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HIGHLIGHTS

* Nano-CaCO, particles were
synthesized using microemul-
sion method with an average
size of 33nm.

+ It was observed that tensile
strength and young’s modulus
increased and elongation de-
creased with increasing CaCO,
particles in the composites.

¢ The used models can be used
with confidence for the predic-
tion of elastic modulus.
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In this research, the influence of adding micro- and nano- sized calcium carbonate
powders to nylon-66 was investigated. Mechanical properties of micro and nano-
composites, including tensile strength, elongation, and Young’s modulus, before and
after ageing, were determined and analyzed. For this purpose, micro- and nano-sized
CaCO, particles were used as fillers to prepare micro-composites (conventional
composites) and nano-composites via a polymer solution method. It was observed
that tensile strength and young’s modulus increased and elongation decreased with
increasing CaCO, particles in the composites. Also, nano-composites had higher
strength and modulus than micro-composites. Theoretical prediction of elastic mod-
ulus was carried out using rule of mixtures, Guth, Nicolais—Narkis, Hashin—Shtrik-
man, and Halpin—Tsai equations. Calculated results show that these equations are not
suitable for accurate prediction for the work carried out. However, these models can
be used with confidence for the prediction of elastic modulus because experimental
results are higher than the calculated values.
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1. Introduction

Polymer composites represent an important class of
engineering materials. The incorporation of inorganic
fillers into thermoplastics has been widely practiced in
industry to extend them and to improve certain prop-
erties. One primary purpose of adding inorganic fillers
to polymers is cost reduction [1]. The mechanical re-
inforcement of engineering polymers with micro- and
nano-fillers also plays an important role in the plastic
industries. The performance of these materials will
however be highly dependent on factors relating to
the intrinsic characteristics of the materials and factors
relating to the process. The intrinsic factors primarily
include the aspect ratio of the filler, surface chemistry,
and surface polarity and filler—matrix interfacial prop-
erties. Often, the structure—property—process relation-
ships in nano-composites are complex. Experimentals
have shown that nano-scale reinforcement brings new
phenomena, which contributes to material properties
[2, 3]. For this work, the nanosized inclusions are
defined at those that have at least a dimension in the
range of 1-100 nm. One of the most common fillers
with long history of applications in various fields is
CaCO,. It has been used in plastics, paint, paper, inks,
food as well as pharmaceutical industries [4]. It is per-
tinent to put on record that calcium carbonate (CaCO,)
has been one of commonly used inorganic fillers for
thermoplastics such as PVC and PP. Micron-sized
CaCO, is historically used to lower the cost of relative-
ly expensive polymer resins. The results of numerous
studies have indicated that the improvement in the me-
chanical properties of micron-sized CaCO, filled com-
posites is found to be minimum [5]. It may be due to
poor particle—polymer interaction [6]. It is well-known
that the dispersion of a filler in the polymer matrix can
have a significant effect on the mechanical properties
of composites [2, 6]. The dispersion of an inorganic
filler in a thermoplastic is not an easy process. A good
dispersion can be achieved by surface modification of
the filler particles and appropriate processing condi-
tions. Many efforts have been devoted to surface-mod-
ified CaCO, filler to increase the interaction between
the polymer and filler. The effects of surface modifi-
cation on mechanical properties have been positive.
The use of nano-sized CaCO, particles may bring new
insights in the study of polymer inorganic nano-com-
posites. In addition, when surface smoothness and
high gloss are required micron-sized CaCO, cannot be
used. Nano-CaCO, particles can be good filler that can
provide surface smoothness and high gloss [6]. Ny-
lon-66 (PA66) is a semi-crystalline material that has
a combination of strength, flexibility, toughness, and

abrasion resistance. It is also known for its dye-ability,
low coefficient of friction (self-lubricating), low creep,
and resistance to solvents, oils, bases, fungi, and body
fluids. The applications of nylon-66 range from textile
fibers, membranes, tapes, food packaging to electron-
ics and automotive parts [7]. Making good samples
of polymers matrix nano-composites are a challeng-
ing area that draws considerable effort. Researchers
have tried a variety of processing techniques to make
polymer matrix nano-composites. These include melt
mixing, in situ polymerization, sol—gel process, poly-
mer solution method, and other approaches. Creating
a universal technique for making polymer nano-com-
posites is difficult because of the physical and chemi-
cal differences between each system and various types
of equipment available to researchers. Each polymeric
system requires a special set of processing conditions
to be formed, based on the processing efficiency and
desired product properties. So, the different processing
techniques in general do not yield equivalent results
[8].

The present study aims to prepare nylon-66/CaCO,
micro- and nano-composite through polymer solution
method while the micro-particles (procured in the lab)
and nano-particles of CaCO, [9] were used as filler.
The characteristics and properties of the two com-
posites (micro and nano) have been compared. The
mechanical properties (tensile tests) of composites at
room temperature were measured by Universal Test-
ing Machine (UTM) according to ASTM-D8&82. In or-
der to predict tensile properties of synthesized micro-
and nano-composite samples, some theoretical models
i.e. the Mixture rule, Nicolais-Narkis theory, Guth’s
equation, Hashin-Shtrikman model, and Halpin-Tsai
model, were used and results were compared with ex-
perimental data.

2. Theoretical

The field of composites material behavior can be stud-
ied from two points of view namely, micromechanics
and macromechanics. Micromechanics analyze com-
posite behavior by studying the interaction between
constituent materials. Whereas, macromechanics stud-
ies composite behavior by assuming the body is homo-
geneous and the effects of the constituent materials are
detected only as averaged properties of the composite
[10]. The mechanism for nano-sized particles and nylon
matrix interface is a feature that so far no clear mech-
anism presented in the literature, to relate mechani-
cal properties to interface nature of nano-composite.
Studying interface of nano-composite is still edge of
science and so far no unique mechanism is developed.
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The aim of most micromechanics approaches is to
determine the elastic moduli or stiffness of a compos-
ite material in terms of the elastic properties of the
constituent materials. Most of the analytical models
presented presume the idealization that there is perfect
adhesion between the phases and that the particles are
spherical and evenly dispersed. These theories there-
fore predict that the properties of composite materi-
als are independent of the size of particles. In general,
this is correct for systems with micronsized reinforce-
ments, but may be not be true for nanocomposite sys-
tems. In the past few years, a considerable amount of
research has been conducted to examine the modeling
of mechanical properties of polymer composites with
nanoscale reinforcement. Some of the earlier attempts
in modeling composites were performed by Einstein
and Guth. Guth and Smallwood extended Einstein’s
theory to explain rubber reinforcement [1]. Both of
these attempts have proved to be applicable. Thus, the
focus will be on the newer works, separated into two
approaches, defined as either mechanics of materials
or an elasticity approach. In the mechanics of materials
approach some simplifying assumptions are made,
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the most significant of which in that the strain in the
matrix is equal to the strain in the particulate. With this
assumption the most simplistic of all methods of pre-
dicting the moduli of a composite, known as the rule of
mixtures, can be obtained from Equation-1 [6, 10-11].

E. = Ef‘/)f +Eyp (1)
Where, E, E, and E are the elastic modulus of com-
pound, filler and polymer matrix, respectively. ¢ is
the volume fraction, subscript p denotes the matrix of
continuous phase, polymer, and subscript f denotes the
particulate or filler phase.

In general, the rule of mixtures is regarded as the
upper limit of the elastic modulus. The absolute lower
bound on elastic modulus can be obtained assuming
equal stress in the matrix and particulate, Equation-2:

1

)

Er ~ Ep
The upper and lower limits on elastic moduli represent
the widest relationships produced from the mechanics
of materials approach. Most of the attention has been
given to the elasticity approaches.

)
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The composite spheres model introduced by Hashin
consists of a graduation of sizes of spherical particles
fixed in a continuous matrix phase. In line with this
model Hashin and Shtrikman developed the bounds
for the shear and bulk modulus. The resulting bounds
on the Young’s modulus are shown in Equations-3 and
4110, 12].
Upper bound:
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In the above equations, K!, K', G' and G are lower
bound for the Bulk moduli; the upper bound; the lower
bound of the Shear moduli and corresponding upper
bound, respectively. In addition, subscripts 1 and 2 re-
fer to the polymer and the filler respectively. It may be
worth mentioning that the above equations are applica-
ble when K <K, and G <G, [10, 12]. The Halpin-Tsai
semi-empirical equations represent yet another way to
predict composite properties, Equations-5and6[10, 13]

g = B+ g ©)
1-n¢,
where.
£ _
E
n= El 6)
A

And (= 2 (for a first approximation). Some addition-
al mechanical relationships are presented later for
Young’s modulus and the Poisson’s ratio of a compos-
ite, as given by Busiansky, Equations 7-10 [10].

9KG

E=—r ©
3K+ G

L _3K-26 ®
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and for each constituent

E,
K, =——— ©)
" 3-6y,
E,
Gy = —2—
24 2, (10)

Where, n = 1 or 2 (denoting continuous and filler
phases respectively).

The modulus and yield strength of nanoparticle-filled
composites also can be predicted respectively by
Guth’s equation, Equation-11[14, 15].

Ec = Ep(1+25 ¢, +14.1 ¢;%) (11)
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and Nicolais—Narkis theory, Equation-12 [14].

— 2/3
Oy = Oym(1 — 1.21 ¢4°°) (12)
Where, E and o are Young’s modulus and yield
strength, respectively; subscripts m, f, and ¢ denote
matrix, filler and composite, and cbfis volume fraction
of particles.

3. Experimental

3.1. Materials

CaCO, nano-particles with an average size of 33 nm
were synthesized via microemulsion route [9]. CaCO,
particles with an average size of 2 um and Dimethyl
Sulfoxide (DMSO), 99%, were procured from Merck
Company, Germany. Injection molding grade Ny-
lon-66 polymer from SRF Limited, India was used to
produce the micro and nano-composites.

3.2. Synthesis of Micro and Nano-Composites
Polymer solution method was used for the synthesis
of micro and nano-composites. Effect of the quantity
of micro and nano-particles of CaCO, on the synthe-
sized composites was studied for 0, 1, 2 and 3 wt.%.
For preparation of polyamide-66/CaCO, composites,
Polyamide-66 (PA66), micro and nano- calcium car-
bonate particles were first heated in a vacuum oven
for 12 hrs at 1000C until any possible residual mois-
ture was removed. Then, polyamide-66 was dissolved
in DMSO until a homogeneous solution was obtained.
Different amounts of CaCO, particles were carefully
added to this PA66 solution under vigorous stirring
with a magnetic stirrer bar at room temperature (27°C).
The stirring was carried out for 24 hrs under ambient
condition of 27°C to get the proportion of 1, 2, and
3 wt.% of nano-sized CaCO, based on PA66 content.
Subsequently, the resulting solution was poured onto
clean glass plates with side tapes around the glass
plates (acting as thin trays) and dried until tack-free in
a low humidity chamber at room temperature. Then,
the resultant films were vacuum dried for 24 hrs at
600C until all the solvent was removed by evapora-
tion and delivered polymer nano-composite. All films
were prepared for the same time and ambient condi-
tions. Pure PA66 films were prepared in the same man-
ner which also showed opaqueness and milk-white
color upon drying of solvent. Conventional compos-
ite films were also prepared in the same procedure
containing 1, 2, and 3 wt.% of micro-sized CaCO,.
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3.3. Filler Dispersion Analysi

The synthesized nano-calcium carbonate powders
[9] were dispersed in isopropyl alcohol (IPA) and
placed in an ultrasonic bath to ensure fine dispersion.
Two to three drops were then placed on a filter paper
and the CaCO, nano-particles were observed under
a Transmission Electron Microscope, TEM, (JEOL
JEM-2100F, Japan) at 120 KV. The average primary
particle size of the nano-particles was then determined
from the TEM photomicrograph.

The phase morphology of the nylon-66/calcium car-
bonatenano-composites wasexaminedusinga Scanning
Electron Microscope, SEM (SEM, Carl Zeiss: EVO40)
at 20 kV. The samples were sputter-coated (Sputter
Coater: POLARON-SC7640) with a thin layer (10-20
nm) of gold palladium. The coating was carried out by
placing the specimen in a high vacuum evaporator and
vaporizing the metal held in a heated tungsten basket.

3.4. Mechanical Properties Evaluation

Tensile strength, Young’s modulus and percent elon-
gation at yield and break were measured at room tem-
perature according to ASTM-D882 [16] by Zwick 1445
Universal Testing Machine (UTM). The test specimen
(film) dimension was 7x0.8%0.09 cm® (Length xWidth
xThickness). For each composite type, seven speci-
mens were used and the average value of three replicat-
ed tests was taken for each composition. Subsequently,
the mean values and their standard deviations were cal-
culated. The test specimen gauge length was 5.1 cm and
crosshead speed for the film testing was 0.10 cm/min.

3.5. Predicting Elastic Moduli

For the prediction of Young’s modulus, rule of mix-
tures (Egs. 1 and 2), Hashin—Shtrikman (Egs. 3 and 4),
Halpin—Tsai equations (Egs. 5 and 6), Guth equation
(Eq. 11), and Nicolais—Narkis theory (Eq. 12), were
used. The Young’s modulus, Poisson’s ratio, and den-
sity of neat PA66, nano and micron-sized CaCO, parti-
cles are tabulated in Table 1.

Table 1.

4. Results and Discussion

4.1. Dispersion of Micro- and Nano-particles in the
Nylon-66 Matrix

Fig. 1 shows the TEM photomicrograph of the na-
no-filler used in this study. The average primary par-
ticle size the stearic acid coated nano-CaCO, filler [9]
was measured to be about 33 nm. This image reveals
that most of the coated CaCO, nano-particles are qua-
si-spherical and have rough surface. The nano-parti-
cles have a strong tendency to form agglomerates due
to their high surface energy which is a result of the
small particle size [9].

Fig. 1. TEM photomirograph of the
.[in this study [9

£0 NIm : ]
nano-CaCO, particles used

The dispersion of the particles inside the bulk PA66
was investigated using SEM. It is known that the
dispersion of filler in the polymer matrix can have a
significant effect on the mechanical properties of the
composites. However, the dispersion of inorganic fill-
er in a thermoplastic is not an easy process. The pro-
cess becomes more intricate when nano-particles are
used as filler, because they have strong tendency to
agglomerate. It is reported that a good dispersion can
be achieved by surface modification of the filler parti-
cles [17]. The uniform dispersion of surface modified
micro- and nano-CaCO, [9] within PA66 is evidenced
from SEM images as shown in Figs. 2 & 3. These fig-
ures show the different situation of the uniform disper-
sion of the calcium carbonate micro- and nano-parti-
cles in the nylon-66 through various resolutions.

Young’s modulus, Poisson’s ratio, and density of neat PA66, micron and nano-sized CaCO,.

Material Young’s density Poisson’s ratio
modulus (GPa)  (g/cm’)
Neat PA66" 2.4 1.14 0.42
Micro-sized CaCO;" 25-50 2.73 0.27
Nanosized CaCO5° 26 2.93 0.27

# Information provided by SRF Lim.
® Information provided by Merck Co.
¢ From reference [6].
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Fig. 2. SEM images of PA66/CaCO3: a) Micro-composites, b) Na-
no-composites: magnification of 6.25 kx.

Itis clearly noticed from these Figures that both types
of surface modified, micro- and nano-particles are
covered and quite welded to the PA66 matrix. More-
over, nano-fillers appear homogeneously dispersed
into polymer. Referring to Fig. 3(a), it can be seen that
some of the cavities, in the nylon-66, are occupied by
micro-CaCO3 particles. However, since no cavity is
observed on the surface of PA66/nano-CaCO, compos-
ites, as noticed in Fig. 3(b), the presence of nano-par-
ticles must be more responsible than micro-particles
for the cavitations. In the nano-composites containing
coated CaCO,, the particles are found better welded
to the PA66 matrix. In addition, no fracture lines and
cavities are present at the interface, suggesting that the
coating of CaCO, [9] promotes adhesion between the
particles and PA66 matrix thus improving the compat-
ibility between the phases. Fig. 4 also shows the pres-
ence of CaCO, particles in the polymer composites.
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Fig. 3. SEM images of PA66/CaCO;,: a) Micro-composites, b) Na-
no-composites: magnification of 63.02 kx.

Intensity (a.u.)

Energy (Kev)

Fig. 4. Energy-dispersive x-ray (EDS) spectra of PA66/CaCO,
composites.
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4.2. Tensile Properties of Composites

Tensile properties of the seven pieces of each com-
posite sample were examined using Zwick 1445 Uni-
versal Testing Machine (UTM). For each piece of all
the micro and nano-composite samples, the stress-
strain (c-¢) data was plotted in terms of elongation.
For each sample, 2-3 stress strain (o-¢) curves which
had significant differences with the others were reject-
ed and the tensile properties calculation was done only
based on other ones. The average results were consid-
ered as the mechanical property of each sample. The
calculated values of the Young’s modulus of neat PA66
and PA66/CaCO, micro- and nano-composites and the
effect of content of micro- and nano-sized CaCO, par-
ticles on the modulus of PA66/CaCO, composites are
plotted in Fig. 5. It has been widely accepted that dop-
ing of the fillers into polymer matrix would improve
the mechanical properties of the synthesized compos-
ites [18, 19]. The addition of the CaCO, to polymer
matrix leads to improvement in stiffness for both the
micro-composites and nano-composites. The results
shown in Fig. 5 reveal that the Young’s modulus of
filled polyamide nano-composites is higher than that
of micro-CaCO,-filled composites.

9 |

8 | =—w=—Nano-composite
| ==@==Micro-composite

~
1

Young's Modulus (GPa)

T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0
CaCoO, content, wt.%

Fig. 5. Effect of filler loading on the Young’s modulus of micro-
and nano-Polymer composites.

Further, incorporation of CaCO, leads to increase in
the Young’s modulus of polyamide-66 composites in
proportion to the filler content. This observation is at-
tributed to the higher reinforcement effect of nano-par-
ticles compared to micro particles. Enhancement of the
tensile modulus with increasing in filler content can be
interpreted as follows. In general, addition of filler to
polymer matrix reduces the mobility of polymer chains
which causes to more stiffness or higher value of ten-
sile modulus of the polymer composite and also this
effect can be raised by increasing the amount of filler.
The relationship between weight percentage of filler
loading (micro- and nano-CaCO,) and strength at yield
and break for PA66/CaCO, micro- and nano-compos

ites are shown in Figs. 6 and 7.

85 4

—t— Nano-composite
e MiCFrO-cOMposite

-]
=
1

~
o
L

~
(=]
1

Tensile Strength at Break (MPa)

0.0 0.5 10 15 2.0 2.5 3.0
CaCO, content, wt.%

Fig. 6. Variation of tensile strength of micro- and nano-composites
with filler loading at break.

85

— Nano-composite
—pe. MlicrOo-cOmMposite

N N
° a
1 1

Yield Strength (MPa)
&

8

T T T T T d
0.0 0.5 1.0 1.5 2.0 2.5 3.0
CaCOa content, wt.%

Fig. 7. Variation of tensile strength of micro- and nano-composites
with filler loading at yield.

The tensile strength of nano-CaCO, filled polyamide
composites is recorded higher than that of micro-Ca-
CO, filled polyamide composites; the highest loading
of the filler (in the range studied) shows the highest
tensile strengths of composites and nano-fillers pro-
vide higher tensile strength compared to micro-Ca-
CO,. This increment in tensile strength is due to uni-
form dispersion of nano-filler throughout the matrix.
The uniform dispersion of nano-CaCO, is confirmed
by the SEM images shown in Figs. 2 and 3. The reason
behind higher tensile strength of nano-composites is
the larger surface area of the nano-sized CaCO, parti-
cles in contact with the polymer matrix. As such, the
overall bonding strength between the particles and
matrix is higher that neat samples. Thus, it is to be ex-
pected that nano-composites could stand higher load-
ing under external forces, as suggested by [20]. When
the content of CaCO, is low, the micro- and nano-sized
CaCO, cannot well disperse in the polyamide matrix
and agglomerate to form a big cluster and cause a de-
crease in tensile strength. Elongation percent of com-
posite samples under stress can be calculated from the
relation (Equation-13), where Lo is the initial length of
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the test specimen, and L is the final length of sample
after applying the stretching force.

Elongation Percent = I—O x 100
‘0

(13)

Figs. 8 and 9 show the dependence of elongation at
yield and break points of composites to filler content,
respectively.

—— N ano-composite
6 - == Micro-composite

Elongation at Yield, %
IS

T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0
CaCOa content, wt.%

Fig. 8. Variation of elongation of micro- and nano-composites with
filler loading at yield.

The incorporation of rigid fillers to polymer ma-
trix reduces the elongation at yield and break. This is
a common observation reported by earlier researchers.
The results show that with increasing in weight per-
centage of filler loading, elongation at yield and break
for micro- and nano-composites decreases. This might
be due to the hard nature of polyamide as well as na-
no-inorganic filler and also the increment in numbers
of spherulites formation with reduction in size and in-
crease in percentage of filler. This may be attributed to
the fact that CaCO, particles included into the PA66
matrix restrict the movement of polyamide chains. In
other words, with the enhancement in rigidity, the duc-
tility of composites decreases; consequently, the com-
posites break at lower elongation as explained by [20].

Nan
Micr

Elongation at Break, %

T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0

CaCoO, content, wt.%

Fig. 9. Variation of elongation of micro and nano-composites with
filler loading at break.

4.3. Comparison between theoretical and experimen-
tal data for Young's modulus

4.3.1. Rule of mixtures

Fig. 10 shows the comparison of predicted Young’s
modulus from rule of mixtures to experimental data
for PA66/CaCO, micro- and nano-composites. It
is expected that experimental values are within the
lower and upper bounds of the rule of mixtures, al-
though this is not observed. This model can be used
in two ways: (1) to find an empirical correlation fac-
tor for the experimental data and (2) to use this mod-
el as a first approximation for predicting the elas-
tic modulus with confidence, as supported by [10].

9 —a— Nano-experimental
4 —e— Micro-experimental
8 b Lower Limit
— —w— Upper Limit
o
O 7+
s
S 64
=
o
= 5-
wm
=g
5 44
o 4
> /
3 4
= ——— - - —;
2 T T T T
1.0 1.5 2.0 25 3.0

CaCO, Content, wt.%

Fig. 10. Comparison of predicted Young’s modulus from the mix-
tures rule to experimental data: micro- and nano-composites.

4.3.2. Guth's Equation and Nicolais-Narkis Theory

These results indicate the limitations of the theories
when applied to nano-composites, Figs. 11 and 12.
The Guth’s equation and Nicolais-Narkis theory are
not appropriate model for predicting tensile proper-
ties of PA66/CaCO, micro- and nano-composites with
regard to this fact that the values of experimental re-
sults are greater than the calculated values. However,
it can be seen that estimated results from this model
are similar to those calculated from the mixture rule.

9 —a— Nano-experimental
J —e— Micro-experimental
8 —he— Guth
=
O 74
@ 4
=k
= 4
o
= 54
_w P
=3
S5 44
o 4
>- /
34
2 L] Ll L] L]
1.0 1.5 20 25 3.0

CaCO3 Content, wt.%

Fig. 11.Comparison of predicted Young’s modulus from Guth’s
equation to experimental data: micro- and nano-composites..
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—=— Nano-experimental -
—e— Micro-experimental
4 Nicolais-Narkis

82
80 ]
78
76
74 ]
723
70 ]
68 ]
64 ]

62
60 ]
g =

Tensile Strength (MPa)

2.0
CaCO3 Content, wt.%

Fig.12. Comparison of predicted yield strength from Nico-
lais-Narkis theory to experimental data: micro- and nano-compos-
ites.

4.3.3. Hashin-Shtrikman Model

Fig. 13 shows the comparison of predicted Young’s
modulus from Hashin equations to experimental data
for PA66/CaCO, micro- and nano-composites. It can
be seen that obtained results from this model are sub-
stantially similar to those from the rule of mixtures. A
similar discussion is applied here.

94 —a— Nano-experimental

—e— Micro-experimental

8 4~ Lower Limit
= —w— Upper Limit
o
Q 74
7]
=
S 64
=4
o
= 54
K g
= .
>
o 1 v b
> 3

2 T T T T

1.0 1.5 2.0 2.5 3.0

CaCO3 Content, wt.%

Fig. 13. Comparison of predicted Young’s modulus from Hash-
in-Shtrikman equation to experimental data: micro- and nano-com-
posites.

4.3.4. Halpin—Tsai Model

Comparison of predicted Young’s modulus from
Halpin—Tsai equations to the experimental data shows
that the model is inadequate for predicting the elastic
modulus without any correlation, Fig. 14.
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Fig.14. Comparison of predicted Young’s modulus from Halpin—
Tsai equation with the experimental data.

It can be concluded from the above discussion that
theoretical models developed for particulate compos-
ites cannot be applied to predict the elastic modulus of
these composites that are very complicated because of
the existence of complex interactions between differ-
ent ingredients in compound. Finally, Fig. 15 shows
the results as comparatively.
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Fig. 15. Comparison of predicted Young’s modulus using theoreti-
cal and experimental methods.
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5. Conclusions

From this study, the following conclusions can be
drawn:
The calculated values of the Young’s modulus of neat
PA66 and PA66/CaCO, micro- and nano-composites
showed that incorporation of CaCO, leads to increase
in the Young’s modulus of nylon-66 composites in
proportion to the increase content of the filler and this
observation is attributed to the higher reinforcing ef-
fect of nano-particles compared to micro particles. It
was also observed that the tensile strength of nano-Ca-
CO, filled polyamide composites is higher than that of
micro-CaCO, filled polyamide composites; the highest
loading of the filler (in the range studied) shows the
highest tensile strengths of composites and nano-fillers
provide higher tensile strength compared to micro-Ca-
CO,. The results showed that with increasing in weight
percentage of filler loading, elongation at yield and
break for micro and nano-composites decreases. It is
well known that one of the most important aspects of
material development in thermoplastics engineering is
to achieve a good combination of mechanical proper-
ties and process ability at a moderate cost. The obtained
results, in this study, demonstrated that adding filler to
polymer matrix reduces the mobility of polymer chains
which in effect causes more stiffness or higher value of
tensile modulus of the polymer composite. It is strong-
ly dependent on shape, size, aggregate size and degree
dispersion of filler in the polymer matrix which can
have a significant effect on the mechanical properties
of the composites, and it may be achieved by surface
modification of the filler particles. The uniform dis-
persion of surface modified micro- and nano-CaCO,
within PA66 was evidenced from SEM images. It has
been demonstrated through this study that the proper-
ties of the composites are significantly superior to the
virgin polyamide. The estimated mechanical proper-
ties using different theoretical models available in lit-
erature were compared with the experimental data for
Young’s modulus and yield stress. It was found that
the predicted values from the theoretical models were
lower than the observed properties. Thus, it may be
concluded that models developed for particular com-
posites cannot be applied to predict the elastic mod-
ulus of the micro- and nano-composites synthesized
in the present study under different set of conditions.
Nevertheless, the theoretical models may be used with
some degree of confidence to predict the elastic mod-
ulus as an initial estimation or first approximation.
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