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ABSTRACT: Five different grades of maleic anhydride polypropylene (MAPP) having different molecular weight and acid value (AV)
were used as coupler in PP-nanocrystalline cellulose (NCC) composites. The main objective was to study the effect of MAPP structure
(Mw, AV) and filler/coupler (F/C) ratio on mechanical properties in order to find optimum mechanical properties in tension, flexion,
and impact. Results showed that both Mw and AV have direct effect on mechanical properties and a balance between both must be
achieved to get the best performance. However, regardless of MAPP structure, optimum improvement was obtained for F/C=7.5/1.
Shear rheological data showed that at high MAPP content, MAPP acts as lubricant. DSC and AFM analysis showed small reduction
in the size of PP crystals in the presence of NCC. Rheological data under large amplitude oscillatory shear showed that the nanocom-
posites used here are under percolation. Using these analyses, possible reinforcement mechanisms were investigated. © 2015 Wiley Peri-

odicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42438.
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INTRODUCTION

Nanocrystalline cellulose (NCC), which is obtained by acid hydro-
lysis of cellulosic fibers, has been found to be a good candidate to
improve the mechanical properties of polymeric systems.' Con-
sidering its inherent renewability and its relative availability, NCC
has been the focus of several academic and industrial studies since
its discovery.' However, a great challenge regarding its use in the
plastics industry is the fact that most resins, such as polyethylene
(PE) and polypropylene (PP), are nonpolar (hydrophobic), while
NCC is highly polar (hydrophilic) thus leading to compatibility
problems.*™® To improve compatibility between NCC and nonpo-
lar polymers, different methods such as surface modification,””®
polymer grafting,™ surfactants,”'° and coupling agents'"'> have
been studied. Although some studies on PP-NCC nanocomposites
can be found in the literature®® none of them used extrusion
(melt blending) to compound their materials. Extrusion of nano-
composites is very important since PP is most commonly proc-
essed and compounded via extrusion. Hence, studying the
extrusion processed PP-NCC nanocomposites and optimizing the
conditions will help to understand the processing of NCC in the
polyolefin market. Furthermore, addition of coupling agents,
which are copolymers having both polar and nonpolar functional
groups, is the simplest method to improve dispersion and adhe-
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sion between two components as no additional setup apart from
those generally used to process the resins are needed. Neverthe-
less, the selection of a coupling agent is almost never discussed in
the literature beside optimization of its concentration.

For polyolefin-based composites, maleated polyolefins such as
MAPP and MAPE are now typical molecules used for different
reinforcements such as glass fibers,"> nanoclays,"*'> and wood
fibers.'®'” Therefore, they are good candidates for NCC based
nanocomposites. However, the main challenges are to find the
best product available and to optimize the processing conditions
to get the highest level of coupling between both phases leading
to improved mechanical properties. In this context the most
important parameters are the amount of maleic anhydride
which determines the strength of the coupling agent/reinforce-
ment adhesion, as well as the molecular weight of the coupling
agent which is important for good interactions (entanglements)
with the molecules of the bulk polymer. Finally, the ratio of
coupling agent to reinforcement will influence both coupling
efficiency (complete surface coverage) and cost issues as the
price of MAPP (3-5 US$/kg) is higher than PP (1.5-2 US$/kg).
Therefore the main objective of this work is to determine the
optimum conditions (composition and processing) to obtain
the best properties of the resulting composites. To achieve this
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Table I. Characteristics of the MAPP Used in This Work
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Code MAPP Supplier Mw (kg/mol) Acid value® (mg KOH/g)
A Epolene E 43 Westlake Chemicals 9.0 45

B Licomont AR405 Clariant 15.0 41

C Eastman G 3015 Eastman 51.5 15

D Eastman G 3003 Eastman 58.7 8

E Orevac 18732 Orevac 208.2 2

2The values are taken from the data provided by the manufacturers.

objective, five different grades of MAPP having different molec-
ular weight and acid value (AV) are used with different NCC :
MAPP ratio. To compare the resulting materials, a detailed anal-
ysis of the mechanical properties (solid state) is presented and
completed by rheological analysis (melt state), as well as physi-
cal and thermal properties.

EXPERIMENTAL

Materials and Sample Preparation

Polypropylene (PP) was used as the matrix: Profax 6323 from
Basell having a MFI of 12 g/10 min (230°C/2.16 kg), a density
of 0.90 g/cm® (23°C) and an Mw of 200 kg/mol. NCC was pro-
duced by acid hydrolysis of a commercial bleached softwood
Kraft pulp according to a procedure reported elsewhere.'® The
resulting NCCs are crystals with an average length of 100—
200 nm and a diameter of around 10 nm. Five different com-
mercial grades of MAPP having different molecular weights and
acid values (see Table I) were used as coupling agents. Before
blending, all the materials were dried overnight at 60°C. To pre-
pare the nanocomposites, first a concentrated masterbatch hav-
ing 5 wt % of NCC was prepared in a twin-screw extruder
(HAAKE Rheomex PTW 24 OS from Thermo Scientific,
diameter = 16 mm, L/D *=25) with a flow rate of 0.5 kg/h. First,
PP and MAPP pellets were dry-blended together and put in a
feeder. Since NCC was in a dried form (powder) it was fed into
the extruder by a special feeder designed for powder feeding.
Before feeding the materials (PP and MAPP from one feeder and
NCC from the other feeder), depending on the total feeding rate
(0.5 kg/h) and the formulation, the feeding rate for each feeder
was adjusted. Then, the masterbatch was diluted in a second
extrusion step to achieve a final NCC concentration of 1 wt %
with different filler/coupler (F/C) ratios: 1/2, 2/1, 5/1, 7.5/1, 10.1.
These ratios were used as the sample coding in the manuscript.
After some preliminary tests, the extruder temperature profile
was set at 170, 180, 180, 180, 180, and 185°C from the feed zone
to the circular die having a diameter of 1.73 mm. The compounds
were pelletized to be later compression molded in a rectangular
mold having dimensions of 100 X 100 X 2 mm’. The samples
were preheated at 190°C for 3 min and then kept at this tempera-
ture for another 3 min under a load of 2300 kg. The mold was
then cooled down to 30°C under the same force. Finally, the sam-
ples for testing were directly cut in the molded plates.

Thermal Analysis

The thermal behavior of the samples was studied via differential
scanning calorimetry (DSC) and thermogravimetric analysis
(TGA). DSC was performed using a Perkin Elmer model DSC
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7. Each sample was heated from 30 to 200°C with a heating rate
of 10°C/min under a nitrogen atmosphere. TGA was performed
on a Q5000 IR (TA Instruments) at a heating rate of 10°C/min
from 30 to 700°C. The tests were performed in nitrogen and air
atmospheres to evaluate both thermal and oxidative resistance
of the samples.

Mechanical Properties

Tensile testing was performed at room temperature on an Ins-
tron model 5565 with type V samples having thickness of
around 2 mm according to ASTM D638. The crosshead speed
was 10 mm/min with a 500 N load cell. For each sample, testing
was performed at least five times and the average result was
obtained and reported with standard deviation. For flexural
testing, samples with dimensions of 70 X 12 X 2.0 mm’ were
also cut in the compression molded plates according to ASTM
D790. Flexural tests (60 mm span) were conducted using a
crosshead speed of 10 mm/min on an Instron model 5565 with
a 500 N load cell at room temperature. Each composition was
tested with a minimum of five specimens to get an average and
standard deviation for flexural modulus.

For notched Charpy impact test, rectangular specimens (110 X 12
X 2.0 mm’) were cut from the molded plates according to ASTM
D6110. The samples were then notched with an automatic sample
notcher Dynisco model ASN 120m. For each composition, five
samples were tested on a Tinius Olsen model Impact 104 to get
the average and standard deviation for impact strength.

Rheological Measurements

Shear transient tests were performed on a strain-controlled TA
Instruments rheometer (ARES) with a torque transducer (0.02—
2000 g cm) and a normal force transducer (2-2000 g) under a
nitrogen (N,) atmosphere. The measurements were done using
a 25 mm diameter parallel plate geometry with gaps between 1
and 1.5 mm at 180°C. Gap independence for such range has
been presented elsewhere.'® In the shear transient tests the shear
growth functions were obtained at 180°C with a shear rate of
0.5/s. For large amplitude oscillatory shear (LAOS), the tests
were performed on an ARES G2 (TA Instruments) in a strain-
controlled mode by conducting strain sweep experiments in the
nonlinear regime at 180°C and different frequencies (0.5, 1, 3
Hz). The obtained stress was then converted from a time to a
frequency domain using Fourier Transform (FT)-rheology.*

Contact Angle Measurements
The procedure for contact angle measurement was reported
elsewhere.'” Films of PP and NCC were prepared for
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Figure 1. Water contact angle measurements for PP and NCC with schematic representations of their chemical structure. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

measurements. For NCC, pills (0.5 g) with highly smooth sur-
face were prepared by compression molding. As it can be seen
in Figure 1, the surface roughness is very small compared to the
size of the drop. An optical contact angle analyzer (OCA 15 EC
Plus, Dataphysics) was used to measure the surface tension of
PP and NCC. The system is composed of a high-resolution
camera and a specific software developed to capture and analyze
the contact angle on very small and curved surfaces. Small
drops of 0.15 uL were dispensed via an ultrathin needle having
an internal diameter of 0.18 mm.

Atomic Force Microscopy

A Nanoscope III Multimode AFM (Digital Instruments, Santa
Barbara, CA), operated in the tapping mode, was used to cap-
ture images at ambient conditions. A J-scanner was used (maxi-
mum scan size 130 um X 130 um; min scan size 500 nm X
500 nm) with NSC15/AIBS silicon standard probes. The scan
rates varied from 0.3 to 2.5 Hz depending on the scanned image
size (from 100 um X 100 um down to 500 X 500 nm), the free
oscillation amplitude was set to 2.0 V, and the amplitude set
point was between 1.3 and 1.6 V.

RESULTS AND DISCUSSION

Surface and Thermal Properties

The results for water contact angle measurements of PP and
NCC are shown in Figure 1 with a schematic representation of
the chemical structure of both components. As mentioned in
the “Introduction”, PP has a nonpolar structure and therfore
the water contact angle is high (75°) indicating its hydrophobic
nature. On the other hand, NCC has several OH groups on its
surface and is more hydrophilic which help the water drop to
spread leading to a much lower contact angle (23°). The chemi-
cal structure of MAPP presented in Figure 1 shows that MAPP
is composed of an apolar part (backbone) which has more
affinity towards the bulk PP and a polar part (maleic anhydride
part) which has more affinity towards NCC particles. Depend-
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ing on the lenght of the backbone and the amount of maleic
anhydride grafted (AV), the attraction toward each phase will be
different and this issue will be discussed in the next sections. It
should be mentioned that contact angle measurements for
nanocomposites were also performed, but since the surface of
the nanocomposites is covered mainly by a thin polymer film,
the data were similar to neat PP.

Another important aspect of NCC based nanocomposites proc-
essing is thermal degradation. To determine the thermal stability
of NCC, TGA measurements were performed and the results are
presented in Figure 2. A first drop around 100°C can be associ-
ated with water molecules adsorbed on the particle surface.
Although no water is believed to be absorbed inside NCC since
the material is almost 100% crystalline, the high surface area
due to the small sizes of NCC particles (length of around 100—
200 nm, thickness of around 10 nm),'® lead to an equilibrium
moisture content of about 5%. Then, the main degradation
starts at around 250°C. Since the processing temperatures were
kept below 190°C, thermal degradation of NCC is believed to
be negligible under these conditions as seen in the isotherm
plot (less than 2% weight loss after 2 h).

Structure Analysis

It is known that due to the carbon based structure of NCC and
polymer, both phases cannot be distinguished using typical
microscopes such as TEM and SEM."*"** Nevertheless, optical
images taken from films of the polymer and nanocomposites
show that transparency is not significantly affected by NCC par-
ticles indicating that at least no large agglomerations are present
in the system (see Figure 3). In order to get more insight into
the nanocomposites structure, AFM was used and typical
images are presented in Figure 3. It is clear that the appearance
(texture) of PP and nanocomposite is different. The PP matrix
seems more heterogeneous probably due to the presence of large
crystallites giving an average roughness of 4.36 nm. On the
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Figure 2. TGA results of NCC under different testing conditions. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

B

Figure 3. AFM images of PP and PP-NCC with 1 wt % (above) and optical images for the same samples (below). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Table II. Tensile Modulus for the Samples Produced with Different Filler/Coupler (F/C) Ratio

FIC=5/1 FIC=7.5/1 F/C=10/1
Modulus Change compared Modulus Change compared Modulus Change compared

Sample (MPa) to PP (%) (MPa) to PP (%) (MPa) to PP (%)

PP 450 (17) = 450 (17) = 450 (17) =

PP NCC 1% 508 (10) 13 508 (10) 13 508 (10) 13

PP NCC 1% coupler A 584 (37) 29 599 (21) 33 565 (13) 26

PP NCC 1% coupler B 550 (18) 22 663 (50) 47 573 (32) 27

PP NCC 1% coupler C 495 (10) 10 556 (45) 24 519 (40) 15

PP NCC 1% coupler D 566 (27) 25 572 (50) 27 553 (38) 23

PP NCC 1% coupler E 509 (13) 13 574 (40) 28 528 (29) 17

Numbers in parentheses represent standard deviations. F/C is the filler/coupler ratio.

other hand, the addition of 1% NCC seems to produce a more
homogeneous material probably due to the larger amount of
smaller crystallites produced via heterogeneous nucleation at the
particle-polymer interface. In this case, the presence of NCC
particles reduced the value of the surface roughness to 1.69 nm.
This hypothesis will be discussed later wusing thermal
characterizations.

Mechanical Properties

Effect of Filler/Coupler (F/C) Ratio. The mechanical properties
(tensile, flexural, and impact) of nanocomposites containing 1%
NCC with different ratio of F/C are presented in Tables II-VI.
It can be seen that, while the impact properties are not signifi-
cantly influenced by NCC, flexural, and tensile properties
changed considerably with the presence of NCC, as well as the
filler/coupler (F/C) ratio, and nanocomposites with MAPP have
better properties than without, showing the efficiency of the
coupling agent used. However, it seems that regardless of Mw
and AV, the optimum F/C ratio for all the coupling agents
tested is around 7.5 : 1. Obviously, when the amount of MAPP
is very low, there is a small amount of coupling sites available
and it is not possible to completely connect the polymer and
the available NCC particles. By increasing the amount of MAPP,
more sites are available for coupling and the properties increase.
However, when the particle surfaces are completely covered by

MAPP, the addition of more MAPP molecules does not produce
better adhesion and the extra MAPP molecules are dispersed in
the bulk polymer acting as lubricant (plasticizers) leading to
decreased mechanical properties at higher MAPP contents. This
optimum content and its effect on mechanical performance
have been reported several times for other systems.”>*

To verify the lubrication effect of extra MAPP, rheological meas-
urements under shear transient were performed on samples
having the smallest coupler (A) with very low F/C ratios (2/1
and 1/2) and the result are presented in Figure 4. The reason
for this choice was that the smaller the molecule and the higher
its amount, the higher is the lubrication effect.

In a shear transient test, the material flows due to chain disen-
tanglement and sliding of chains (reptation)*>*® and therefore
the more difficult these phenomena the higher is the resulting
stress.'>*” Generally, in a stress—time curve after the first rise
when the rate of entanglement and disentanglement become
steady the stress reaches a steady state condition. For entangled
materials in a shear transient test due to the possible chain
stretching,” the stress goes through a maximum (stress over-
shoot) before decreasing to reach a steady condition. As seen in
Figure 4, all the compositions here show such overshoot. How-
ever, the amount of overshoot is different. Adding MAPP pro-
duced lower stresses compared to neat PP indicating that

Table III. Tensile Strength for the Samples Produced with Different Filler/Coupler (F/C) Ratio

FIC=5/1 FIC=7.5/1 F/C=10/1
Strength Change compared  Strength Change compared Strength Change compared

Sample (MPa) to PP (%) (MPa) to PP (%) (MPa) to PP (%)

PP 33.2(0.7) - 33.2(0.7) - 332(0.7) -

PP NCC 1% 32302 -3 32302 -3 32.3(0.2) -3

PP NCC 1% coupler A 39.1(3.9) 18 402 (25 21 36.5(0.2) 9

PP NCC 1% coupler B 35.3(2.1) 6 38.2(3) 15 36412 9

PP NCC 1% coupler C  35.7(22) 6 381(1.6) 15 362(1.3) 9

PP NCC 1% coupler D 36.2(1.5) 9 37.2(0.8) 12 36.9(0.7) 12

PP NCC 1% coupler E~ 33.8(0.9) 3 37.3(0.9 12 36.1(0.8) 9

Numbers in parentheses represent standard deviations. F/C is the filler/coupler ratio.
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Table IV. Elongation at Break (%) for the Samples Produced with Differ-
ent Filler/Coupler (F/C) Ratio

Sample FIC=5/1 F/C=75/1 F/IC=10/1
PP 40 (5) 40 (5) 40 (5)
PP NCC 1% 30 (6) 30 (6) 30 (6)
PP NCC 1% coupler A 36 (2) 35 (8) 33 (2)
PP NCC 1% coupler B 39 (6) 38(7) 37(4)
PP NCC 1% coupler C  33(5) 38 (4) 36 (6)
PP NCC 1% coupler D 37 (1) 40 (©) 39 (5)
PP NCC 1% coupler E 43 (9) 46 (7) 37 (2)

Numbers in parentheses represent standard deviations. F/C is the filler/
coupler ratio.

MAPP facilitated chain disentanglement and/or sliding motion
of the chains (lubrication). The addition of NCC increased the
stresses compared to the sample having only MAPP. This can be
related to the frictional forces and/or the attachment of macro-
molecular chains to particle surfaces reducing chain mobil-
ity.?®*° Finally, when the amount of MAPP is very high
(FIC=1/2), the extra MAPP molecules are helping chain sliding
under the applied shear leading to lower stresses. This is why an
optimum MAPP content must be used in order to optimize
properties enhancement while minimizing raw material costs.

The properties at break (tensile elongation at break in Table IV
and impact strength in Table VI) did not change significantly with
NCC addition showing that relatively good dispersion and cou-
pling occurred for all the compositions as normally these proper-
ties decrease substantially with the addition of rigid particles,
especially without good compatibility between the phases’®>!
and/or when the particles are not properly dispersed.”>**

Effect of Acid Value and Mw. After determining the effect of
F/C ratio on the mechanical properties, the other objective was
to study the effect of MAPP structure (Mw, AV). Since with the
current methods for MAPP production, it is not possible to
increase molecular weight and acid value together'® and increas-
ing one would results in the reduction of the other, it is impor-
tant to find the optimum condition. Considering that the best
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MAPP : NCC ratio is 1 : 7.5, this ratio was used to determine
the effect of Mw and AV. The results in Figure 5 are presented
in a relative way, i.e., the value of the nanocomposite divided
by the value of the neat PP matrix. It is clear that the optimum
condition is not the same for flexion and tension. This is most
probably due to the different nature of deformation in tensile
and flexion. However, in both cases when the acid value is low
(less than 40 for tensile and less than 10 for flexural properties)
the mechanical properties are low which indicates the impor-
tance of maleic anhydride content for better coupling. However,
when the acid value is high enough (higher than 40 for tensile
and higher than 10 for flexural properties) no further improve-
ment is observed by increasing AV. This behavior represents a
compromise between the effect of acid value and molecular
weight. This is reasonable with respect to maleic anhydride con-
tent: it should be high enough to properly attach to the NCC
surface, but on the other hand when the particle surface is cov-
ered by MAPP then the nonpolar part of MAPP should be long
enough to properly entangle with the bulk polymer macromo-
lecular chains. It has been shown that the more similar the size
of the bulk polymer (Mw of PP used here is around 200 kg/
mol) and the attached chain the better would be the attraction
between the bulk and coupler tail.>***

Considering all the data obtained, it is clear that both Mw and AV
are important. However, it seems that from a “coupling” point of
view, acid value is the main parameter as there is more possibility
for one MAPP molecule to attach to different NCC particles, thus
creating a nanoscale network. When the amount of reacting site
(MAPP) is appropriate, then the length of the backbone (MAPP)
becomes important as it determines the strength of these connec-
tions with the polymer matrix. Therefore, there is an optimum
for these values (intermediate range of Mw and AV) which repre-
sents a balance between the possibility to create bonds with the
particles (high AV) and the degree of interaction with the polymer
matrix (high Mw) without sacrificing processing and molecules
mobility in processing (low Mw).

Thermal and Rheological Properties
The thermal properties (DSC) of the different nanocomposites
are shown in Table VII. The melting point (T,,) and enthalpy

Table V. Flexural Modulus for the Samples Produced with Different Filler/Coupler (F/C) Ratio

FIC=5/1 FIC=7.5/1 F/C=10/1
Change Change Change
Modulus compared Modulus compared Modulus compared
Sample (MPa) to PP (%) (MPa) to PP (%) (MPa) to PP (%)
BE 1711 (72) - 1711 (72) - 1711 (72) -
PP NCC 1% 1809 (83) 6 1809 (83) 6 1809 (83) 6
PP NCC 1% coupler A 2011 (77) 18 2177 (30) 27 2021 (136) 18
PP NCC 1% coupler B 1970 (96) 15 2170 (83) 27 2000 (75) 17
PP NCC 1% coupler C 2188 (194) 28 2238 (165) 31 2084 (104) 22
PP NCC 1% coupler D 2195 (195) 28 2221(97) 30 1987 (137) 16
PP NCC 1% coupler E 1901 (30) 11 2041 (78) 19 2011 (91) 17

Numbers in parentheses represent standard deviations. F/C is the filler/coupler ratio.
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Table VI. Impact Strength (kJ/m?) for the Samples Produced with Differ-
ent Filler/Coupler (F/C) Ratio

Sample F/C=5/1 F/C=7.5/1 F/C=10/1
PP 3.6(0.16) 3.6(0.16) 3.6 (0.16)
PP NCC 1% 3.0(0.14) 3.0(0.14) 3.0(0.14)
PP NCC 1% coupler A 3.0(0.17) 3.2(0.13) 3.5(0.14)
PP NCC 1% coupler B 3.3 (0.12) 3.5(0.18) 3.5(0.15)
PP NCC 1% coupler C 3.2 (0.16) 3.3(0.17) 3.3(0.18)
PP NCC 1% coupler D 3.4 (0.17) 3.4(0.12) 3.2(0.16)
PP NCC 1% coupler E  3.2(0.14) 3.5(0.19) 3.5(0.18)

Numbers in parentheses represent standard deviations. F/C is the filler/
coupler ratio.

(AH,,) are slightly reduced for all composites indicating that
the size of PP crystals are reduced by NCC particles.’® This is
most probably due to NCC particles acting as nucleating agents
for crystallization as such effect has been reported for cellulosic
nanoparticles.*>?” The higher the number of crystals, the
smaller would be their size and since smaller crystals are easier
to melt®® and therefore lower AH,, and T, is obtained for the
nanocomposites. In the AFM images (Figure 3) small crystallite
sizes in presence of NCC resulted in the appearance of a more
homogenous surface for composites (roughness=1.69 nm)
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than neat PP (roughness = 4.36 nm). However, since the differ-
ences in the thermal properties are not significant between the
polymer and the nanocomposites these small changes might not
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Figure 5. Relative mechanical properties of the nanocomposites for 1 wt % NCC with F/C=7.5/1 to determine the effect of MAPP acid value and

molecular weight. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Table VII. DSC Results of the Samples Produced
FIC=5/1 FIC=7.5/1 FIC=10/1

Sample AHm (J/g) Tm (°C) AHy,, (Ulg) Tm (°C) AHy, Ulg) Tm (°C)
PP 57.4 164.9 57.4 164.9 57.4 164.9
PP NCC 1% coupler A 55.6 162.8 56.6 163.3 56.7 162.8
PP NCC 1% coupler B 56.9 162.8 56.7 163.0 56.0 162.8
PP NCC 1% coupler C 56.5 163.0 56.0 162.1 55.9 162.8
PP NCC 1% coupler D 56.4 162.0 55.8 163.8 57.1 163.6
PP NCC 1% coupler E 57.3 164.1 56.7 163.4 56.4 163.8

F/C is the filler/coupler ratio.

significantly affect the mechanical properties (Tables II-VI). So
crystallinity difference cannot explain the differences observed.
It is important to note that the mechanical properties of the
nanocomposite without coupling agent are lower compared to
values with MAPP (see Tables II-V), while the thermal behavior
for these two situations is similar. This is in agreement with our
conclusion regarding the coupling effect of MAPP on the prop-
erties measured.

Another reinforcing mechanism which has been mentioned for
nanoparticles is the formation of particle networks or percola-
tion,”>**™*° which can propagate the stresses. As mentioned in
the morphological section, it is not possible to distinguish NCC
particles from the polymer matrix by microscopic observations.
Hence, it is not possible via image analysis to detect if a particle
network (percolation) is formed or not. Considering the sensi-
tivity of rheological properties to microstructure, rheology was
used to investigate the structure. Since rheology is performed in
the melt state, the overall polymer contribution in the compo-
sites is reduced compared to mechanical properties in the solid
state. If particle concentration was high enough to create net-
works (percolation) then, due to the contribution of this solid
network, there would be a large difference between the rheologi-
cal properties of the neat polymer (matrix) and the nanocom-
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posites. Looking at the melt rheological properties (Figure 6) it
is clear that while the dynamic moduli of the nanocomposites are
higher than for neat PP, the differences is much lower (orders of
magnitude) than reported for percolated systems.*"** This means
that the systems here are below the percolation threshold. The
“under percolation” situation can be better verified by looking at
the I5/I; curve. One important manifestation of particle network
formation in polymer systems is a large increase in the system
nonlinearity, which can be studied via LAOS measurements.
Under LAOS measurements, due to the contribution of nonlinear
phenomena, the stress response shape is not sinusoidal like in
SAOS measurements.*> However, the distorted stress response is
unique for each material and can be used to study the structure of
complex systems. For this, the relative intensity of the third har-
monic to the first harmonic (I5/1;) is used as a quantitative repre-
sentation of the nonlinearity in viscoelastic materials.”>** In this
context it has been recently shown that I3/ is a very sensitive
parameter to detect structural changes close to the percolation
concentration where a large increase in its value was reported
when particles start to interconnect.”> Looking at I/I; in Figure
6, it is seen that the value is almost the same for all the composi-
tions indicating that the systems here is below the percolation
concentration. Therefore, based on thermal and rheological
results, it can be concluded that the observed mechanical
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Figure 6. Storage modulus (left) and the nonlinear parameter I/I; (right) obtained under LAOS measurement for PP and PP NCC 1% with different
couplers and a F/C ratio of 7.5/1 (T =180°C and w = 0.5 Hz). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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improvement is not related to crystallinity changes nor to the for-
mation of particle networks, but it is mainly related to better
interfacial adhesion (compatibility) between the polymer matrix
(PP) and the reinforcing particles (NCC) which is resulting from
the presence of coupling agent molecules.

CONCLUSION

In this work, melt blending (extrusion followed by compression
molding) was used to produce polypropylene based nanocrystal-
line cellulose (PP-NCC) nanocomposites. In particular, five dif-
ferent commercial maleated polypropylene (MAPP) were used
to determine the effect of molecular weight and acid number.
From the samples produced mechanical properties (tensile, flex-
ural and impact) were studied and completed with rheological
and thermal properties.

The most important parameter was found to be the filler/cou-
pler (F/C) ratio, but MAPP acid value and molecular weight
have non-negligible effects. The first interesting finding was that
regardless of maleic anhydride content and molecular weight,
the optimum F/C ratio was the same for all the MAPP tested:
7.5/1. This optimum ratio seems to be related to the situation
where the particle surface is completely covered by MAPP. At
lower ratios the adhesion is not complete and when the particle
surface is completely covered by MAPP, addition of more
MAPP does not help coupling as extra MAPP molecules are not
connected to the NCC surface but act as lubricant. The lubrica-
tion effect of extra MAPP was verified by analyzing the flow
behavior of the samples where composites having very low F/C
ratio (1/2) flowed under lower stresses compared to neat PP
under a constant shear rate. The other two parameters (Mw
and AV content) also are important, but from a “coupling”
point of view, acid value is the most important since the first
step in good coupling is that the coupler covers the particle sur-
face and at high acid values there is more probability for MAPP
molecules to attach to multiple reinforcing particles. For a fixed
acid value, higher MW is better since the polymer tail can better
interact with the bulk molecules. About these parameters even
though one single coupler was not found to be the best for all
the mechanical properties investigated here, the best mechanical
properties were obtained for intermediate values. The highest
tensile modulus improvement (47%) was found for coupler B
(Mw = 15 kg/mol, AV =41 mg KOH/g) and the highest flexural
modulus (32%) was obtained with coupler C (Mw = 51 kg/mol
AV =15 mg KOH/g). The impact strength decreased slightly for
all couplers except for coupler B where no significant change
was observed.

Finally, thermal analysis showed lower PP melting temperature
and melting enthalpy in the presence of NCC for almost all the
composites indicates that crystal sizes are smaller. This seems to
be confirmed by AFM analysis where surface roughness was
decreased from 4.36 nm for the neat polymer to 1.69 nm for
nanocomposites having 1% NCC. However, thermal property
changes were not very significant to explain the large changes
observed in mechanical properties. Also, analyzing the nonlinear
behavior of the systems under LAOS measurements showed that
the system is below percolation indicating that particle networks
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are not formed. Therefore, it can be concluded that the
mechanical property improvement is mainly related to better
adhesion between PP and NCC which is resulting from an opti-
mized coupling systems in terms of MAPP content, molecular
weight, and acid value, as well as processing (extrusion and
compression molding) conditions.
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