CNCs).

In this study, cellulose nanocrystals were prepared by sulfuric

acid hydrolysis of bleached cellulose paper (kraft pulp) follow-

ing the method reported by Capadona et al. [36] with some

modifications. The paper was cut into small pieces and blended

at high speed with de-ionized water (20 g/L) to achieve a lumpy

cellulose pulp followed by placement in a glass reactor in an ice

bath. Acid sulfuric (98%) was slowly added to the cold suspen-

sion to reach a concentration of 35 v/v% of acid in total suspen-

sion. The mixture was then heated to 508C and stirred for 3.5 h.

The obtained suspension was subsequently quenched with 10-

fold excess of deionized (DI) water and filtered over fine gritted
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glass filter and washed slowly with DI water until the running

water showed pH " 6. The resulting mixture was decanted to

remove the unhydrolyzed fibers and then centrifuged (5 cycles)

at 3000 rpm for 10 minutes to concentrate the CNCs. The nano-

crystals were recovered by freeze-drying of the suspension and

were neutralized with 2 nM NaOH solution to convert the sur-

face sulfonic acid groups to sodium salt (indicated by pH neu-

trality of the CNC dispersions). The obtained neutralized CNCs

were dried overnight in a vacuum oven at 1008C prior to prepa-

ration of the nanocomposite samples.

Nanocomposites were prepared by in situ ring-opening poly-

merization of caprolactam monomer in the presence of CNCs.

For this purpose, the CNCs were dispersed in the monomer at

0.6, 1, and 2 wt% CNC concentrations by high-speed agitation

(700 rpm) for 30 minutes and sonicated for 25 min at 852 958C.

The ROP activator was synthesized separately by reaction of the

phenyl isocyanate with caprolactam under inert atmosphere for

1 h at 958C. The ROP initiators were prepared by addition of

sodium hydride to monomer under nitrogen atmosphere. The ini-

tiator and activator (1.5 mol% and 1.2 mol%, respectively) were

then added to the CNC-containing monomer dispersion and the

mixture was allowed to polymerize at 1508C for 30 min in a disk

shaped mold under vacuum. The conversion of the monomer into

polymer was determined by extracting the unreacted monomer in

a Soxhlet apparatus using boiling water as the extracting liquid

for 9 h. The nomenclature used here for the test nanocomposite

samples is x% CNC where “x” denotes the CNC content in

weight percentage in the composite sample. The prepared com-

posite plates were cut and granulated into small pieces that were

used to prepare standard test samples for the various measure-

ments as described in the following sections. Thermal analysis

via thermogravimetric analysis (TA Instruments Q500 TGA)

were performed to analyze the thermal stability of the cellulose

nanocrystals at polymerization temperature of 1508C and no ther-

mal degradation of CNCs were detected.

Test Sample Preparation

Samples for dynamic mechanical analysis (DMA) tests were

prepared from the granulated composite samples obtained from

the polymerization mold by compression molding. Rectangular

bars with dimensions of 3.2 3 12.6 3 20 mm3 were compres-

sion molded in MTP-24 Tetrahedron
VR
laminating press at 2358C

under 5 tons (or 49 kN) of force. The composite granules were

dried overnight in a vacuum oven at 808C after monomer

extraction prior to compression molding. The obtained rectangu-

lar bars were dried overnight at 808C prior to DMA tests that

were performed under constant flow of dry nitrogen in order to

prevent the interference of moisture absorption of samples in

the test data acquisition and analysis. For creep tests, rectangular

bars with 1.08 3 14.90 3 20 mm3 dimensions were injection

molded using a Daca
VR
micro-injector bench-top injection mold-

ing machine using a barrel temperature of 2358C and a mold

temperature of 1208C followed by ambient cooling of the mold

after the injection molding. The injection molded bars were

dried overnight in a vacuum oven at 808C and stored in the des-

iccator until required for testing.

Atomic Force and Scanning Electron Microscopy. Atomic

force microscopy (AFM) Images of the cellulose nanocrystals

(CNCs) were captured using a Multimode scanning probe

microscope (Veeco
VR
instruments). A silicon probe with 125 mm

silicon cantilever with a nominal force constant of 40 N/m was

used in tapping mode surface topography in this study. The

AFM test specimens were prepared by drop-casting of CNC dis-

persion from ethanol on Mica surface by spin-coating

(3000 rpm) followed by nitrogen blow-drying. The microstruc-

ture of the nanocomposite samples was studied by a Sigma

field-emission scanning electron microscope (ZEISS
VR
, USA)

using a 5 kV accelerating voltage. The imaging was performed

on cryo-fractured surfaces of the nanocomposite samples

sputter-coated with silver for enhanced conductivity.

Dynamic Mechanical and Creep Testing

Dynamic mechanical tests were performed using a Perkin

Elmer Diamond
VR

DMA using a dual cantilever mode to study

the bulk viscoelastic properties of the samples as functions of

temperature and frequency. Dynamic viscoelastic properties

were measured in the range of 220 to 2008C at a constant fre-

quency of 1 Hz; and the frequency sweep tests were performed

at 308C in the frequency range of 0.052 100 Hz following

standard methods.

A Q800 TA
VR
Instruments DMA was used in three point-bend

geometry for the creep tests and analysis. The creep tests were

performed at 25, 50, 75, 90, and 1058C under a constant stress

of 4 MPa that was previously determined to be in the linear

viscoelastic region. For each test, a new sample was used and

the strain was measured as a function of time. The samples

were pre-equilibrated at the desired temperature for 5 min prior

to the application of the stress for 60 min followed by 60 min

of recovery after removal of the applied stress.

Melt Rheological Characterization

Melt rheological measurements were performed both in the

strain-controlled and stress-controlled modes. Dynamic fre-

quency sweep experiments were carried out on an ARES
VR

rhe-

ometer using 25 mm parallel plate geometry, a gap of 1mm and

a linear strain of 1.25% that was predetermined from a strain

sweep test. For the time sweep test, a frequency of 5 rad/s was

used. Stress-controlled experiments were done using a DHR2
VR

TA-instruments rheometer and 25 mm diameter parallel plate

geometry with a gap of 0.8 mm while for the steady shear flow

curve experiments, a cone-and-plate geometry was used in order

to maintain a constant shear rate throughout the sample. All the

tests were performed under nitrogen atmosphere and the temper-

ature was kept constant at 2268C to ensure a fully molten sys-

tem and negligible degradation of the samples that was

monitored as a less than 6% reduction in G’ under the test con-

ditions used. A thermal soak time of 40 s was found to be suffi-

cient to eliminate the residual stress in the samples from the

polymerization process, yielding reproducible results that typi-

cally replicated to within about 10% from sample to sample. In

order to study the structure break-up and recovery in the sam-

ples, the samples were pre-sheared at desired shear rates (i.e.,

0.1, 1, and 10 s21) and subsequently subjected to a dynamic

time sweep test with a frequency of 5 rad/s and a linear strain

of 1.25% and the evolution of viscoelastic properties (G’ and

G00) over time were obtained.
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RESULTS AND DISCUSSION

Cellulose Nanocrystal Preparation and In Situ Polymerization

An AFM image of the prepared cellulose nanocrystals

(CNCs) is shown in Fig. 1. Typically in the acid hydrolysis pro-

cess, the noncrystalline regions (mostly amorphous) of the ligno-

cellulosic fiber are removed by dissolution in the acid medium.

This amorphous region is mainly composed of the para-

crystalline regions of hemicellulose and the lignin-based portion

of the cellulosic fiber. The cellulose starting material, concentra-

tion of sulfuric acid, and temperature of hydrolysis determines

the final aspect ratio of the CNCs. As evident in Fig. 1, the

obtained CNCs had an aspect ratio of 14–20.

The conversion of the e-caprolactam monomer in the differ-

ent composite samples is shown in Fig. 2a. As can be seen in

this figure, the monomer conversion ranged from 98.5% (PA6)

to 95.8% (nanocomposite with 2% CNC). Increasing the CNC

content is seen in Fig. 2b to be associated with the evolution of

brown color in the composite samples most likely due to the

polymerization reaction inhibition effect of CNC particles. It

has already been shown that preparation of PA6 based compo-

sites by in situ ring-opening polymerization in presence of dif-

ferent types of reinforcing fillers such as organoclay [32], TiO2

[37], metal nanoparticles [38], and glass fibers [28] results in

lower conversions of monomer due to the deactivation of grow-

ing anionic chain by proton donating species. In the case of cel-

lulose nanocrystals, the deactivation of growing anions is

ascribed to bound water molecules on the hydroxyl rich surface

of cellulose which can act as an effective proton donating spe-

cies during the anionic polymerization reaction. Although the

CNCs were thoroughly dried overnight in a vacuum oven and

immediately kept under dry nitrogen atmosphere until required

for use, the remaining bound-water on the surface may be diffi-

cult to completely remove and may therefore lower the polymer-

ization yield. In addition, the surface hydroxyl groups of the

CNC may act as proton donating species and consequently deac-

tivate the anionic centers on the growing polymer chains thereby

lowering the final conversion. It is worthy to note that upon sul-

furic acid hydrolysis and neutralization process, the most active

hydrogen donating species (i.e., the methylol groups on the

CNC surface) are converted to sodium sulfonate groups which

in turn eliminates the proton donating ability of the methylol

groups. Therefore, the proton donation from these methylol

groups is less likely to be the primary reason for lower conver-

sion of the polymerization reaction. It should also be noted that

the other hydroxyl groups on the cellulose surface are less

accessible to the growing PA6 chain anion due to the significant

steric hindrance imposed by cellulose backbone structure. These

potential inhibition mechanisms are depicted in reaction

schemes of Fig. 2c.

Morphological and Dynamic Mechanical Analysis. The micro-

structures of the samples were studied by SEM imaging of the

cryo-fractured surfaces. As shown in Fig. 3, it is clearly evident

that a good dispersion of the CNC in PA6 matrix was obtained

using the in situ ROP technique. In fact, a dual structural feature

of the CNC particles in the matrix can be seen where the dis-

persed individual whiskers tend to form a more clustered

network-like structure with increasing CNC content. Clearly, the

cellulose nanocrystals show a strong tendency to interact with

each other and form larger “bundles” and fibrillar structures

(see Fig. 3). As the content of CNC is increased from 0.6 to 2

wt%, initially, the whiskers (i.e., single rod-like crystals in the

form of filaments with no dislocations) of CNCs tend to form

small clusters promoted by the edge-edge effect rather than

side-ways aggregation. This is primarily due to the less number

of negatively charged sulfonate groups on the CNC surface at

the edges that promotes this type of flocculation. In the sample

with 2% of CNC, it is clearly seen that the whiskers are in fact,

forming a 3D structure by interconnected bundles. These bun-

dles are larger than the length scale of individual whiskers and

are clearly formed by clustering of individual whiskers. The

effect of this interconnected network of fibrillar structures will

be described later in the sections on structural and melt rheolog-

ical properties of the nanocomposites.

The dynamic mechanical characterization was performed on

the neat PA6 and nanocomposite samples to evaluate the effect

of addition of CNCs on the thermomechanical properties of the

PA6 matrix. The temperature dependency of storage modulus of

the PA6 matrix upon addition of the cellulose nanocrystals is

shown in Fig. 4a. The storage moduli of the samples at repre-

sentative temperatures of 308C and 808C that are respectively

below and above the glass transition temperature of the neat

PA6 are shown in Table 1 (values are averages of 3 replicates).

Clearly, addition of very little amount of cellulose nanocrystals

increased the storage modulus of the neat PA6 matrix. For

FIG. 1. AFM images of CNCs prepared by acid hydrolysis. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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example, with the addition of 2 wt% of the CNCs, the modulus

increased from 1.95 to 2.6 and from 0.52 to 0.74 GPa at 308

and 808C, respectively (see Table 1). Cellulose nanocrystals are

known to be highly stiff particles with a longitudinal modulus

of up to 150 GPa and shear modulus of 5 GPa [39, 40]. There-

fore, the obtained increase in modulus is ascribed to the

FIG. 2. (a) Monomer conversion in the composite samples and (b) change in color of the composites with addition

of varying CNC contents. (c) Proposed mechanism of termination of propagating anionic centers by proton abstrac-

tion. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

FIG. 3. Scanning Electron Micrographs of cry-fractured surfaces of (a) PA6, (b) 0.6%CNC, (c) 1%CNC and (d)

2%CNC nanocomposites. (The scale bar shown is 1 mm).
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presence of the rigid elastic CNCs even at low concentrations

(!2 wt% CNC) that enhanced the rigidity of the matrix by mak-

ing the molecular motion of polymer chains more difficult. It

should be mentioned here that our DSC data (not shown) indi-

cate that upon incorporation of CNCs into PA6 matrix, the over-

all crystallinity of the system reduces from around 45.9% in

pure PA6 to 38%, 37% and 30.9% in nanocomposites with 0.6,1

and 2 wt% of CNC, respectively. It is worthy to note that the

melting peak of the a-type crystals (occurring at around 220.56

0.58C) of the PA6 does not seem to be significantly affected by

the presence of the CNCs. However, a clear evolution of the

melting peak corresponding to c-type crystals at 2166 18C is

evident as the CNC content is increased, implying a develop-

ment of the less ordered crystal structure of polyamide chains

on the CNC surface. A more detailed thermal analysis and crys-

tallization kinetics of PA6/CNC nanocomposites is the subject

of a future publication that will be published elsewhere. How-

ever, it should be noted that based on the thermal analysis study

just mentioned, the observed reduction in overall crystallinity is

not consistent with the stiffening of the PA6 as seen in DMA

results, suggesting that the CNC particles and their reinforcing

effect is responsible for the observed enhancement of properties.

The variation of the loss tangent (tan d) with respect to tem-

perature is shown in Fig. 4b. The glass transition temperature

can be determined from the temperature corresponding to the

maximum peak of tan d because it is the temperature at which

the molecular motion of the polymer main chain segments is

maximized. Note that polyamide 6 has three well-known a-, b-,

and c-relaxation processes. However, in this study, the b2 and

c-relaxations are out of the temperature range studied. Typically,

the a-relaxation peak temperature is associated with the glass

transition temperature [41]. Therefore, it is evident from Fig. 4b

that addition of the cellulose nanocrystals to PA6 only slightly

increased the glass transition temperature. It is worthy to note

that addition of various nano-fillers such as organoclay alumino-

silicates [9, 42, 43], carbon nanotubes [44] and silica nanopar-

ticles [45] to PA6 has been reported in the literature to either

increase or decrease the glass transition temperature of PA6 to

an extent that depends on the interfacial interaction and compat-

ibility between the nano-filler and the PA6 matrix.

There are a number of distinctive features in the temperature

dependency of tan d in Fig. 4b. The slight increase in the a-

peak temperature for the highest CNC content composite shows

that addition of a small fraction of CNCs imposes restriction on

chain mobility and therefore results in the slight increase in the

Tg. Considering the fact that PA6 is a semi-crystalline polymer;

this chain movement restriction originates mainly in the amor-

phous regions of the polymer structure. CNCs possess hydroxyl

group-rich surfaces that are available to form strong hydrogen

bonds with the PA6 matrix. This suggests that during the course

of polymerization, the simultaneous crystallization of polymer

chains in the solid state may disrupt the crystalline structure of

the polymer in the areas where the particles are located in the

composite. This point is consistent with the reported observation

FIG. 4. Variation of (a) storage modulus with temperature, (b) tan d with temperature and (c) tan d with frequency.

Change in glass transition temperature with CNC content (dotted lines) is shown in Figure 4c inserted figure. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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by Kiziltas et al. [25] that addition of cellulose reduces the over-

all crystallinity of PA6-based composite materials. As a conse-

quence, the amorphous regions in the polymer structure can

interact tightly with CNC surface through H-bonding to form a

rigid fraction in the vicinity of the particles. This “stiffening” of

polymer chains results in the hindered molecular relaxation and

motion resulting in the observed slight increase in the Tg already

mentioned. It can also be seen in Fig. 4b that as the concentra-

tion of cellulose nanocrystals increases in the matrix, the height

of the tan d peak is reduced. This observed decrease in the

height of the tan d peak is attributed to the reduction in damp-

ing characteristic of the polymer chains which is typically

caused by incorporation of highly stiff and elastic particles that

resist the dissipation of energy under load and improve the elas-

tic nature of the composite.

The frequency dependency of tan d at 308C is shown in Fig.

4c showing that the obtained tan d values decreased as the CNC

content was increased throughout the whole frequency range

studied. As can be seen in this figure, the reduction in tan d is

more pronounced in the low frequency domain, and as the CNC

content is increased, the nanocomposites showed relatively

lower dependency on the frequency. We propose a number of

possible reasons for this observation. The loss tangent of the

nanocomposite which is a measure of the viscoelastic energy

damping characteristics of the constituents is expected to be

reduced by the presence of the rigid CNC whiskers dispersed in

the matrix. In addition, the strong interaction between the poly-

amide 6 and CNC surface will significantly reduce the chain

mobility at the interface and reduce the conversion of mechani-

cal energy to heat at polymer-particle interface as the polymer

and particle slide past one another resulting in dissipation of

energy. This last point is consistent with the relative increase in

Tg of the nanocomposites with increasing CNC content. Further,

the morphological observations showed the development of a

more homogenous network of interconnected CNC whiskers that

is capable of reducing the heat dissipation by stress variation

due to non-homogeneity of viscoelastic constituents (i.e., the

matrix and CNC with different elasticities).

Creep and Recovery Behavior

Figure 5 shows the creep deformation and recovery process

of neat PA6 together with the nanocomposite samples contain-

ing 0.6, 1, and 2 wt% of cellulose nanocrystals at three different

temperatures. An applied stress of 4 MPa was chosen for the

creep measurements to ensure the linear viscoelastic deforma-

tion region. The overall creep process is made up of the instan-

taneous deformation (known as the initial creep), the primary

creep, and the secondary rupture creep. The experimental condi-

tions were set so that the “rupture” did not take place for the

purpose of theoretical modelling of the data.

Expectedly, as Fig. 5 illustrates, for all the neat matrix and

nanocomposite samples, the creep strain increases with increas-

ing temperature. For example, in the case of the neat PA6

matrix, the final deformation after 1 h of creep increased by

467% when the temperature was increased from 25 to 1058C. It

also clearly evident in Fig. 4 that throughout the temperature

range studied, the total creep strain is much lower for the nano-

composite samples compared to that of the matrix. By increas-

ing the CNC content in the composite, the creep resistance

improved and the final creep strain decreased. It is worthy to

note that the temperature is comparatively less effective on the

nanocomposite samples in terms of the effect on the creep strain

compared to that of the neat matrix. In other words, the nano-

composite samples (especially the 2 wt% CNC sample) showed

less dependence of creep strain on the temperature. The fact that

the creep resistance of the samples was improved by addition of

CNCs is due to the elasticity and rigidity of the nanocomposite

samples. Note that in the presence of stiff cellulose nanocrystals,

the polymer molecules show less tendency toward the deforma-

tion and chain slippage and can resist the applied load more

effectively. From the evolution of the creep curves depicted in

Fig. 4 it can be seen that in the second stage of creep which

corresponds to the viscoelastic motion of the material, the sam-

ple deformation is significantly reduced with increasing CNC

content. For example, by addition of 2 wt% of CNC, the creep

strain of the PA6 matrix shows a reduction of 48% at 258C

while at the 1058C, this reduction in creep strain is more than

61%. This finding points to the fact that at higher temperatures

where molecular motion is facilitated by thermal energy of poly-

mer chains, the presence of rigid stiff CNCs significantly

improves the creep resistance of the PA6 thermoplastic matrix.

Similar effects were observed in the work of Gong et al. [11]

and Spoljaric et al. [12] where the incorporation of cellulosic

nanofiber in poly (vinyl acetate) and micro-crystalline cellulose

in polypropylene matrix resulted in significant improvements in

the creep resistance of the polymer matrix.

For the creep recovery process in Fig. 5, the following three

distinctive features are clearly evident in the recovery strain. A

fast step-wise recovery which corresponds to the elastic recov-

ery of the polymer chains when the load is removed from the

sample. This is then followed by a viscoelastic recovery over

time which then ends with a certain irrecoverable strain at the

end of the experiment. This last stage is related to the pure vis-

cous movement of the polymer chains which is not recoverable

after removal of the load and often referred to as the permanent

deformation. As expected, in the permanent deformation stage,

increasing the temperature for all the samples increased the per-

manent deformation and reduced the ability of the material to

recover the deformation elastically. This observation is due to

relatively easier viscous flow and plastic deformation that is

TABLE 1. Average values of storage modulus at two different temperatures as well as tan d peak characteristics.

Sample/property G0 at 308C (GPa) G0 at 808C (GPa) tan d peak temp (8C) tan d maximum height

PA6 1.95 0.52 65 0.134

0.6%CNC 1.98 0.45 65 0.124

1%CNC 2.3 0.54 66 0.115

2%CNC 2.6 0.74 68 0.099
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exacerbated at higher temperatures. The addition of the CNC

particles to the matrix enhanced the nanocomposite’s capability

to recover the strain and reduced the permanent deformation,

clearly showing the elasticity contribution of the cellulose nano-

crystals to the physical structure of the composite.

It is instructive to distinguish the instantaneous creep defor-

mation upon application of the stress from the creep deforma-

tion that takes place over time. In this context, the time-

dependent creep compliance (which excludes the instantaneous

elastic deformation in the beginning of creep process) is an

important variable through which the information about the

effect of particles on viscous behavior and chain slippage of the

samples can be directly gleaned. Here, the obtained creep com-

pliance values were reduced by the initial compliance, Jo (which

is due to the instantaneous elastic deformation) at each specific

time and then normalized by the initial compliance value. The

obtained results are presented in Fig. 6. This figure shows that

the overall time-dependent creep compliance of the samples is

reduced as the CNC content within the nanocomposite is

increased.

The variation of strain rate with time is shown in Fig. 6. By

comparing the strain rates of the samples, it can be clearly seen

that addition of CNC into PA6 matrix reduced the strain rate

during the creep period studied. In other words, for the sample

with higher CNC content, the rate of deformation at an identical

time interval is lower compared to that of the matrix. This

observed result is closely associated with less dependence of the

viscoelastic creep behavior with addition of the cellulose crys-

tals which is ascribed to the result of enhanced stiffness and

elasticity caused by incorporation of the rigid CNCs. The

FIG. 5. Variation of creep strain versus temperature for: (a) neat PA6, (b) 0.6%CNC composite, (c) 1%CNC com-

posite and (d) 2%CNC composite. [Color figure can be viewed in the online issue, which is available at wileyonline-

library.com.]

FIG. 6. Normalized time-dependent creep compliance and Strain rate as a

function of time for neat PA6 and nanocomposites. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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preceding results indicate that an increase in the CNC content in

the nanocomposite reduced both the instantaneous elastic defor-

mation and the time-dependent creep characteristic of the sam-

ples due to higher modulus of the samples. In other words, the

presence of CNC particles imposed a physical constraint on the

matrix chains that prevented the molecular motion and chain

slippage which is responsible for the irrecoverable creep defor-

mation. This chain motion restriction just mentioned is caused

by the high stiffness of the CNC particles and strong interfacial

interactions through hydrogen bonding. This observation and

explanation are consistent with the reported work of Seltzer

et al. [8] that showed that organoclay aluminosilicate particles

reduced the time-dependent creep compliance and enhanced

elasticity and rigidity of a polyamide 6 matrix. The fact that

these rigid cellulose nanocrystals can beneficially reduce the

time-dependent creep compliance, which is associated with the

retardation of polymer chains under static load, encouraged us

to further study these systems through appropriate theoretical

models to quantify the viscoelastic parameters of these samples.

Theoretical Modelling of the Creep Process

A number of theoretical models in the literature have been

used to interpret the polymer creep process and to predict the

long-term creep behavior under experimental conditions that are

inaccessible in the laboratory. One of the successful models

used for this purpose is the so-called four element model known

as the Burger’s model [46, 47]. As depicted in Fig. 7, this

viscoelastic model [48] (i.e., Burger’s model) is composed of a

Maxwell and Kelvin-Voight elements connected in a series

arrangement. The total strain in the Burger’s model is a sum of

three separate parts; an elastic deformation (eE), a viscoelastic

time-dependent strain (eV) and an irrecoverable permanent defor-

mation due to viscoplastic flow of the polymer chains (eP). This

total strain is formulated [46] as follows (Fig. 7a,b):

eTotal tð Þ5 eE1eV tð Þ1eP tð Þ (1)

e tð Þ5
r0

EM

1
r0

EM

12exp
2t:EK

gK

! "! "

1
r0

gM
% t (2)

In this Eq. 2, the t is the time, EM and gM are respectively

the spring modulus and dashpot viscosity of the Maxwell ele-

ment, the EK and gK are the respective spring modulus and vis-

cosity of the dashpot in KV element. The retardation time (i.e.,

sd5 gK/EK) corresponds to the time required to reach 63.2% of

the total equilibrium deformation in the KV unit.

In this study, the obtained experimental data from the creep

experiment at 258C were fitted to the Burger’s model using the

nonlinear regression analysis curve fitting function of OriginPro

9.1
VR
software and the calculated fitting parameters are shown in

Table 2 with a correlation coefficient (R2 value) greater than

0.99. The fitting curve is shown in Fig. 8a which shows a good

agreement between the model and the experimental data. Table

2 shows that the values of all parameters show an increasing

trend with increasing CNC content in the matrix. The EK param-

eter corresponds to the instantaneous elastic deformation and is

associated with elastic modulus of the Maxwell spring that

increased from 2.1 GPa to 3.4 GPa by addition of 2 wt% of

CNC particles. The elasticity of the KV element (EKV) shows

improvement by addition of the CNCs. This parameter has been

reported to be associated with the amorphous fraction of a semi-

crystalline polymer matrix [46]. Now by considering the values

of gK and the retardation time (sd) it can be seen that both

parameters increased by addition of the CNC. The obtained

increase in the retardation time suggests that the viscoelastic

relaxation of chains is significantly delayed upon incorporation

of CNC particles. The viscosity of the dashpot in the Maxwell

element (gM) has been shown [48] to be associated with the per-

manent deformation due to the irrecoverable deformation. The

higher value of gM indicates a higher resistance of the composite

against the viscoplastic flow (permanent deformation) with

increasing the CNC content. Similar observations have been

reported for polyurethane (PU)/CNC [46] shape memory sys-

tems where addition of small fractions of CNC to PU matrix

FIG. 7. (a) Typical creep-time diagram with three distinct strains and (b)

Four-element (Burger’s) sprig-dashpot viscoelastic model.

TABLE 2. Parameters of Burger’s model fit (creep process) and Weibull distribution function fit (recovery process).

Model/CNC content (wt%) 0 0.6 1 2

Burger’s model (Creep) EM (GPa) 2.09 2.23 2.81 3.45

EKV (GPa) 8.21 9.34 11.89 14.65

gKV (MPa s)*1025 9.9 12.9 24.2 43.8

gM (MPa s)*1027 2.1 2.5 4.2 6.8

sd (s) 121 137.8 203.1 302.6

Weibull Distribution

function (Recovery)

EV (%) 0.12 0.096 0.058 0.037

gr 339.4 390.6 702.7 645.5

br 0.37 0.37 0.41 0.53

Perm. Def. by model (%) 0.047 0.047 0.024 0.007

Experimental perm. Def. (%) 0.061 0.057 0.032 0.011
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reduced both the plastic deformation and overall creep strain.

Other stiff and rigid nano-additives such as carbon nanotubes

have also been reported in the literature to effectively reduce

the plastic deformation of thermoplastic [46] and thermoset

polymers [48].

The recovery process after the creep deformation is typically

characterized by three stages. First an instantaneous recovery

due to the elastic portion followed by a viscoelastic time

dependent recovery, and a final permanent strain or irrecover-

able deformation. In order to interpret and quantify this process,

the Weibull distribution function [49] was used here to fit the

experimental data based on the following equation (see Fig. 9):

eðtÞ5eV exp 2
t2t0

gr

! "! "# $

1ep (3)

In this equation, the eV is the time dependent viscoelastic

recovery strain, the gr is the characteristic life, the br is the

shape factor, t is time, t0 is the time when the stress is removed

and the eP is the permanent deformation. Clearly, the visco-

elastic strain and the permanent deformation is reduced by addi-

tion of CNCs which signifies the fact that the recovery process

is enhanced and the nanocomposites show higher tendency

towards recovery after deformation. A good fitting of the model

to the experimental data (R2
> 0.99) was obtained (Fig. 8b) and

the obtained fit parameters are shown in Table 2. As can be

seen in this Table, the increase in shape factor and characteristic

life shows that the nanocomposite tends to reach the equilibrium

final strain value more quickly (i.e., shorter time-dependent

recovery stage). This enhancement in the ability of the nano-

composites to recover the deformation after the load removal is

associated with improved dimensional stability in load bearing

applications which is a result of the incorporation of a small

amount of CNC in the PA6 matrix.

Note that by comparing the final permanent deformation in

experimental results to that predicted by the Weibull distribution

model, a very good agreement can be seen and also we can see

that 60 minutes of recovery time is not sufficient for the sam-

ples to reach the final equilibrium permanent deformation which

is suggested by the model. It is interesting to see that the final

values of experimental results are closer to the values predicted

by the model for samples with higher CNC content. This shows

that the CNCs contribute towards the faster and more efficient

recovery of the strain in polyamide 6-based nanocomposite sam-

ples. In other words, the equilibrium final permanent deforma-

tion is reached faster as the CNC content is increased in the

matrix.

Time-Temperature-Superpositioning of Creep Data. Time-tem-

perature superposition (TTS) principle [50] has been success-

fully and widely used to predict the viscoelastic behavior of

polymeric materials at long times or elevated temperatures that

are experimentally inaccessible [46, 51, 52]. In the current

research, the creep experiments were performed on all samples

at five different temperatures namely 258, 508, 758, 908, and

1058C which covers a temperature range (T) below and above

the glass transition (Tg " 658C) (i.e., T5 Tg6 408C).

In the case of semi-crystalline polymers or filled polymer

systems, typically the conventional equations (such as WLF

equation) do not provide accurate predictions due to the thermo-

rheological complexity of the materials near Tg [53–55]. In

order to optimize the superposition process, usually a vertical

shift factor is applied in conjunction with a horizontal shift fac-

tor to compensate for the drastic change in the initial instantane-

ous change of the studied viscoelastic property caused by the

temperature change.

Since aT cannot be predicted accurately based on the above

explanation, the shifting can be carried out in an objective man-

ner like the one reported by Honerkamp and Weese [56]. In this

study, the TTS option of Thermal Advantage software provided

by TA Instruments
VR

was used for shifting purposes. The

FIG. 8. (a) Burger’s model fit on experimental data (b) Weibull distribution function fit on recovery process data.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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horizontal shift factor can be studied in the form of an Arrhe-

nius equation as follows:

log aTð Þ5
DE

2:303R

1

T
2

1

T0

! "

(4)

where the DE is the activation energy, R is the gas constant, T

is the temperature, and T0 is the references temperature (chosen

here to be 258C).

The obtained shifted curves are shown in Fig. 9. As can be

seen in this figure, an acceptable superposition is obtained. The

creep strain of PA6 matrix and nanocomposites are predicted to

an extended time of 1013 s. By increasing the CNC content in

the matrix, it is seen that at extended times the creep resistance

is improved and the total strain is reduced. It is interesting to

note that at a high level of expected time scale (more than 109

s) the significance in the creep strain difference between the

matrix and nanocomposite of 0.6 wt% becomes more detectable

which is basically due to the fact that the matrix enters the

viscoelastic state and the reinforcing effect of cellulose nano-

crystals even at very low content plays a significant role in

improving the creep resistance.

The effect of molecular relaxation and chain slippage in pres-

ence of CNCs can be studied through the comparison of activa-

tion energies obtained from the linear regression of Arrhenius

equation in Fig. 9 that shows the variation of shift factor with

respect to temperature. The activation energies increased from

161.3 kJ/mol in the neat PA6 matrix to 243.9 kJ/mol in the 2

wt% CNC composite. For the nanocomposite samples of 0.6

and 1 wt% of CNC, the activation energies are respectively

176.5 and 202.7 kJ/mol. It is interesting to note that in a number

of reported studies in the literature such as that of Yao et al.

[48] on polyurethane/CNT systems and of Wu and co-workers

on poly (butylene terephthalate/montmorillonite) nanocompo-

sites [57], the authors found that the addition of nano-fillers into

the polymer matrix did not result in significant changes in acti-

vation energies They attributed this observation to the fact that

the poor interfacial interaction between the filler and matrix

does not contribute to the creep resistance improvement but

rather, the particles themselves form a network that resist the

deformation. However, the results of the current study shows

that the CNC particles are, in fact, inhibiting the chain relaxa-

tion and molecular motion through strong interfacial adhesion

arising from hydrogen bond formation between the hydroxyl

rich surface of cellulose nanocrystals and amide groups on the

polyamide 6 backbone structure that is facilitated by the ROP

processing method used. Therefore, it can be argued that both

the presence of relatively tiny amounts of stiff and rigid CNC

particles, as well as, the molecular motion retardation effect

through interfacial interaction, improves the creep resistance of

PA6/CNC nanocomposite materials.

Melt Rheological Studies

Because the melt rheological experiments were performed at

2268C, it was necessary to investigate plausible thermal degra-

dation of the CNC particles in the samples during the measure-

ments. For this purpose, a dynamic time sweep test was carried

out to analyze the changes in storage and loss modulus of the

neat polyamide 6 and the sample with 2% CNCs over time.

PA6 is very well known to be thermally unstable in molten

state. As shown in Fig. 10, there is an about 15% reduction in

the G0 parameter of the neat PA6 sample over a period of 10

min. For the nanocomposite sample with 2% CNC however, the

storage modulus was found to decrease by average of 6% after

10 min indicating a synergistic improvement in thermal stability

of the viscoelastic properties upon addition of the CNC in the

PA6 matrix. In order to prevent the interference of the thermal

instability with rheological experiments, all the melt rheological

experiments were limited to around a total time duration of 10

min so that effects of thermal degradation can be minimized.

Small amplitude oscillatory shear experiments were carried

out in order to probe the effect of the CNCs on the melt flow

properties of the PA6 matrix and the obtained results are shown

in Fig. 11a–c. As can be seen in this figure, increasing the CNC

content increased the elastic modulus of the PA6 matrix, being

more pronounced in the low frequency region. Note that it is

FIG. 9. Master curves showing the creep strain as a function of time and

the horizontal shift factors with the linear fit according to the Arrhenius

equation. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

FIG. 10. Dynamic time sweep test for evaluation of the thermal stability of

the viscoelastic properties in neat PA6 and 2%CNC nanocomposite samples

at 2268C. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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well known that in filled polymer systems, a nonterminal rheo-

logical behavior of the sample at low frequency is indicative of

formation of a particle-induced structure to an extent that

depends of the polymer/particle interactions [58]. Clearly, in the

whole frequency range examined, the sample with 2% CNC

showed higher elastic modulus, indicating significant elastic

contribution of the CNCs in the melt. The nonterminal nature of

the rheological behavior can be studied through the slope of the

G0 vs. x at the low frequency region which can in turn be effec-

tively used to interpret the structure development [59]. For this

purpose, a linear regression of an exponential function of modu-

lus and frequency (G / xn
: lnðGÞ5n lnðxÞ was performed in

the frequency region of 0.1–1 rad/s and the obtained results are

shown in Table 3. This table shows that the terminal slope

changed from 1.46 in the pure PA6 matrix to 0.72 in the sample

with 2% CNC. A similar trend was observed for the G00 curve

where the terminal region slope changed from 0.87 in the pure

matrix to 0.54 in the sample with 2% CNC. This observed

decreasing trend in slope with increasing CNC content can be

explained by microstructural changes in the samples. With

increasing content of CNCs and consequent strong polymer-

particles and inter-particles interactions, a structural network is

developed that shows a pseudo-solid-like behavior, especially in

low frequency regions, due to the significant restriction imposed

on polymer chains [60, 61]. Similar to the discussion on the

solid-state tan d variations at low frequency region already dis-

cussed, the polymer chains can relax under the dynamic load

due to a relatively large response time. However, the influence

of elastic contributions in the melt resulting from the 3D net-

work of stiff CNCs, is evident in the low frequency regime of

the dynamic frequency test results shown in Fig. 11.

It is interesting to note that in the high frequency region, the

values of elastic modulus of the nanocomposite melts are

slightly higher than that of the neat PA6. However, the nano-

composite samples showed quite similar values of elastic modu-

lus. The experimental results just mentioned can be ascribed to

the fact that the high frequency region is predominantly gov-

erned by short-range dynamics of polymer chains and the rheo-

logical behavior of the system is dominated by the matrix

properties [62]. In contrast, in the low frequency region, the

behavior of the materials is governed by relatively long-range

interactions and the formation of CNC network, instead of the

FIG. 11. Variation of (a) storage modulus, (b) loss modulus and (c) complex viscosity versus angular frequency for

PA6 and PA6/CNC nanocomposites. [Color figure can be viewed in the online issue, which is available at wileyonli-

nelibrary.com.]
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relaxation of matrix polymer molecules as the CNC network

resists the structural relaxation which is responsible for the

observed enhanced melt elasticity as already discussed. The var-

iation in complex viscosity of samples versus frequency is

shown in Fig. 11c. As expected, it can be seen from this figure

that the nanocomposite samples showed higher complex viscos-

ities compared to that of the neat PA6 especially at low

frequencies.

At low frequency regions, the viscous flow dominates as the

polymer chains are in their relaxed state, resulting in a terminal

flow characteristic. This regime is governed by the power-law

relationships of G0" x2 and G00"x for homo polymers. How-

ever, as the CNC is added to the melt and the content is

increased, a non-terminality of the flow at these low frequency

regions develops and the storage and loss moduli become less

dependent on the frequency. As already mentioned, this experi-

mental fact just mentioned is primarily due to the development

of an interconnected network of the CNC whiskers and associ-

ated pseudo-solid like flow behavior. This behavior is consistent

with the lower slopes of G’ and G00 and higher slope of complex

viscosity at lower frequencies.

A similar type of behavior has been reported in the literature

for polypropylene/CNC nanocomposites and PA6/carbon nano-

tube composites [58, 59]. Interestingly, in a comparative study

reported by Tung and coworkers [35], PA6/nanoclay samples

prepared by melt blending and in situ polymerization were com-

pared for their melt rheological properties.

To better understand the structure of the nanocomposite sam-

ples of the current study and its interrelation with rheological

properties, a number of steady shear experiments and coupled

steady and dynamic experiments were performed. The obtained

variation of viscosity versus steady shear rate is shown in Fig.

12. As can be seen in this figure, the nanocomposite samples

showed higher absolute values of viscosity compared to that of

neat PA6 matrix. Here, zero-shear viscosity values were approxi-

mated by the value at 0.001s 2 1 and are tabulated in Table 3 for

easy comparison. This table shows that this zero-shear viscosity

value changed from 118.9 Pa s for the neat polymer to 283.2 Pa

s for the nanocomposite with 2% of CNC particles.

At the relatively higher shear rates, the filled polymer sys-

tems showed onset of shear-thinning behavior at low shear rates

compared to that of the neat polymer. Clearly, not only the

onset of shear thinning behavior occurred at low shear rates for

the filled polymer systems, but also the slope of the shear-

thinning region is significantly higher for the nanocomposite

samples, especially for the nanocomposite samples with 2% of

CNC. In order to further elaborate on this point, the slope of the

shear-thinning region was calculated for the neat polymer and

the nanocomposite with 2% of CNC. The data points in the

shear-thinning region were fitted using a power law function

and the power law index was found using a linear regression of

Eq. (5).

s5kc•
n

! g5kc•
n
21

: ln ðgÞ5A1ðn21Þln c• (5)

For the neat polymer the power law index (n) was found to be

0.37 while this value for the 2% CNC nanocomposite sample

was 0.64. Therefore, the more shear-thinning characteristic of

the CNC filled PA6 composites can be quantified using this

power law index.

The empirical Cox-Merz rule has been shown to be an effec-

tive tool in studying the structure and flow properties of filled

and unfilled polymer systems and have been widely used to cor-

relate oscillatory dynamic experiments with steady shear experi-

ments [63–65] and it has also been used in Polyamide 6 systems

[66]. According to this rule, the absolute values of the viscos-

ities in an oscillatory dynamic experiment should superimpose

the value of steady shear experiment at identical frequencies

and shear rates particularly at infinitely low angular frequencies

(or shear rates) as shown below.

jg&ðxÞx!0j ' jgðc•Þc•!0j (6)

Here, the viscosity values at 0.1 s21 (0.1 rad/s) were considered

for neat PA6 and PA6/2% CNC samples. For the neat polymer,

the viscosity values are 61.6 and 79 in oscillatory and steady

shear experiments, respectively, indicating a slight difference

(but reasonable correlation) between these values. This slight

difference is due to the fact that there are strong intermolecular

interactions in polyamide 6 (through hydrogen bonding). How-

ever, for the sample containing 2% CNC particles, the obtained

viscosity value of 239.9 Pa s in oscillatory shear is significantly

different from the value of 151.2 Pa s obtained in the steady

shear experiment, indicating the failure of Cox-Merz rule. The

Cox-Merz rule does not hold when there are specific elastic

contributions in the melt. It is proposed here that the elastic con-

tribution of CNC particles network is responsible for the failure

of the Cox-Merz approximation. In the current study, it can be

concluded that the presence of rigid CNC network and strong

interaction of polyamide chains with the surface of the CNC

TABLE 3. Terminal region slope of elastic and loss moduli, Zero shear

viscosities and terminal region slope of structure recovery test.

CNC content

(wt%)

Slope of

terminal G0

Slope of

terminal G00

Zero shear

viscosity (Pa s) T1 *102

0 1.46 0.87 118.9 0

0.6 1.26 0.73 176.7 0.02

1 0.95 0.67 226.7 0.9

2 0.72 0.54 283.2 3.8

FIG. 12. Variation of shear viscosity versus shear rate for PA6 and PA6/

CNC nanocomposites. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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particles results in significant elastic contribution to the melt

properties (from the particles) which in turn results in deviation

of the rheological behavior from that of neat matrix.

In order to investigate the structure formation of CNC par-

ticles in the polyamide 6 matrix, a series of real-time stress

development experiments of pre-sheared samples were carried

out in order to further look into the break-up and reformation of

CNC network in the matrix. In Fig. 13 the development of elas-

tic modulus (G0) over time after a pre-shearing stage of 30 s (at

three different shear rates) is shown. As can be seen, for the

neat polymer sample, there is a minimal elastic recovery

observed at all different pre-shear rates as the pre-shearing stage

solely disrupts the chain entanglements and orient the chains in

the flow direction; this again confirms that the pure PA6 sample

shows a dominating viscous behavior with minimum elastic

character. However for the filled systems a completely different

behavior is observed.

In addition, all samples showed no changes in structure upon

the application of 0.1 s21 pre-shear because the melt elastic

modulus of the samples remained almost constant throughout

the 600 s experiment time. However, as the pre-shear rate was

increased to 1 and 10 s21 the initial modulus of the filled poly-

mer samples dropped to lower values (as the shear rate

increased). This shows that the application of shear results in

break-up of the existing rigid structure in the sample and also

orients the entangled polymer chains at the interface of cellulose

nanocrystals, and consequently the elasticity (a measure of stiff-

ness) of the melt is decreased. When the time sweep test starts,

these disrupted structures find a second opportunity (in absence

of intense shearing force) to aggregate and form new structures.

As the CNC content of the melt increases, there is a significant

reduction in the initial elastic modulus, and the change in elastic

modulus covers a wide range over the experimental timescale

investigated. In brief, as the CNC concentration increases, the

elastic modulus of the sample drops more significantly after the

pre-shear stage (indicated by lower start-up modulus in the sub-

sequent time sweep test). In addition, there is a greater tendency

in the sample with higher CNC content to recover the

“elasticity” due to the structure formation of CNC particles in

the melt once the shear is stopped.

The graphs shown in Fig. 13 clearly indicate that as the CNC

content increases, the stiffness or elastic properties of nanocom-

posite melts becomes more dependent on the shear history of

the samples. The more cellulose particles in the melt, the more

structural clusters tend to form, which as a consequence, results

in more dependency on the shear, only if the applied shear rate

is high enough to break up the network. It can also be con-

cluded from this behavior that the particle-particle affinity of

the CNCs in the PA6 melt is more favorable than particle-

polymer interactions, as the evolution of the elastic properties is

FIG. 13. Evolution of storage modulus over time after the pre-shearing stage for (a) PA6, (b) 0.6%CNC, (c)

1%CNC and (d) 2%CNC nanocomposites. (the values of pre-shear rate is shown in the insertion box for each graph).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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due to the formation of agglomerates and clusters of the CNC

particles (which is absent in the neat PA6 sample). Another

important aspect of Fig. 13 that can be considered is the termi-

nal regions of the structure recovery curves. As the Figure

shows, increasing the shear rate increased the slope of the termi-

nal region of curves (i.e., at 10 s21). The same trend was

observed when the content of CNC particles was increased in

the melt. In contrast, by lowering the shear rate and decreasing

the CNC content, the curves appeared to reach their plateau

modulus more quickly after which there is no increase in elastic

modulus. To quantify this property of the studied materials, the

terminal region slope (i.e., in the range of 5002 600 s) of the

curves pre-sheared at 10 s21 is shown in Table 3. This slope

shows the rate of evolution of G0 in the terminal zone of the

experiment. It is shown that as the CNC content in the melt

increases, the structure recovery from the disrupted state to the

steady state conditions requires longer time intervals. This

implies that relatively long experimental times are required to

reach the final plateau, but due to thermal degradation effects,

the current experiments were limited to 600 s as already

mentioned.

CONCLUSIONS

This study demonstrates feasibility of preparing novel poly-

amide 6 (PA6)/cellulose nanocrystal (CNC) nanocomposites via

in situ anionic ring-opening polymerization reaction with

improved creep resistance and enhanced dynamic mechanical

properties, indicating the effective reinforcing ability of the

CNCs as novel “green” reinforcement additives for engineering

thermoplastic polymers such as PA6. The obtained results

showed that the storage modulus of the PA6 matrix, which is a

measure of stiffness of the nanocomposites, can be improved

with addition of a relatively small amount of CNC particles (!2

wt% CNC). The creep resistance of the nanocomposites was

improved by addition of the CNCs over a wide temperature

range relative to Tg, as evidenced by the reduction in final creep

strain, lower permanent deformation, and lower creep compli-

ance compared with that of the neat PA6 matrix. Therefore,

these novel thermoplastic nanocomposite materials may find

uses in load-bearing applications where superior dimensional

stability under constant load, light weighting, and favorable melt

rheology (or processability) is crucial performance requirements.

A number of extant theoretical models in the literature were

used to quantify the creep process and to interpret the changes

caused by incorporation of the CNC reinforcement. The results

of the theoretical modeling confirmed our expectation of

enhanced elasticity due to the presence of a tiny amount of

CNC particles in the thermoplastic matrix, which as a conse-

quence, lowered the time-dependent viscoplastic flow and pro-

moted the elastic recovery after the load removal. Time-

temperature superpositioning was successfully applied to the

creep data to predict the long-term creep behavior and it was

found that the incorporation of the relatively rigid and stiff cel-

lulose nanocrystals increased the activation energy of the molec-

ular motion.

The melt rheological tests revealed enhanced melt visco-

elastic material functions (i.e., melt viscosity, storage (elastic),

loss modulus and complex viscosity). Significant stiffening

of the polymer melt was exhibited by the 2% PA6/CNC

nanocomposite, suggesting the onset of formation of percolated

network structures and associated high shear thinning character-

istics. Structure recovery tests showed that, provided a suffi-

ciently high shear rate is applied, this network of CNC bundles

can be broken apart followed by re-formation of the structure

once the shear is removed. The observed increase in elastic

properties of the PA6 melt containing CNCs increased over time

is consistent with significant particle-particle affinity and bundle

formation as evidenced by SEM images.

The cost-effectiveness, lightweight, renewability and environ-

mental sustainability of the nanocomposites of this study com-

pared to that of traditional glass or carbon fiber-reinforced

(micro)composites may spur a better understanding of the cur-

rent nanocomposites for a number of engineering applications

where traditional carbon or glass fiber-reinforced polymer

(micro)composites are not useable.
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