





Figure 4.66 Fracture surface of LL/TBHP2/LOT5 (a) x 250 magnification
(b) x3000 magnification

Figure 4.67 Fracture surface of LL/TBHP5/LOT12.5 (a) x 250

magnification (b) x3000 magnification

Figure 4.68 shows SEM micrograph of LL/I34-2/LOT nanocomposite. Clay
particles are not clearly observable, but a few tactoids with dimensions of
600 nm are seen in the micrograph. Figures 4.69 and 4.70 show ternary
composites prepared with 5 wt % of 134 with LOT concentration of 5 and
12.5 wt % respectively. Thicker clay tactoids are observable in the case of
low LOT concentration compared to one with higher content of LOT

indicating that clay tactoids are dispersed more in the case of high
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compatibilizer concentration. Comparison of Figures 4.69 and 4.70 shows
that high concentration of elastomer (LOT) usage gives rise to more
homogeneous dispersion of clay layers through the matrix. As LOT
concentration is increased to % 12.5 at a fixed organoclay concentration
(5w %) (Figure 4.70), the silicate layers get closer to each other and form
micron sized rough surfaces. More homogeneously distributed clay
networks in the case of % 12.5 LOT usage give rise to higher values of
rheological functions, i.e., storage modulus and complex viscosity of the

sample which will be given in subsequent parts of this study.
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Figure 4.68 Fracture surface of LL/I34-2/LOT5 (a) x 250 magnification (b)

x3000 magnification
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Figure 4.70 Fracture surface of LL/I34-5/LOT12.5 (a) x 250 magnification
(b) x3000 magnification
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4.2.4 DSC Analysis

4.2.4.1 DSC Results of PPM and PPE Based Composites (SETs 1-4)

Thermal characteristics of PPM, PPM/MAPP  blends and
PPM/organoclay/MAPP composites were investigated using DSC. Table
4.5 summarizes the DSC results of PPM based composites in terms of
melting temperature, T, heat of fusion of the sample (AH(J/g)) and %
crystallinity. DSC thermographs of the samples are given in Appendix A.1.
In the binary blend, addition of MAPP to PPM slightly increased the
crystallinity of the PPM. Ternary composites of PPM/organoclay2/MAPP2
with MAPP/organoclay ratio, a, of 1 generally showed slight increase in
the crystallinity. This could be due to nucleation effect of the clay. When
the clay content was lower, as in PPM/TKA1/MAPP3 no significant
increase was observed in the crystallinity, and it did not show any
dispersion as observed by XRD.

However, in the PPM/HMA1/MAPP3 ternary nanocomposites the clay

exhibited intercalation/exfoliation and owing to the nucleation effect of the

clay, the crystallinity is significantly higher than that of PPM.
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Table 4.5 DSC results of PPM, PPM/MAPP blend and PPM/MAPP based

composites prepared in SET-1

Tm (°C) | PPM | AH (JIg) | X< (%)
wt %
166.5 100 82.00 39.23
PPM
PPM9O8/MAPP2 165.3 98 85.33 41.66
PPM/TBA2/MAPP2 168.6 96 78.78 39.26
PPM/TBP2/MAPP2 166.0 96 80.65 40.195
PPM/HMA2/MAPP2 165.3 96 85.96 42.84
PPM/TKA2/MAPP2 166.1 96 82.92 40.88
PPM/Cloisite®25A2/MAPP2 167.0 96 80.42 40.08
PPM/HMA1/MAPP3 164.6 96 93.82 46.76
PPM/TKA1/MAPP3 164.7 96 7714 38.45

Tables 4.6 and 4.7 show the DSC results of the samples prepared in SET-
2 and SET-3-4 respectively. DSC thermograms of these sets are given in
Appendices A.2, 3 and 4 respectively. Ternary composites of
PPE/organoclay2/MAPP5 samples show slight increase in crystallinity due
to the nucleation effect of the clay. Melting temperatures of the ternary
composites decrease slightly as observed from Tables 4.6 and 4.7
probably due to the impurity effect of MAPP on PPE, similar to “freezing

point depression”.
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Table 4.6 DSC results PPM and its composites prepared in SET-2

Tm(°C) | PPE | AH(Jlg) | Xc

wt % (%)
PPE 167.2 100 85.42 | 40.87
PPE/HMA2/MAPP5 167.2 93 7962 | 40.97
PPE/TKA2/MAPP5 167.2 93 86.41 | 44.46
PPE/TKA50-2/MAPP5 165.9 93 83.06 | 42.73
PPE/PGWTKA2/MAPP5 166.2 93 80.45 | 41.39

Table 4.7 DSC results PPE and its blend and composites prepared in
SETs 3-4

Tm (°C) PPE AH (J/g) Xe(%)
wt %

PPE 167.2 100 85.42 40.87
PPE-M 166.8 100 90.17 43.14
PPE/DMDA2/MAPP5 165.9 93 84.70 43.58
PPE/DMDA2/MAPP5-M 164.8 93 84.69 43.57
PPE/TBHP2/MAPP5 165.8 93 83.51 42.97
PPE/TBHP2/MAPP5-M 165.7 93 86.49 44.50
PPE/STKA2/MAPPS 166.8 93 83.82 43.12
PPE/STKA2/MAPP5-M 165.9 93 85.29 43.88

Thermal characteristics of LLDPE, LLDPE/LOT blends and the

LL/organoclay/LOT ternary nanocomposites were investigated using DSC.

Table 4.8 summarizes the DSC results of LLDPE based composites in
terms of melting temperature, Ty, heat of fusion of the sample (AH(J/g))

and % crystallinity. DSC thermographs of the samples are given in
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Appendix A.5. Thermographs show that the crystallization of LLDPE/LOT
blend and LL/organoclay/LOT composites are similar in shape, and

melting temperatures are similar to that of neat LLDPE.

Table 4.8 shows 5 wt % of LOT addition lowers crystallinity and heat of
fusion of LLDPE considerably. Surprisingly 12.5 wt % addition of LOT did
not have much effect on crystallinity of LLDPE. This is valid in the
LLDPE/LOT blend as well as in the ternary nanocomposites. In the case
of nanocomposites with 12.5 wt % LOT, the organoclay contents is also
higher (5 wt %) and the dispersion of clay is better. All of these factors

lead to the nucleation effect, thus increasing the crystallinity.

Table 4.8 DSC results LLDPE and its blend and composites prepared in
SET-6

Tm (°C) | LLDPE | AH (Jig) | Xc

wt % (%)
LLDPE 122.1 100 1044 | 35.63
LL95/LOT5 123.0 95 85.43 | 30.60
LL87.5/LOT12.5 124.0 87.5 93.68 | 36.54
LL93/DMDA2/LOT5 1212 93 85.65 |31.40
LL82.5/DMDA5/LOT12.5 1226 825 729 |35.10
LL893/TBHP2/LOT5 1215 93 819 |30.10
LL82.5/TBHP5/LOT12.5 1216 825 775 | 32.10
LL93/134-2/LOT5 1215 93 843 |30.90
LL93/I134-5/LOT5 1212 90 8753 |33.19
LL82.5/134-5/LOT12.5 1215 825 783 | 32.40
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4.2.5 Mechanical Characterization

“"The mechanical behavior of a polymer composite system relies on the
type and the amount of the deformation mode that dominates during
sample loading up to ultimate failure. Strength and toughness mainly
depend on the molecular properties of base polymer, on molecular
packing, (density, phase structure, micro-morphology), on the way stress
is transmitted between them and on the features and intensity of
relaxation mechanism™ [Michler, 2005]. The mechanical properties of
filled polymer systems mainly depend on the degree of dispersion of the
reinforcing material, degree of forces that binds atoms together, thus the

quality of the interfacial adhesion.

In the case of addition of fillers to a matrix in order to have reinforcement,
the filler component which is strong and stiff bears most of the load or
stress applied to the matrix while the polymer matrix which is of low
strength, quite though and extensible effectively transmits the load to the
filler. This load transfer necessitates matrix to have sufficiently high
cohesive and interfacial shear strength. Thus, in addition to the filler and
the polymer, the interphase, inevitable region between two, plays a crucial
role in the fabrication and subsequent behavior of the filled polymer
systems. The interphase is the region separating the filler from the
polymer and comprises the area in the vicinity of the interface [Shenoy,
1999].

This section presents the tensile properties of the samples prepared in
different set of composites. In this respect, Young's modulus (YM), tensile
strength (TS), yield stress (YS), % elongation at break (% e-break), %

elongation at yield (%e -yield) measurements of the composites are given.
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4.2.5.1 Tensile Tests of PPM Based Composites (SET-1)

Typical stress-strain diagram of PPM based composites are shown in
Figure 4.71. PPM shows ductile behavior and yields at a particular strain.
After yielding, material experiences a period of cold drawing, and then
strain hardening occurs due to stretching of polymer chains in the
direction of load. Twice extruded neat PPM has tensile strength, Young’s
modulus, % elongation at break values of 39 MPa, 1512 MPa and 422
respectively. Neat, (unprocessed, just injection molded) PPM shows
slightly higher values compared to twice extruded PPM. Addition of MAPP
into the PPM decreased its Young's modulus (YM) due to its elastometric,
dilution character, since MAPP has lower modulus compared to PPM. YM
and TS of MAPP are given as 991 MPa and 32 Mpa, respectively by
Cengiz, 2008. While MAPP descreases YM, at the same time, it enhances
the elongation at break of PPM.
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Figure 4.71 Typical stress-strain diagram of PPM

Effect of organoclay type and different ratio of MAPP/organoclay (a) on TS
can be seen in Figure 4.72 for composites prepared in SET-1. The first
three bars in the figures represent neat PPM, extruded PPM and

PPE98/MAPP2 mixture respectively. Following bars with same shade
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effect show the composites prepared with same organoclay but with
different a values, where first one represents the composites of
PPM/Organoclay2/MAPP2 (a = 1), second one represents the composites
of PPM/Organoclay1/MAPP3 (a = 3) samples. Last bar represents the
results obtained with Cloisite®25 A. TBA and TBP had little increase in the
d-spacing compared to TKA and HMA, therefore samples with a = 3 were
prepared with only TKA and HMA, since low d-spacing indicates low
degree of dispersion of the clay layers in matrix [Tjong, 2006]. X-Ray data
of composites (Figures 4.13 through 4.16) showed limited dispersion of
clays through the PPM matrix, and this effect can be seen in tensile
strength properties as well (Figures 4.72 and 4.73). If clay particles had
exfoliated, larger surface would have formed between the clay particles
and the polymer, making the stress transfer to the clay layers more
effective, resulting increase in the tensile properties [Velasco et al., 2005].
Figure 4.74 shows enhancements in the Young's modulus of the
nanocomposites regardless of the clay type. For samples with a =1,
Young's modulus of the PPM increases with melt mixing with organoclay
and elastomer in the case of TBA, TBP, HMA but not much with
TKA.Young's modulus enhancements obtained in SET-1 with a =1 may
be attributed to orientation of clay layers and polymer crystals in addition
to other factors such as the concentration of clay, adhesion between the
clay-polymer-compatibilizer interfaces, the way stress is transferred
through the matrix. Also, tactoids of clay particles residing in the matrix
may have a high aspect ratio leading the reinforcement effect. Suprisingly,
organoclays with small d-spacing obtained with short alkyl tail surfactant,
TBA and TBP showed higher modulus values compared to TKA and HMA
whose d-spacings are much higher. Since lower d-spacing does not mean
that the aspect ratio is lower, enhancements are attributed to possible

high aspect ratio of TBA and TBP organoclays.
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Figure 4.74 Effect of organoclay type on Young's modulus of
PPM/Organoclay2/MAPP2 and PPM/Organoclay1/MAPP3 composites
(SET1).

Young's modulus of the samples with a = 3 are higher compared to
sample with a = 1, possibly due to high concentration of MAPP used.
Increase in the MAPP concentration was found to increase the dispersion
of clay layers due to increased adhesion between compatibilizer and
organoclay [Hotta and Paul, 2004]. XRD analysis of composite (Figure
4.17) prepared with HMA with a = 3 showed broadened and reduced
intensity of the clay, also proving the presence of increased adhesion and
higher number of deliminated clay layers. Kim et al., 2007 studied
PP/organoclay/MAPP nanocomposites with TEM using different
MAPP/organoclay ratios and observed that the degree of dispersion was
evidently increased as the MAPP/organoclay ratio increased regardless of
the total clay concentration. High concentration of MAPP leads to better
clay dispersion and adhesion corresponding to increase in the

reinforcement as seen in Figure 4.74. Improved properties due to MAPP
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may also be explained in terms of the imide bond formation between
nucleophilic ammonium/phosphonium groups of the clay and maleic
anhydride (MA) groups. Organoclay surfaces exist in an acid-base
equilibrium which is ready to react as nucleophile with the carbonyl groups
on the MAPP. These interactions yield increase in the adhesion
[Quintanilla, 2006]. In addition, enhancement in the case of HMA clay may
be attributed to increase in the degree of crystallinity of the composites
with the addition of organoclay. Table 4.5 shows that % crystallinity of
PPM increased from 39 to 46.76 with ternary composite formation when a

was equal to 3 for the HMA organoclay.

It is mentioned in the literature that, interfacial adhesion has an important
effect on strength; on the other hand, modulus is much less affected by
the nature of the interface [Fornes et al., 2002]. XRD analysis of
composites prepared in SET-1 had shown limited dispersion in the matrix
and tensile strength of the ternary composites (Figure 4.72) were lower
compared to that of, pure PPM, most probably due to weak interfacial
attraction between the silicate layers and the matrix. Also, organoclays
used in SET-1 were prepared from unpurified bentonite samples, which
contain non-clay impurities. In the absence of impurities and flaws, the
mechanical properties of PLSN depend on the degree of forces that binds
the atoms together. But in this case, raw bentonite used contains
contaminants such as quartz, silica, feldspar, sodium carbonate, and
chlorite and so on [Gupta, 2010]. These particles probably caused poor
adhesion of the polymeric matrix to the clay particles, forming holes at the
interphase, which act as defects and stress concentrators in the matrix
assisting the failure mechanism [Gupta, 2010]. Also, plasticization effect
which may arise from the unintercalated alkyl surfactants may cause
contamination at the processing temperature. As also mentioned
previously in the XRD part, modifiers with bulky alkyl tails (TKA and HMA)
may locate between the particles of clay layers and not in between the
galleries inducing plasticization effect at the processing temperature and

decreasing the composite properties.
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Poor tensile strength values of ternary composites may also be attributed
to high viscosity, in other words high moleculer weight of PPM, which has
an MFI between 4-6 g/10 min. This high viscosity matrix may cause clay
layers to be fragmented under high shear stress during compounding
which further may cause reduction in the aspect ratio of the filler. Highly
viscous matrix may also limit the diffusion of clay layers through the
matrix. Also, chemical degradation due to decomposition of organoclays
or moisture, can reduce the moleculer weight of the PPM, thus partially

decrease the mechanical properties such as tensile strength.

Samples prepared with the commercial organoclay Cloisite ®25 A shows
higher YM compared to one prepared with modified organoclays prepared
in this study as well as pure PPM. Comparison of structure of
Cloisite®25A with HMA, shows that Cloisite®25A with two long alkyl tails
may favor intercalation owing to its higher d-spacing. Also, higher purity
MMT used in the Cloisite®25A can be taken as another reason for a more
strong clay network. Compatibility between the phases in turn enhances
the YM. Nevertheless, it also has limited capability in increasing the TS
and stress at yield as shown in Figures 4.72 and 4.73. The results point
out to the difficulty of dispersing the clay particles in PPM which has high

viscosity.
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Figure 4.75 shows the elongation at break of the samples. Organoclay
addition to PP/MAPP binary blend has positive effect on % elongation at
break, which may be due to high extensibility of the MAPP domains.
Nielsen notes the sensivity of elongation at break to adhesion between the
constituents or partial miscibility at the interface of blend components in
phase seperated systems. Thus, enhancements in the % elongation at
break in ternary nanocomposites may be attributed to adhesion between
by the clay particles and the compatibilizer. In ternary nanocomposites,
dispersed clay layers act as crack stoppers leading to high €g . Elongation
at break values of composites prepared with TKA, given in Figure 4.75,
(both with a =1 and 3) are higher compared to that of the composite
prepared with Cloisite ®25 A.
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4.2.5.2 Tensile Tests of PPE Based Composites (SET-2)

In this set of experiments, PPE based ternary composites with 2 wt % of
organoclay and 5 wt % of MAPP were prepared at screw speed of 350
rom and at a temperature of 180°C. PPE used in SET-2 has an MFI value
between 20-24 g/10 min which is much higher than that of PPM which has
an MFI between 4-6 g/10 min. In addition, organoclay prepared with high
surfactant concentration (TKA50) was also used in preparation of ternary
composites to understand the effect of high concentration of salt usage.
Pure commercial MMT was also modified with TKA (PGWTKA) to see if

delamination could be obtained by the use of it.

Figures 4.76 — 4.80 show the tensile properties of ternary composites of
PPE/organoclay2/MAPP5 samples. Ternary composites prepared with
HMA, TKA and TKA50 clay show enhanced YM and yield stress, while
reduction was observed in tensile strength and elongation at break and
elongation at yield. Fig. 4.76 show the YM of ternary composites with
different organoclay types. The composites showed higher YM compared
to pure PPE. When HMA and TKA organoclays are analyzed, both have a
positive effect in modulus, while TS of the matrix was lowered in the case
of HMA (Fig. 4.78). XRD analysis had shown that composites with TKA
and HMA had no intercalation. However, even in microcomposites, owing
to better interfacial interactions and the effects of shearing forces, a
reduction in the tactoid thickness and hence increase in the aspect ratio
can be assumed [Mittal, 2007(a)]. This high aspect ratio may lead to
increase in interfacial area and stress transfer mechanism enhancing the
YM. XRD analysis had shown that organoclay HMA had a d-spacing of
1.78 nm, while organoclay TKA had higher d-spacing, 2.56 nm. Higher
gallery distance of TKA may aid dispersion of clay layers and insertion

and diffusion of polymer chains between the high interspace.

Since XRD analysis of composites prepared with TKA showed decrease

in the d-spacing, enhancements in the YM and TS can also be explained
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by increased crystallinity (measured by DSC analysis) and reduction in the
spherulite size [Dashmene et al., 2007; Vlasveld et al., 2005]. Higher
nucleation density provided by the clay decreases the spherulite size
[Dashmene et al., 2007]. While % crystallinity of pure PPE is 40.9, it is
445 in the PPM/TKA2/MAPPS nanocomposite. Increased crystallinity
increases YM and TS but it decreases the ductility. However, %
elongation at break value of composite of TKA is slightly higher than that
of PPE as shown in Fig.4.79. Increased interfacial adhesion between
organoclay and matrix increases the elongation at break, showing
materials ability to absorb more energy, while clay particles provide a
tortuous path for crack propagation. Assessing the degree of delamination
of clay layers solely on XRD may lead to wrong conclusion as in this case,
while mechanical properties and DSC results indicate relatively better

dispersion or adhesion of the TKA organoclay in the matrix.
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Figure 4.76 Effect of organoclay type on Young's modulus of
PPE/Organoclay2/MAPP5 composites prepared in SET2.

When XRD of composites prepared in this set are considered, a
contradiction arises between the mechanical properties and XRD results
of composites prepared by HMA and TKA50 when modulus is considered.

These enhancements can be explained by the flow induced clay
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orientation during injection molding. Modulus of PLSN mainly depend on
the degree of delamination of clay layers, modulus of polymer and clay
platelets, clay loading, degree of crystallinity, orientation of clay layers,
orientation of polymer crystallites and interfacial stress transfer
mechanism [Galgali et al., 2004]. Since DSC of composites prepared with
HMA and TKAS50 did not show much change in the % crystallinity,
enhancement may be explained by the reinforcement effect of high aspect
ratio clay platelets due to fractured clay agglomerates or tactoids. As
previously mentioned, modulus is less sensitive to interfacial adhesion
compared to TS. Fig. 4.78 shows that the TS of the composites prepared
with HMA and TKASO are slightly lower than that of TKA implying lower

interfacial adhesion compared to TKA.

PGWTKA with high basal spacing (2.83 nm) did not enhance the modulus
and tensile strength (Figure 4.78) of the PPE, while it increased at yield
stress value (Fig. 4.77) of the composite. These enhancements are
attributed to flow induced clay orientation during injection molding. Since
its XRD analysis showed no intercalation, mechanical properties also

indicate poor dispersion of this clay within PPE matrix.

% elongation at break of composites given in Figure 4.80 show lower
values for composites prepared with HMA and TKAS5O, indicating poor
adhesion compared to TKA. Generally TS, YM and % elongation at break
values of composites prepared with TKA showed enhancement compared
to pure PPE. Tensile strength is higher than those of the composite
prepared with TKA50 showing the adverse effect of using excess
surfactant during the modification process, which was also confirmed by
XRD analysis.
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Figure 4.77 Effect of organoclay type on vyield stress of
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Figure 4.78 Effect of organoclay type on tensile strength of
PPE/Organoclay2/MAPPS composites prepared in SET-2.
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Figure 4.80 Effect of organoclay type on elongation at break of
PPE/Organoclay2/MAPP5 composites prepared in SET-2
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4.2.5.3 Tensile Tests of PPE Based Composites (SET-3 and 4)

Representative stress-strain diagram of composites prepared in this set is
given in Figure 4.81. In sample preparation, 2 wt % of organoclay
prepared from purified bentonite and 5 wt % of MAPP were processed in
extruder and then further mixed in the batch mixer. Sample prepared by
extrusion followed by batch mixing are abbreviated with M at the end of
composite concentration. “Extruded only” samples have no M at the end
of their abbreviations. In the figures, the first column represents “extruded
only” samples, while second ones represent extruded + batch mixed

samples.

While PPE shows a yield point at a specific strain and then elongates due
to cold drawing and strain hardening, ternary composites composed of
DMDA and STKA clay do not show strain hardening. TBHP also shows
strain hardening, but the tensile stress values at break is the same or
lower than the yield stress. PPE-M has tensile strength at break and
stress at yield values of 54 MPa and 43.1 MPa respectively. “Extruded
only” PPE has tensile strength at break and stress at yield of 52.24 MPa
and 39.8 MPa. Young's modulus of PPE-M and PPE are 1302.5 MPa and
1351 MPa, respectively.
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Figure 4.81 Representative stress-strain diagram of PPE-M based

composites.

Figure 4.82 and Figure 4.83 show the variation in yield stress and
Young's modulus with respect to organoclay type. Since previous studies
on PP/Organoclay/MAPP composites, either conducted in the previous
thesis studies [Cengiz, 2008; Yayla, 2007] and in the literature [Hasegawa
et al., 2006; Kim et al., 2007] focused on the effect of MAPP or
elastomeric materials on PPE in detail, binary composites of PPE and

MAPP were not studied in this respect.

Figures 4.82 and 4.83 show increase in the yield stress (YS) and modulus
obtained by addition of compatibilizer and organoclay regardless of the
type organoclay used (except PPM/DMDA2/MAPPS5), meanwhile
decreases were seen at the same time (Figures 4.84 and 4.85) in
elongation at yield and break values. An increase in yield stress and YM
due to decreased elongation ability is known for clay incorporation in
PLSN, because inorganic particles cannot be strained by external
stresses but behave as stress concentrators in the matrix during the
straining process [Contreras et al., 2006]. All ternary nanocomposites

showed an increase in yield stress and YM after more shear was applied
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by melt mixing as explained by increased organoclay dispersion observed
by XRD analysis. XRD results of composites prepared by DMDA and
TBHP showed increase in the d-spacing of the material compared to
‘extruded only” samples, meaning intercalation had occurred owing to
more applied shear. As previously mentioned, the degree of delamination
of clay layers depends on the compatibility between the particle and
matrix, d-spacing of clay, (chemical structure of organoclay modifier,
elastomer and matrix) [Vaia et al. 1995; Vaia and Giannelis, 1997; Balazs
et al, 1998; Isik, 2007] and also severe processing conditions, and applied
shear during the processing [Lertwimolnun et al., 2006; Modesti et al.,
2005; Isik et al., 2008; Demirkol and Kalyon, 2007]. From processing point
of view, two parameters are important. During melt blending of clay into a
polymer, organoclay layers slide apart from each other. Clay layer
delamination can also be increased by diffusion of polymer chains into the
spacing between the clay layers [Modesti et al., 2005]. Diffusion
mechanism may be taken as less significant, probably due to high melt
flow index of polypropylene, PPE, used in this set of experiments.
Compatibility between the phases was shown to increase by more applied
shear by XRD and TEM analyses. More applied shear and long residence
time are the key factors enhancing the dispersion of clay layers and the
tensile properties of the PPE-M based nanocomposites. As more shear
reduces the tactoid particles or the size of the intercalated stacks, more
delamination occurs in the case of high adhesion and compatibility
between the clay layers and matrix [Cho and Paul, 2001]. For intercalation
to occur, polymer must be transported from the agglomerate/polymer
interphase to the primary particles and then to the edges of the tactoids
[Vaia et al.,, 1995], where oblong shaped primary particles form the
agglomerates. Primary particles consist of condensed face-to-face
stacking of individual tactoids. Mentioned transportation may also be

enhanced by applied shear besides chemical compatibility.
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PPE/Organoclay2/MAPP5-M composites prepared in SETs 3 and 4.
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Ratio of surface area to volume of the filler increases enhancements in the
mechanical properties of samples. Induced and increased specific energy
input (given by Eq. 3.3, a measure of energy generated by mixing),
increases as exfoliation takes place which also give rise to elasticity and

shear viscosity of the sample [Kalyon et al., 2006].

Figures 4.84 and 4.85 show the % elongation at yield and break for the
composites in this set, where a reduction is observed due to formation of
nanocomposites compared to neat PPE matrix. In classical analysis of the
effect of fillers on elongation, it is thought that the extension is due to the
matrix, and the filler cannot extend much. Thus, the elongation at yield
and break decreases with the filler content. When elongation at break of
the ternary composites are analyzed, nanocomposites prepared with both
extrusion and batch mixing exhibit higher results compared to “extruded
only counterparts”, which is attributed to higher dispersion and strong
interfacial interactions between the clay and matrix obtained by high
shear. Again, it should be noted that elongation at break is sensitive to

increased adhesion between the phases.

4.2.5.3.1 Effect of Organoclay Type

Composites prepared with DMDA show superior properties in modulus
and yield stress (Figures 4.82 and 4.83) compared to one prepared with
TBHP and STKA. XRD analysis of composites prepared with DMDA show
intercalation of clay layers, while TEM analysis show partially intercalated
clay layers, few exfoliated layers and tactoids present in the system.
Meanwhile the same conclusions can be envisaged for the TBHP; even
more ordered layers are present in this system compared to DMDA based
on TEM results. When structure of DMDA and TBHP cations are
compared, DMDA has two long alkyl tails with 18 C in each of them,
TBHP has one long alkyl tail with 16 C atoms. In addition, TBHP has three
more alkyl tails with 4 C in each of them, while DMDA has rather short
methyl groups in two tails. As previously mentioned, it gets harder to enter
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between the clay layers for polymers as alkyl tails of the surfactant
increases. As the number of alkyl tails increases, it limits the entry of
polymer segments into the clay layers more, sheltering the polymer-
organoclay interactions and generating a more hydrocarbon-like

environment [Fornes et al., 2002].

In contrast to XRD analysis, composites produced by STKA clay show
higher modulus and tensile strength compared to TBHP and TKA. In
addition, rheological analysis of composites with STKA shows similar
enhancements in the properties as TBHP. Mechanical and rheological
analysis both point to increased clay dispersion and adhesion between the
clay and the matrix in contradiction to XRD analysis. XRD analysis must
be supported with either mechanical or rheological characterization to

assess the degree of clay dispersion, in addition to TEM analysis.

4.2.5.4 Mechanical Tests on LLDPE Nanocomposites

Mechanical properties of the PLSN do not only depend on the clay
delamination, but also on the miscibility between LLDPE and

compatibilizer, and the dispersion of clay particles in matrix.

Representative stress-strain curves of LLDPE, binary blends of LOT and
LLDPE and ternary composites of LLDPE, organoclay and LOT are shown
in Fig. 4.86. Addition of 5 wt % elastomer LOT to LLDPE increased the
YM by 13 % and TS by 5 %, but decreased these properties as LOT
content was increased to 12.5 wt %. Addition of 12.5 wt % LOT to LLDPE
did not increase TS, but it increased the YM by 8 %. Hotta and Paul, 2004
found similar trends in LLDPE and maleic anhydride grafted grafted
polyethylene (LLDPE-g-MA) blends. In their study, 5, 8.5, 16.5 wt %
addition of LLDPE-g-MA to LLDPE increased the TS and YM while 33 wt
% addition of LLDPE-g-MA decreased the YM from 168 MPa to 190 MPa.
Decrease in the YM and TS are attributed to dilution effect of LOT, since it
has lower TS compared to LLDPE [Isik et al., 2008]. It can be seen that in
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ternary nanocomposites, addition of clay to LLDPE/LOT not only
increased the TS and YM, but also increased the elongation at break
considerably. When the clay concentration was 5 wt %, there was high

ductility in the samples.

The Young's modulus (YM) of the samples were determined from the
tangent of the each plot in initial elastic region. The tensile yield point of
the samples are not so clear in many cases, except for the ternary
composites of LLDPE, thus maximum stress values read from the plots
are given as the tensile strength (TS) values. Only ternary composites
with DMDA show TS at break as a maximum, while composites with
TBHP and 134 show TS at break values lower than the yield stress. A
summary of the tensile results of LLDPE composites are given in
Appendix B. The YM (Fig. 4.87) and TS (Fig.4.88) of the LLDPE were
calculated as 170 MPa and 22 MPa, respectively. The YM of the LLDPE
(MFI =3.2 g/10 min, p= 0.9175 g/cm®) samples used by Durmus et al.,
2008 were computed as 64 MPa with a yield stress of 9.9 MPa. Hotta and
Paul, 2004 gives YM of the LLDPE (MFI =2 g/10 min, p= 0.926 g/cm3)
sample as 190 MPa with a tensile yield stress of 11.8 MPa.

Figure 4.87 shows the variation in the Young's modulus of the composites
with respect to clay type, clay content and LOT content. Higher clay
content increased the YM as expected, since higher the clay content
higher the reinforcement effect of clay is. 5 wt % addition of DMDA, TBHP
and 134 enhanced the YM of the blends approximately 33 %, 41 % and 65
% respectively compared to neat LLDPE. Also shown by TEM and
rheological characterization, well dispersed clay platelets of TBHP with
high aspect ratio lead to high contact surface area between the filler and

the polymer matrix providing enhancement in the modulus of the material.
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Figure 4.86 Representative stres-strain diagram of LLDPE based

composites

Note that organoclay TBHP produced from bentonite gave YM results
similar to that of commercial organoclay 134, showing effectiveness of the
modification procedure and local bentonite usage in this polymer matrix.
Although DMDA showed high extent of intercalation, i.e., high d-spacing
in XRD measurement, rheological analysis showed that it is less
compatible with LLDPE compared to the organoclay TBHP. This
behavior is also seen in the results of YM since enhancement in modulus
of DMDA is lower than that of TBHP and 134 clays. This may be due to a
lesser degree of exfoliation and reduced aspect ratio of clay platelets
[Saminathan et al., 2008] which may be attributed to low interaction
between the filler and the organoclay due to its different chemical
modifier. Hotta and Paul, 2004 studied LLDPE/Organoclay/LLDPE-g-MA
nanocomposites and found that LLDPE matrix with low polarity has high
affinity to organoclays with two alkyl tails, and maximizing the alkyl tails,
should lead to better dispersion in this polar polymer. The present
situation is somewhat different than this conclusion. DMDA
[2(Me)N2C18] has two long alkyl tails with 18 C atoms in each and two
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methyl groups (Me). TBHP [3(Butyl) N*C16] has one long alkyl tail with 16
C atoms and also has three tails with 4 C atoms (Butyl groups),
meanwhile 134 [2(EthOH) (Me) N*-HT] has one long alkyl tail [HT:
hydrogenated tallow], one methyl and two ethyl hydroxyl groups. Owing to
differences between the chemical modifiers of organoclays, differences in
enhancement of modulus can be attributed to specific interactions
between different types of clay (e.g., modifier type of the clay) and

compatibilizer [Stoeffler et al., 2008].

Effect of LOT/organoclay ratio can be deduced from Figure 4.34 in which
LOT/organoclay ratio, ¢, is 1 in LL/I34-5/LOT5 and & = 2.5 in LL/I34-
5/LOT12.5 samples and clay concentrations are the same (5 wt %) in both
compositions. As ¢ increases to 2.5, YM (Fig. 4.87) and TS (Fig. 4.88) of

the composites do not significantly differ than the values obtained by ¢=1.

Figure 4.88 shows the variation in the tensile strength of the composites
with respect to clay type, clay content and LOT content. TS increases for
all types of clays, and the enhancement is the highest in the case of 134
clay. For these organoclays, XRD (for DMDA), TEM and rheological
characterization showed intercalated and partially intercalated clay layers
through the matrix. Again, increased interfacial area between the clay and
matrix induced by high aspect ratio of clay layers promotes the TS of the
samples. Tensile strength values of the samples prepared with DMDA are
higher than those prepared with TBHP organoclay. This can be confirmed
also by SEM analysis (Fig.4.64 and Fig.4.66). As the clay tactoids get
smaller, higher dispersion and adhesion can be achieved between the
phases. Increased chemical adhesion and compatibility in turn give rise to

the enhancements in mechanical properties.

Figure 4.89 shows elongation at break of the nanocomposites. An
increase in TS and YM due to decreased ductility is known through clay
incorporation, because inorganic particles cannot be strained by external

stresses but behave as stress concentrators of matrix during the strain

198



process [Contreras et al., 2006]. Situation is similar in the nanocomposites
with 134, since their elongation at break values are lower than the LLDPE
matrix and also from other composites; while they have the highest TS
values. Immiscible aggregates of clay platelets (as also shown by TEM)
may act as defects and stress concentrators leading to the failure
mechanism. Increasing 134 content from 2 % to 5 % further reduced the
elongation values of ternary composites, which can be attributed to
increased micro void (SEM analysis of samples shows higher microvoids
in Figure 4.70) formation due to higher clay content which might cause

tearing and failure in the composite as shown.
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Figure 4.89 Effect of organoclay type and concentration on elongation at
break of LLDPE based composites (SET-6).

The relation between elongation at break and TS of the samples

mentioned above is confirmed in the case of TBHP clay, where its
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composites show higher elongation at break but lower TS compared to
composites of DMDA. In the case of DMDA, and especially in TBHP,
elongation at break values are much higher than 134, showing
enhancement in the materials’ high ability to absorb energy with these
bentonite modified organoclays owing to good adhesion between the filler
and the matrix. This increase in the elongation at break is in contrast to
much of the published literature, since generally addition of organoclay
can increase the TS of the neat polymer, but decreases its ductility
[Fornes et al., 2001; Hotta and Paul, 2004]. In addition, Zhang and
Sundararaj, 2006 found similar results to the current study, i.e., increase
in the ductility of LLDPE/PEMA/ organoclay composites. In the current
ternary composites, organoclays DMDA and TBHP acted as crack
stoppers and material could elongate to higher extent. Since area under
the stress-strain curves can be taken as a measure for the energy that is
dissipated by plastic deformation within the sample, the results in Figure
4.89 confirm that TBHP is superior to DMDA in terms of ductility. Higher
elongation at break values compared to commercial organoclay 134 also
confirms the superior properties of organoclays prepared in this study.
Regarding the elongation ability, TBHP increased elongation at break

values of composites by 144 % compared to neat LLDPE.

Increase in the ductility upon organoclay incorporation can also be
attributed to molecular similarity between the LLDPE and LOT phases
which take an important part in linking the interaction between organoclay
and LLDPE. Since LLDPE and LOT are comparable in molecular
structure, they can interact with each other, and higher intercalation can
be formed in this system and better bonding can takes place between the
phases [Zhang and Sundararaj, 2006]. This compatibility results in higher
ductility values in addition to the expected enhanced YM and TS. In
addition to the molecular similarity, rheological results, which will be
mentioned in subsequent parts, confirm the miscibility of LLDPE and LOT,
since blends of LLDPE95/LOT5 show similar loss in G (Pa), storage
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modulus, G* (Pa) and complex viscosity n* (Pa.s) in comparison to the
properties of neat LLDPE (Figure 4.104).

4.2.6. Linear Viscoelastic Behavior in the Melt State

Rheological behavior of the composites in melt state present indirect data
on the degree of the clay layer dispersion, with the material functions
changing significantly through the aggregates, intercalated tactoids and or

partially exfoliated clay particles.

Importance of rheology stem from the lack of information provided by
XRD. TEM gives chance on direct observation to assess the degree of
delamination, but the main problem with TEM is that the volume
investigated is very small and does not represent the composite
morphology as a whole. Thus, the bulk properties such as rheology
together with mechanical testing should be analyzed complementary to
TEM and XRD observations.

Rheological behavior of composites PPE/Organoclay2/MAPP5-M (SET-3)
and LLDPE based (SET-6) were investigated in this part of the study. The
small amplitude oscillatory shear flow was used in order to characterize
the linear viscoelastic behavior of PLSN as a function of time, strain and
frequency. Firstly, thermal degradation behavior of samples and the
matrices were studied by time sweep tests. Depending on this test,
samples were mixed for an optimum time in which heat stability was
conserved. Storage modulus, loss modulus and complex viscosity of the
samples were determined. Storage modulus, G*(Pa), indicates the energy
stored as elastic energy during cyclic deformation; loss modulus, G™*(Pa),
indicates the energy dissipated as heat during a cyclic deformation and
complex viscosity, n* (Pa.s), is the value which approaches the steady
shear viscosity of the suspension as the shear rate and the frequency are

reduced to zero [Demirkol and Kalyon, 2007].
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4.2.6.1 Rheological Characterization of PP Based Composites

4.2.6.1.1 Time Sweep Test of the Samples

Figures 4.90 and 4.91 show complex viscosities (n*) of PPE different in
three forms. These are “just pellet” (unprocessed just molded), PPE
mixed for 15 min with 1 phr % Irganox®B225 and PPE mixed for 15 min
without heat stabilizer Irganox®B225 forms. Possible degradation of PPE
because of the chain scission of PP itself can be directly seen from Fig.
4.90. Polyeolefins may undergo chain scission reactions leading to a
decrease in molecular weight at high temperature and applied shear.
However, even when chain scission occurs, under strictly controlled
conditions useful products of uniform quality can be obtained. [Zweifel,
2001]. Heat stabilizer Irganox®B225 addition increased the viscosity of PP
and provided a stable thermal stability. For this reason, Irganox®B225

was used in the batch mixer for mixing previously extruded

PPE based composites to avoid possible degradation mechanism. It can
also be seen from Fig. 4.90 that, if “just molded”™ sample would be
subjected to shear for a longer time, its viscosity would most probably
reach the viscosity of PP without Irganox®B225. Mixture of PP95/MAPP5
was also prepared to observe the behavior of binder itself without clay.
Samples were taken at different time intervals to observe the effect of

mixing time on the binder.
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Figure 4.91 shows the time dependence of n* and the effect of stabilizer
Irganox®B225 in PP95/MAPPS and compares it with PPE. For this aim,
95 wt % PP and %5 wt MAPP were mixed with the heat stabilizer
Irganox®B225 and samples were taken at different time intervals (10, 15,
20 and 25 min). As time proceeds, effect of thermal degradation shows
itself by lowering the viscosity of the blend. Addition of highly viscous
MAPP to PPE decreases its viscosity. While PPE has a viscosity of 1061
Pa.s, its viscosity decreased to 968 Pa.s with the addition of the MAPP. It
is also seen from this figure that the optimum mixing time is 15 min for the

PPE to have the lowest degree of degradation during the mixing.
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Figure 4.91 Time dependence of complex viscosity of PP, MAPP and
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4.2.6.1.2 Strain Sweep Tests

In order to determine the linear strain range of response of each material,
firstly strain sweep tests were conducted. The idea behind this analysis is
to avoid the application of large strains that may stimulate the alignment of
the clay particles [Rohimann et al., 2006]. Strain dependence of storage
modulus, G°, and complex viscosity, n*, of samples were measured at

190°C at a frequency of 5 rad/s.

Figure 4.92 shows the strain dependence of PPE/organoclay2/MAPP5-M
samples. Storage modulus (G") of all the samples exhibits a linear region
(Newtonian plateau) at low strains and non-linear region at high strain
amplitudes. The deviation of G* (Pa) from linear viscoelastic behavior
occurs at approximately 40% in the case of PPE based composites. The

dynamic frequency tests that follow were conducted at a strain of 40 %.
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TBHP and TKA composites show a higher G° compared to DMDA
composites. It's surprising that DMDA has lower G* than TBHP and TKA,
since it has an intercalated clay structure as shown by X-Ray analysis.
Structural differences in the surfactants, such as the number of long alkyl
chain lengths, maybe the cause of this contradictary rheological results.
Rheological properties are affected by many factors, i.e., volume
concentration, viscosity, size, size distribution, surface chemistry and

agglomerates of the filler or the dispersed phase [Shenoy, 1999].
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Figure 492 Strain dependence of storage modulus of
PPE/Organoclay2/MAPP5-M samples

4.2.6.1.3 Effect of Heat Stabilizer on Rheology

Fig. 4.93 through Figure 4.95 show n*, G* and G™" of PPE, PPE95/MAPP5
samples batch mixed for 15 minutes with and without heat stabilizer
Irganox B225, respectively. 1 phr addition of heat stabilizer clearly alters
the rheological properties of PPE. Addition of MAPP to PPE definitely
lowers the n*, G* and G of the sample owing to its plasticizing effect

since viscosity of MAPP is much lower than that of PPE.
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Figure 4.93 Frequency dependence of complex viscosity of PP, MAPP
and their mixtures PP%95-MAPP%5 with and without heat stabilizer B225

100000

G'(Pa)

&-PPE+ B225
-“PPE no B225
--PPE95/MAPP5+B225
“<PPE95/MAPPS no B225

1 10 100
w (rad/s)

Figure 4.94 Frequency dependence of storage modulus,G'(Pa), of PP,
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MAPP and their mixtures PP%95-MAPP%5 with and without heat
stabilizer B225

4.2.6.2 Frequency Test of PPE/Organoclay2/MAPP5-M Composites

Figure 4.96 shows the frequency dependence of storage and loss
modulus of the PPE/Organoclay2/MAPP5-M samples prepared by mixing
for 15 minutes. It is seen that G* and G™" of the composites with STKA and
TBHP are higher than those of the composites with DMDA. Similar trend
is observed in n* of the samples given in Figure 4.97. XRD analysis had
shown intercalation in the case of TBHP and DMDA while basal spacing
of the clay did not change in the composite with STKA. Stoeffler et al.,
2008 (a) and Smart et al., 2008 found similar trends in compatibilized clay
composites where rheological properties were enhanced, although XRD
revelaed neither intercalation nor exfoliation. This enhancements may be
attributed to specific interactions betwen the clay and the compatibilizer. In
addition, it is probable that a small quantity of dispersed layers coexist
with the microparticles, contributing to the differences observed in

rheological properties [Stoeffler et al., 2008 (a)]. This conflicting situation
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can also be attributed to the deficiency of XRD technique where preferred
orientation can give the false impression that intercalation/exfoliation has
not occured [Smart et al., 2008].

Comparison of TEM analysis of PPE/DMDA2/MAPP5 and
PPE/TBHP2/MAPP5 clearly show that average Loay — Of
PPE/DMDA2/MAPP5 samples is 119 +21 nm, whereas TBHP contains
tactoids with Lgay of 100-300 nm (Table 4.4). Length of a MMT layer is
given as 100 nm in the literature showing that in TBHP clays in the PPE

based composites are longer.
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Figure 4.96 Frequency dependence of storage, G'(Pa), and loss

modulus, G (Pa), of ternary composites of PPE/organoclay2/MAPP5-M.

In the case of PPE/TBHP2/MAPP5-M composites, increased interactions
between the tactoids lead to more effective load transferability between
them, in other words, tactoids could ‘feel’ each other through the matrix
due to the strong interfacial adhesion and good dispersion which in turn

enhances the rheological functions such as G*, G** and complex viscosity

*

n*.
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Figure 4.97 Frequency dependence of complex viscosity, n* (Pa.s), of

ternary composites of PPE/organoclay2/MAPP5-M composites.

Figure 4.98 shows the frequency dependence of PPE based composites
prepared by “extrusion only” and by “extrusion followed by batch
mixing™", giving the opportunity to see how the application of more shear
affects the rheological response of the composites. Figures show an
increase in the storage and complex viscosity (Appendix C, Fig. C1-C3) of
samples prepared by ““extrusion followed by batch mixing"® compared to
the one prepared with ““extrusion only". These enhancements may be
related to extended degree of delamination or intercalation of clay layers.
In addition, it should be noted that, during batch mixing 1 phr of heat
stabilizer was used which affected the rheology of neat PPE samples as
shown previously (Figure 4.93-4.95). Addition of heat stabilizer enhanced
the G™ and n* of the PPE and PPE95/MAPPS5 significantly.
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Figure 4.98 Frequency dependence of storage modulus, G'(Pa), of
PPE/organoclay2/MAPP5 samples prepared by extrusion only and by
extrusion followed by batch mixing. Samples prepared with organoclay a )
DMDA, b) STKA and c) TBHP.

4.2.6.3 Rheological Characterization of LLDPE Based Composites

4.2.6.3.1 Time Sweep Test of LLDPE Based Nanocomposites

During processing, materials, like dispersions and polymers, may undergo
macro or micro morphological rearrangement with time. These newly
formations affect the rheological behavior significantly. Polymeric
materials can undergo degradation with time. Oscillatory time sweep tests
give data reflecting the changes with time. With the help of data gathered
by time sweep tests, optimum processing time can be found. Polymer
properties can change so drastically with time that precise and

reproducible testing may become troublesome. In this study, polymer
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composite samples and especially the polymer matrix was tested by time

sweep tests showing the changes as time advances.

Figure 4.99 shows the change of complex viscosity, n*(Pa.s), of the
LLDPE sample batch mixed for different times. Time tags given in the
name of the sample indicate the duration of mixing in the batch mixer.
Two different runs were done for 5 and 20 min mixed samples. Figure
4.99 shows that, as duration of mixing increases, the complex viscosity
decreases. After 15 min mixing, LLDPE-25 min and LLDPE-30 min
samples show a significant reduction in the viscosity indicative of a
degradation process. 15 min mixed LLDPE sample shows an almost
constant viscosity up to 1200 s showing the stability of the matrix.
Samples mixed for 25 min and 30 min show an increase in the viscosity at
the startup which is probably indicative of a possible crosslinking process.

LOT mixed for 15 min also shows heat stability over the time tested.
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Figure 4.99 Time dependence of complex viscosity, n*(Pa.s), of LLDPE

and LOT mixed for different times.
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Figure 4.100 shows the time dependence of n*(Pa.s) of the binary blends
of LLDPE95/LOT5 and LLDPE samples mixed for different durations. Low
viscosity LOT decreases the viscosity of LLDPE for all mixing durations.
Based on the time sweep tests, ternary composites were batch mixed for
15 min at 190 °C in further experiments to avoid possible degradation of
matrix. Frequency dependence of G* and n* of LLDPE samples mixed for

different time intervals are given in Appendix C in Figures C.4 and C.5.

Figure 4.101 (a) shows the frequency dependence of LL/I34-2/LOT5
samples taken during the batch mixing at different time intervals. The
sample mixed for 15 min shows higher viscosity compared to sample
mixed for 5 min indicating formation of a network structure due to
increased dispersion of clay layers in a more uniform fashion. As mixing
continues for 25 min, sample viscosity decreases indicating structural
breakdown in the system and possible degradation process. Frequency
tests also indicated that 15 min of mixing is enough to have sufficient
shear for dispersion of clay layers. Frequency tests of LL/IDMDA2/LOT5
[Fig.4.101 (b)] composites batch mixed for different time durations display
similar trend observed with 134, that 15 min mixing results higher
enhancement compared to 5 min mixing. Fig.101 (b) show that 25 and 30
min mixing cause decrease in the viscosity of ternary composite even
lower than LLDPE95/LOTS5 mixture indicating possible degradation

mechanism.
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Figure 4.100 Time dependence of complex viscosity, n*(Pa.s), of LLDPE
and LLDPE95/LOTS5 binary mixtures batch mixed for different time
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4.2.6.3.2 Strain Sweep Test of LLDPE Based Composites

In order to determine the linear range of strain response of each material,
firstly strain sweep tests were conducted. Strain dependence of G and n*
for samples was measured at 190°C at a frequency of 5 rad/s. The idea
behind this analysis is to avoid the application of large strains that may
stimulate the alignment of the clay particles [Rohlmann et al., 2006]. Since
the storage modulus (G’) is a more sensitive rheological function than the
loss modulus (G™') to the structural changes of the nanocomposites
[Durmus et al., 2007], only the storage modulus curves are given for the
strain sweep tests. Fig. 4.102 shows the storage modulus for LLDPE and
its composites with respect to strain. Storage modulus (G") of all the
samples show linear behavior at low strains and non-linear behavior at
high strains. Fig. 4.102 shows that G* of LLDPE95/LOT5 binary mixture is
between the G* of LLDPE and LOT confirming the effects of low viscosity
LOT in the LLDPE. Presence of LOT does not have much effect on the
extent of linear region of the LLDPE in LLDPE95/LOT5 blends, while
addition of clay shortens the extent of the linear region profoundly in all
the samples with clay showing sensitivity of viscoelastic behavior to the
presence of clay. The deviation of the G* (Pa) from linear viscoelastic
behavior occurs at approximately 10% in the case of LLDPE and it is
reduced by the presence of the clay and by the increase in the clay
content. The dynamic frequency tests that follow were conducted at a
strain of 10 %. It is of primary importance in frequency sweep tests to
keep the strain as low as possible within the system constraint, in order to

be in the linear viscoelastic region [Shenoy, 1999].
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Figure 4.102 Strain dependence of storage modulus (G") of LLDPE and
LL/Organoclay/LOT composites (T=190 °C, w = 5 rad/s).

Figure 4.103 shows the strain dependence of storage modulus (G") of the
composites composed of 98 wt % LOT and 2 wt % organoclay. In this
figure, the extent of linear region decreases with addition of the clay
compared to pure LOT. Enhancement in G' is highest in the case of
DMDA which shows higher compatibility with LOT compared to TBHP and
STKA.
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Figure 4.103 Strain dependence of storage modulus of LOT and LOT

98/Organoclay2 nanocomposites.

4.2.6.3.3 Frequency Sweep and Strain Amplitude Tests of LLDPE

Based Composites

Figure 4.104 shows that addition of LOT to LLDPE does not have much
effect on the viscoelastic behavior especially in the storage (G*) and loss
modulus (G') of the LLDPE, thus the differences in the rheological
parameters of compatibilized composites can be attributed to the
presence of clay [Stoeffler et al, 2008]. LOT has little effect on loss
modulus, G™, and it increases the storage modulus, G, slightly in the low
frequency region. Although G’ is increased in low frequencies, the
characteristic shoulder encountered in immiscible blends is not observed
[Zhang and Sundararaj, 2006]. LLDPE, LOT and the blend
LLDPE95/LOT5 displayed viscous-liquid behavior since G'<G™ as shown
in Figure 4.104. Since a small amount of (5 wt %) LOT was added to the
LLDPE, a marginal decrease in the complex viscosity (n*) of LLDPE was

observed at high frequencies. This result together with the fact that G and
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G"" behavior of LLDPE/LOT blend are similar to those of LLDPE implies
that there is no liquid-liquid separation between LLDPE and LOT [Zhang
and Sundararaj, 2006].
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Figure 4.104 Frequency dependence of strorage modulus G'(Pa), loss
modulus G™*(Pa) and complex viscosity n* (Pa.s) of LLDPE, LOT and the
blend LLDPE95-LOT5

4.2.6.3.3.1 Effect of Organoclay Content on Rheology

Fig. 4.105 shows the frequency dependence of G* and n* of composites
prepared with DMDA clay at different clay contents. Fig. 4.106 shows the
same data given in Fig. 4.105 in terms of ratio G (w)/G n(w) of
nanocomposites prepared, where G ', is the storage (elastic) modulus of
the base LLDPE at corresponding frequency. This way of representing the
data is useful in understanding the viscoelastic behavior more clearly. The
analogous figures obtained for nanocomposites prepared by TBHP and
134 are given through Fig. 4.107-4.108 and Fig. 4.109-4.110 respectively.
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Fig.4.105 and Fig. 4.106 indicate that, 2 wt % of DMDA organoclay is not
enough for an enhancement, compared to pristine LLDPE, in the G™ and
n*, in the entire range of frequency, indicating no physical network
formation at this clay content. As shown in Fig. 4.105 (n*-w) of the
nanocomposite of DMDA (Fig. 4.105 (b)), sample with low clay content
showed Newtonian behavior similar to pristine LLDPE. Increasing the clay
content to 5% increases the G* (w)/G ' m(w) (Fig. 4.106 (a)) especially in
the low frequency region. The large surface area of clay particles
produces colloidal interactions that enhance the G (Fig. 4.105 (a)) at clay
content of 5 % especially at low frequency region [Rohimann et al., 2008].
At low frequencies, G’ is broadly separated, while the data gather in the

high frequency region.

In the PLSN rheology, above a certain fraction of organoclay, defined as
percolation threshold, G' becomes frequency independent (G* a w°) in the
low frequency region. This solid-like behavior formation is attributed to the
percolation network superstructure formation due to strong interactions
between the filler and polymer phase and thus to the exfoliated layers or
stacks of intercalated layers as reported by other researchers [Galgali et
al., 2001; Ren et at., 2001; Wu et al 2005(a, b, c); Zhang and Sundararaj,
2006; Durmus et al., 2007; Rohlmann et al., 2006; Solomon et al., 2001].
Thus, delamination of clay layers causes enhancements in G* at lower
frequencies since greater dispersion results in high surface area and
aspect ratio.Therefore, in DMDA based organoclays, 2 wt % of clay is not
sufficient for the formation of percolation network structure. SEM
micrograph shown in Figure 4.64 also indicates that a physical network
was not present when 2 wt % DMDA was used. Moreover, composite with
5 wt % of DMDA (Fig.4.65) organoclay shows that denser silicate layers
were dispersed through the matrix and this property manifests itself in

higher values of rheological functions, i.e., G'(P) and complex viscosity (n)
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Figure 4.105 Frequency dependence of a) G'(Pa); b) n*(Pa.s) of
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Fig 4.107 and Fig.4.108 indicate a slight enhancement in G* and n* at low
frequency with TBHP clay at a clay content of 2 %, whereas the data
increase more as clay content increases to 5 %. Enhancements in the G
at low frequency region and at high clay content are attributed to strong
filler—polymer interactions, clay-matrix tethering, uniform nanoscale
dispersion, and much larger surface area of clay particles exposed to
polymer chains [Barick et al., 2010]. A very slight transition from liquid-like
to pseudo solid-like behavior can be observed for the nanocomposites
with 2 % of TBHP at the low frequency region, but this transition is more
clear with 5% of clay content as observed from part a of Fig.4.107 and
Fig.4.108. Figures 4.107 and 4.108 indicate that a solid-like transition
could be observed at clay content of 5 % for TBHP. The term “solid-like" is
related with the behavior of an elastic solid, whose storage modulus is
free of frequency, whereas “pseudo" means that the low-frequency
plateau may be damaged by severe pre-loading [Drozdov et al., 2008]. In
addition, with 2 % of TBHP, a crossover is seen (Fig. 4.107(b)) at a
frequency of 4 rad/s and then elastic behavior of the sample becomes

dominant.

Fig. 4.110 gives the frequency dependence of the ratios G* (w)/G'm (W)
and n*(w)/nm*(w) of nanocomposites prepared by 134 organoclay. Results
show similar trends with TBHP organoclay, since G° and n* of the
nanocomposites increases with clay content. At a clay content of 5 %,
solid-like transition or percolation network was formed for the
nanocomposites prepared with 134 organoclay. Effect of LOT/organoclay
ratio can be deduced from Fig. 109 and 4.110 in which LOT/organoclay
ratio, &, is 1 for LL/I34-5/LOT5 and ¢ = 2.5 for LL/I34-5/LOT12.5 samples,
since clay concentrations are the same (5 wt %) in both compositions.
Results indicate more LOT enhances the G°, which may be attributed to
higher dispersion of clay layers at high LOT concentration. In the presence
of high LOT concentration, chance of formation of physical bonds between
the phases increases. Maleic anhydride (MA) oligomer present in the LOT

can interact with the layers of 134 clay through strong hydrogen bonding
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between the polar functional group of -MA and the OH group of 134
[Galgali et al., 2001]. The relatively strong polymer—filler interaction
present in the 134 system, compared to one prepared with TBHP and
DMDA, resulting from the hydrogen bonding between the polymer and
organoclay is likely to contribute to the restricted molecular motion, thus
higher G and n* can be observed [Barick et al., 2010]. This increase is
higher than that observed from mechanical properties which show high
sensitivity of rheology to interfacial interactions compared to mechanical

characterization.

Galgali et al., 2001 attributed typical rheological response, i.e., solid-like
behavior, of the clay-polymer nanocomposites to the frictional interactions
between the silicate layers and not due to immobilization of confined
polymer chains between the silicate layers. The large anisotropy of the
tactoids, specific surface area and the individual layers prevent the free
rotation of these elements and is the main cause of the relatively lower
value of the percolation threshold compared to traditional filled composites
[Li. et al, 2003 (a); Rohlmann et al., 2006].
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Jian et al., 2003 defined the contribution of intercalated clay to G™ of the
nanocomposites (G nano) by two terms: the confinement effect (G'¢on) and
the interparticle interactions (G'inter), Which result in the enhancement of

low-frequency G™ in comparison with the polymer matrix, i.e.,

G‘nano=G“matrix + C':“conf + G‘inter (Eq42)

where G'oonr arises from the confinement of silicate layers with an
interlayer distance smaller than or the same order of the size of the chain
coils that may lead to the alternation of the relaxing dynamic of the
intercalated polymers. G'iner arises from frictional interactions between the
tactoids. These interactions become more pronounced as the clay content
is increased, as can be seen in parts (a) of Fig. 4.106, 108 and 110.
Enhancements are attributed to the formation of much stronger interfacial
adhesion between the tactoids and the matrix while these increased
interactions yield to the more homogeneous dispersion of the tactoids.
Due to this enhanced interactions, the load is transferred between the

tactoids, i.e., the tactoids can “feel’ each other through the matrix.

4.2.6.3.3.2. Effect of Modifier Type on Rheology

It is a fact that chemistry of the salts used in clay modification affect the
linear viscoelastic properties of the PLSN. These effects may be attributed
to changes in mesoscopic clay structure, short-long range clay ordering or
surface interactions between the clay and the polymer matrix [Solomon et
al, 2001]. Therefore it is important to study the effect of organoclay
chemistry on rheology of PLSN considering such interactions and
structures. Figures 4.111 and 4.113 show the frequency dependence of
G’ and n* for the nanocomposites prepared with different organoclays at
constant clay content. Parts (a) and (b) of the Figures 4.112 and 4.114

show frequency dependence of G' (w)/G n(w) and n*(w)/n*(w) ratios of
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the samples prepared with different organoclays at a constant clay content
respectively. These figures indicate that the type of organoclay definitely

has an effect on the rheological response of composites.

Effect of 134 in the low frequency region is more pronounced compared to
DMDA and TBHP (Fig. 4. 111), at a clay content of 2 wt % revealing good
adhesion and strong interfacial interactions between the clay layers and
the matrix for this clay. In PLSN rheological functions are affected mainly
by filler-filler and polymer-filler interactions. “Filler-filler interactions arise
through electrostatic and van der Waals’ forces and may result in the
arrangement of particle aggregates and eventually of fractal agglomerated
structures. The polymer—particle interactions indicate the
attachment/detachment of chains to/from the filler surface, process
controlled by the effective surface affinity” [Sarvestani and Picu, 2004;
Kohl and Beaucage, 2002]. It is probable that hydroxyl groups of 134 have
capability of formation of H bond with LLDPE/LOT matrix. Therefore,
enhanced filler-polymer interactions result in enhanced G° and n* in
composites with 134, compared to TBHP and DMDA. LLDPE
nanocomposite with 2 w% of TBHP showed enhanced G'/G’,, compared
to 2% of DMDA as can be seen from Fig. 112 (a) and (b). TEM analysis
had also confirmed higher degree of dispersion with TBHP. DMDA

organoclay with 2 w% could not form strong clay network.

Figures 4.113 and 4.114 show frequency dependence of nanocomposites
prepared with 5 % of organoclay. At a clay content of 5 %, composites
prepared with TBHP clay show similar storage modulus (G’) and complex
viscosity (n*) to that prepared with commercial clay 134 and show the
success of modification. Composites prepared with DMDA also show
enhancement in the G™ (at a clay content of 5 wt %) not as high as those
of TBHP and 134, but still higher compared to LLDPE showing intercalated
structure also in this clay. Low frequency enhancements of
LL/DMDA5/LOT12.5 in G™ and n* are also higher than those observed in
LL/1345/LOT5. These results reveal that, organoclays DMDA, TBHP and
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134 used in this set resulted in percolation network at 5 w % organoclay.
While XRD analysis is not much sensitive to the differences in the
chemistry, G™ is a strong function of chemistry as also can be depicted
through Figures 113-114. Solomon et al., 2001 explained this difference
by two arguments. Surfactants adsorbed by the exterior surface of the
tactoids® area may intercede differences in the attractive interparticle
interactions that cause increase in the hybrid network. In addition, the size
and shape of the multiplatelet domains may depend on surfactant
chemistry. These delicate changes in the mesoscopic structure are poorly

characterized by XRD yet could yield substantial rheological effects.

Through the formation of nanocomposites, surface area of the resulting
clay particles are orders of magnitude greater than the surface area of the
aggregates, which cause increase in the number of platelets that are
detached from each other. Increase in the surface area as well as the
aspect ratio of the clay particles would enhance the elasticity and the
shear viscosity of the suspension [Demirkol and Kalyon, 2007].
Rheological results together with mechanical tests reveal that composites
prepared with TBHP and 134 show enhanced properties probably due to
better interfacial attraction between the matrix and clay tactoids owing to
higher level of dispersion of clay layers through the matrix. Although
LL/DMDA2/LOT5 shows similar rheological results to LLDPE, it still has

higher mechanical properties in comparison to those of LLDPE.

TEM analysis of composites prepared with 2 wt % of TBHP composites
had shown more intercalated/partially exfoliated structure compared to
DMDA. Better dispersion of clay in TBHP composites providing higher
surface area and aspect ratio could lead to the increase in the G™ at lower
frequencies. G* of the samples prepared with 134 is highest among the
ternary composites, as it is also observed in Young's modulus (Fig.4.87)

and tensile strength (Figure 4.88).

230



100000

10000 1

G'(Pa)

1000 1

-4 LLDPE
& LOTADER
—#-LL/134-2/LOT5
=-LL/TBHP2/ LOT5
-=-LL/DMDA2/ LOT5

100 @

0.1 1 10 100

w (rad/s)

n* (Pa.s)

-4 LLDPE
= LOTADER
~%LL/134-2/ LOT5
o LL/TBHP2/LOT5
= LL/IDMDA2/ LOT5
100 S
0.1 1 10 100

w (rad/s)

Figure 4.111 Frequency dependence of a) G'(Pa); b) n*(Pa.s) of
LLDPE/Organoclay2/LOT5 composites

231



| -
_ a) LLDPE
: ~LL/134-2/LOT5
25 1
I -5 LL/TBHP2/LOT5
,E I - LL/DMDA2/LOT5
Q
=~ 27
o© I
15 ¢
1 4
05 | , ; .
0.01 0.1 1 10 100
w (rad/s)
1.7
i - LLDPE
b) - LL/134-2/LOT5
15 71 ' & LL/TBHP2/LOTS
' = LL/DMDA2/LOTS
o«
— 1.3 7
b
c
1.1 |
0.9
D
0.7 ~ L L
0.01 0.1 10 100

1
w (rad/s)

Figure 4. 112 Frequency dependence of a) G* of PLSN containing 2 % of
clay relative to the G'(w) of the matrix. b) n* of PLSN containing 2 % of

clay

232



1000000

a)
100000 +
= 10000 }
& |
0]
1000 +
-4 LLDPE
= LOTADER
100 + ><LL/134-5/LOT12.5
~-LL/134-5/LOT5
= LL/TBHP5/LOT12.5
--LL/DMDA5/LOT12.5
10 E—— Ay Ly i
0.01 0.1 1 10 100
w (rad/s)
100000
-+ LLDPE
b) = LOTADER
><LL/134-5/ LOT12.5
- LL/I134-5/LOT5
S LL/TBHP5/ LOT12.5
10000 | - LL/DMDA5/LOT12.5
—
n
[1+]
Q
*
=

1000

100 e
0.1 1 10 100

w (rad/s)

Figure 4.113 Frequency dependence of a) G'(Pa); b) n*(Pa.s) of
LLDPE/Organoclay5/LOT12.5 composites

233



20

Fa) - LLDPE
18 1
. ~-LL/I34-5/LOT5
16 ><LL/I134-5/LOT12.5
i = LL/TBHP5/LOT12.5
14 ¢ -0-LL/DMDA5/LOT12.5
_E 12
Q :
-~ 10 ¢
() i
8
6 .
4 4
2 .
0
0.01
w (rad/s)
5
a5 | -4 LLDPE
- b) “-LL/I34-5/LOT12.5
4 - =LL/TBHP5/LOT12.5
a5 | ~<-LL/I134-5/LOT5
e 1 -0-LL/DMDA5/LOT12.5
* s
[ 3 I
* :
S a25]
2 1
1.5 |
1 .
0.5 } t T
0.01 0.1 1 10 100

w (rad/s)

Figure 4. 114 Frequency dependence of a) G* of PLSNcontaining 5 % of
clay relative to the G'(w) of the matrix. b) n* of PLSN containing 5 % of

clay relative to the n*(w) of the matrix

234



Figure 4.115 shows G versus G' for LLDPE nanocomposites prepared
with 2 wt % of clay. The dashed line in the figure shows G '= G™ and is
called as the equi-moduli line. LLDPE is on the very left side of the equi-
moduli line indicating liquid-like behavior. It becomes more elastic as it is
compounded with LOT (LLDPE95/LOTS5). LOT is more elastic than LLDPE
since it is near the equi-moduli line. Composites with TBHP is more elastic
than composites with 134 and DMDA.

Figure 4.116 shows G™ versus G for LLDPE composites with 5 wt % of
clay. Liquid like behavior of LLDPE becomes pseudo solid-like as it is
mixed with LOT and organoclays. DMDA based nanocomposite is the
most elastic material among the ternary nanocomposites. Comparison of
Figures 4. 110 and 4.111 indicate that composites with 5 wt % of clays

show higher elastic property compared to composites prepared with 2 wt

% clay.
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CHAPTER §

CONCLUSIONS

5.1 Composites Prepared by Organoclays Derived from Raw Bentonite
(RB)

5.1.1 Purification of Resadiye Bentonite

Resadiye bentonite clay was purified by sedimentation in distilled water to
have a clay mineral which is rich in Na*-MMT content. Afterwards, purified
bentonite (PB) was modified and organophilized by quaternary alkyl and

phosphonium salts with long alkyl tails.

Chemical analysis of RB and PB showed that Ca*? content was reduced
(CaO) from 2.6 to 0.33 % because of replacement of Ca*® ions with Na*

in the suspension rich in Na due to added Na4(P207).

Cation exchange capacity (CEC), i.e., the maximum amount of cations
that can be taken up, increased from 65 to 100 mmol/100 g of clay after

purification, indicating success of purification.

XRD analysis of PB showed that the amount of non-clay parts decreased
upon purification, and PB had peaks similar to PGW. Analysis indicated
that non-clay parts of RB, i.e., clinoptilolite, feldspar, calcite were mainly

sedimented and purification was successful.

237



5.2 Modification of Bentonite

Both RB and PB were used in modification procedure to observe if purified
sample usage makes a different in the level of clay dispersion in the

polymer matrixes.

XRD analysis of organobentonites showed increases in the interlayer
spacing of the bentonite, revealing the presence of alkyl cations between
the layers of bentonite, thus supporting the intercalation and formation of
nanoclays. Results showed that longer and bulkier the cations of modifier

are, the higher is the d-spacing of the organoclay.

TGA of PB and organomodified samples indicated that the weight-loss
due to water desorption in the initial stages of the organomodified
bentonites was much smaller than that of (PB), indicating that the PB was

changed to organophilic clay by treating with the long alkyl surfactants.

FTIR spectra of modified bentonites showed different absorption bands
from PB and RB near 2931cm™ (vas(CHz), asymmetric stretching of CHy)
and 2854cm™ (vs(CH.), symmetric stretching). New absorption band in
modified bentonites at 1487 cm™ is attributed to flexural vibrations of CH.
FTIR analysis supported the intercalation of alkyl cations within the
bentonite layers with these new bands observed in the modified

bentonites.
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5.3 PPM Based Nanocomposites (SET-1)

Ternary composites of PPM/Organoclay/MAPP were prepared by
extruding the mixture twice. Ternary composites of
PPM/Organoclay/MAPP with a clay content of 2 % and MAPP/organoclay
ratio of (a) 1, and with a clay content of 1 % and a=3 resulted in
microcomposite formation as revealed by the XRD analysis. These sets of
composites were prepared by organoclays produced from unpurified
bentonite, indicating that poor dispersion of clay layers through the matrix
is due to the flaws present in it. In addition, high viscosity of PPM limited
the diffusion of polymer matrix through the clay layers during applied
shear in the extruder. Although high screw speed can increase
delamination of clay layers, it also results in low residence time in the
extruder and in turn reduces the chance of intercalation of the polymer

into the organoclay phase.

Young's modulus increased in these ternary composites possibly due to
the reinforcement effect of the organoclays. Besides this, preferential
orientation during high pressure injection molding could be another reason
for increased Young's modulus (YM). Tensile strength (TS) and yield
stress (YS) of the composites were lower compared to those of neat PPM
due to presence of clay layers that were not delaminated as confirmed by
XRD analysis. Although these results were lower compared to neat PPM,
when the effect of a was taken into consideration, increase in a caused
enhancements in YM and TS due to increased surface area of the clay

and adhesion between the clay and polymer phases.

DSC analysis of ternary samples showed slight enhancements in

crystallinity.
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5.4 PPE Based Nanocomposites (SET-2)

In this set, PPE/Organoclay2/MAPP5 compositions were prepared with
HMA, TKA and TKA50 organoclays produced from RB. In addition
commercial MMT, PGW, was modified by TKA cation (PGWTKA) and
used in ternary composites. PPE used in this set had higher MFI
compared to PPM. XRD analyses of this set of samples also showed
limited dispersion in the matrix possibly due to lower viscosity and applied
shear stress. When cations of HMA and TKA are compared, TKA with 40
C atom (4Cx10) in its backbone is believed to shelter the possible entry of
polymer segments through the clay layers. In addition, bulkier alkyl groups
of TKA cation may have increased the interaction energy of clay and
intercalants and produced relatively less organophilic organoclay. HMA
with one long (16 C) alkyl tail also resulted in microcomposite formation as
shown by XRD analysis. Comparison of TKA and TKA50 showed that use
of excess surfactant during modification process is unnecessary, since
composites prepared from both of the TKA contents displayed
microcomposite structure as shown by XRD analysis. Organobentonite
prepared by PGW, which is a commercial pure MMT, also showed
microcomposite formation. From these results, it was concluded that TKA

is not a suitable cation for preparation of PPE-clay hanocomposites.

Generally YM and YS of these composites increased compared to neat
PPE; while TS was enhanced in the case of TKA clay. Differing from the
use of PPM matrix, elongation at break values of the composites were

lower compared to that of neat PPE.

5.5 Composites Prepared from Organoclays Derived from PB

5.5.1 PPE Matrix Nanocomposites

Organoclays used in this set of composites were DMDA, TBHP and
STKA. Composites of PPE/Organoclay2/MAPP5 were produced by
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extrusion followed by batch mixing. Increased duration of shear
significantly affected the final properties of composites as confirmed by
XRD and mechanical testing. Increased d-spacings and mechanical
property enhancements were obtained by batch mixing of the samples.
These results indicated the sensitivity of clay dispersion to processing
conditions. XRD analysis showed increased interlayer spacing with
organoclays DMDA and TBHP, while STKA did not show a dispersed
structure. Young's modulus and yield stress of composites prepared with
all the three clays showed enhancements compared to neat PPE. As in
the previous part of the conclusions, composites of STKA showed
contradictions between XRD and mechanical characterization, pointing to
the effect of orientation of clay layers during injection molding. SEM
analysis showed that STKA resulted in tactoids that had the same
thickness but were longer than the tactoids of samples prepared with
DMDA and TBHP.

TEM analysis of DMDA and TBHP clay showed intercalated structures as

also shown by XRD analysis.

5.5.2 LLDPE Matrix Nanocomposites

Organoclays DMDA, TBHP, STKA and 134, were used in the LLDPE
based composites at two different concentrations, i.e., 2 and 5 %.
LOT/organoclay ratio was kept constant at 2.5. Binary composites of
LOT98/Organoclay2 were also prepared to observe the compatibility
between the two phases. Organoclay STKA showed incompatibility as
shown by the XRD analysis, thus ternary composites of STKA were not
prepared. XRD analysis of DMDA and 134 showed partially intercalated

clay dispersion, as also confirmed by TEM analysis.

XRD of composite with TBHP clay showed neither intercalation nor

exfoliation, while TEM analysis showed that intercalated, partially

intercalated and even exfoliated layers were present in it. Rheological
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analysis of composites of TBHP showed enhancements in storage
modulus and complex viscosity compared to neat LLDPE matrix also
pointing to better dispersion of clay layers. Tensile strength and modulus
of the LLDPE were also increased by addition of TBHP. In conclusion, in
contrast to XRD analysis, TEM, rheology and mechanical analyses results
indicated nanocomposite formation with TBHP clay. XRD and TEM
analysis also confirmed the existence of nanocomposite formation with

DMDA organoclay.

Commercial clay 134 showed partially intercalated layers in XRD analysis
while its TEM analysis also indicated intercalation. Rheological functions,
G, G and n* of composites prepared by 134 clay showed higher
enhancements compared to organoclays prepared with DMDA and TBHP.
Young's modulus and tensile strength indicated higher degree of
enhancements compared to neat LLDPE and other organoclays.
Composites with LOT/I34=1 were also prepared and the results indicated
that XRD peak intensities were reduced with more LOT addition in
comparison to the one prepared with same clay concentration (5 wt %) but
higher LOT (LOT/I34=2.5). G', G™* and n* responses also increased in
composites with LOT/I34=2.5. Sensitivity of mechanical analysis was
lower compared to rheology and almost identical results were obtained
when LOT/I34 ratio was 1 and 2.5. Results indicated that higher
compatibilizer addition increased the adhesion between the phases and

gave rise to the increase in the surface area of dispersed clay layers.

Composites prepared with DMDA and TBHP showed much higher
elongation at break values compared to one prepared with 134. Since area
under the stress-strain curves can be taken as a measure for the energy
that is dissipated by plastic deformation within the sample, the results
confirmed the superiority of TBHP and DMDA. In addition, for composites
of DMDA and TBHP Young's modulus and tensile strength of the matrix

were higher compared to the LLDPE matrix. Nevertheless, composites
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prepared with commercial clay 134 showed higher improvements in YM
and TS compared to those of DMDA andTBHP.

In the light of the present study, potential use of Turkish Resadiye
bentonite in the production of polymer nanocomposites with enhanced
mechanical properties was confirmed; when appropriate surface modifier
is used and clay concentration and processing conditions are optimized.
Results also showed that XRD analysis must be supported by both TEM,
mechanical testing and rheology in assessing the degree of dispersion of

clay layers in the polymer matrix.
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APPENDIX A

DSC ANALYSIS

A.1 DSC of samples prepared in SET-1 (PPM/Organoclay/MAPP)

241
24

,‘i | Peak=168654°C
22 /

s
=

o

-

| Area= 155[785 mJ
Delta H=81.9922 Jig

Area = 5.688 mJ /
Delta H = 219937 Jig
/%u____fﬁ#\
10 ¥
/ Peak = 90.59 |C \
. /FL, /‘

06

™

Heat Flow Endo Up (mW) — ——
-
\\

7[/_

03834

25 0 &0 a0 100 120 1490 160 180 200 20 I3
Temperature (°C)

Figure A.1 DSC thermogram of PPM

260



§8m2
Pask=165.28°C
55
! .!: P05
| o B
1 I < 1] |
________________ = e —— Jmm = e 400
50 r |
| £
B | a5 g
E | Aream 298661 mJ) %
o = 10 =
&, | DeltaH=853318 Jig 3
-] [ o
2 e
w | w
H E
E 10 20 ;P
3 g
I 25 2
E
(s]
. 1 | 30
- ! T
| 35
|l
" [ bao
i
27 $ 4543
40 L] 80 100 10 10 160 1580 0 m
Temperature ['C)
Figure A.2 DSC thermogram of PPM98/MAPP2
-1088
-11.0
Peak = 168.58°C
118
Area = 157.567 nJ
Delta H=78.7835 Jig
| 120 \
z (-\______ ‘ |
E Y
o 125
=1
o
o
c
w
3
s
™
= 130
@
I
135
140
ETY
% 40 &0 a0 100 160 180 200 20 230

120 140
Temperature (°C)

Figure A.3 DSC thermogram of PPM/TBA2/MAPP2

261



| /\
| i
I

Areq = 209686 m
Delta H = 80.6485 Jig

Heat Flow Ende Up (mW) —— ——

\\
i e e S I 0 R W

16
1.548

25 an 60 60 100 120 140 160 180 200 20 0
Temperature (°C)

Figure A.4 DSC thermogram of PPM/TBP2/MAPP2

108
Peak= 16527 °C 12
n
]
i
5 Aream 240711 mJ |
E Delta H = 85.9681 Jig ¢ %
s a
-] H
E] ;
&
z T
5] £
o 2k
3 ']
I
10
1
1
458
] o 100 12 140 180 180 20 =0 m

Temperature {'C)

Figure A.5 DSC thermogram of PPM/HMA2/MAPP2

262



Peak= 166.06 °C
50
|
=] »’ir
gl —
B R e e e 8 b ey Ay s 2 . | . e e LA B N S R
2 T Area= 240459 mJ
E I Dalta H= 82 5168 Jig
I !
;al. |
o
[
K]
L
I
15 1
|
LW
i
|
|I
n #
8
a2 ] 100 12 180 00 201

140
Temperature ['C)

Figure A.6 DSC thermogram of PPM/TKA2/MAPP2

2247

Derivative Heat Flow (m&/min) — -

= Pedk = 166.99 °C
20 }
18
| 16 [
| 14 }
B
E 1.2
g" L Arda=2171200f0
3 Delta H=80.4182 Jig
u=] 10
2
=]
T
3 08
) /
06
04 //
02 [\ o
\__— T
an
01758
25 40 B0 80 100 120 140 160 180 200 220

Temperature (°C)

Figure A.7 DSC thermogram of PPM/Cloisite25A2/MAPP2

263

230



T

= @

Heat Flow Endo Up (mW) —— ——

4638

Heat Flow Endo Up (mW) — ——

Paak = 16457 °C

Area = 263.307 mJ
Defta H=038175Jig

1685
15

&
Cerivative Heat Flow (mW&/min) — -

40 (1] & 100 1 T!mpermlelﬂrc] 1680 180 o0 m
Figure A.8 DSC thermogram of PPM/HMA1/MAPP3
/\/TPeak=164.70“C
|
L gl
h w
— B TR A L AR —
/
i
%’
\ Area=/169.710 mJ
i {Deltal-=77.1409JLg
/1
|
\
|
]
/
/’\‘—-—-_.______‘_‘_ ! / h ‘ _—,___‘______/"

120

160 1680 200

140
Temperature (°C)

Figure A.9 DSC thermogram of PP/TKA1/MAPP3

264

poi]

230

08061

Derivative Heat Flow (mW/min) — —

-2.548



A.2. DSC thermograms of samples prepared in SET-2.
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A.4 DSC thermograms of samples prepared in SET-4

Heat Flow Endo Up (mW) —— ——

| Peakm16675°C

Area=Z62.480 mJ
Delta H=30.1713 Jig

34

B g

=
Derivative Heat Flow (mW/min)

50
1%

0843 - - 1288
40 2] &0 /] 120 140 180 180 20 m
Temperature {'C)

Figure A.18 DSC thermogram of PPE-M
5368 2683
Peak=16482°C
52 +
a0
T [
p |
L J," £
H o s
g | e s b o e g e, i e e S e i g e e e o e e P e e -y " E
o — —
2 ] Area=211743 md z
-RL 111 DettaH=g45873 Jig i
w l [ , E
ia | | I
[ | 4
i, l E
F | Z
28
38 |
/ ’ -
I :
i
EL ’
138 4005
LIk (] &0 100 120 1% 160 180 0 b

Temperature ['C)

Figure A.19 DSC thermogram of PPE/DMDA2/MAPP5-M

269



B

S i
i

Heat Flow Endo Up (mW) —— ——

S B T——————

Paak = 165,66 °C

Aream 302746 mJ
| DeltaH=86.4%82 Jlg

Derivative Heat Flow (m&/min) — -

10 120 140
Temperature ['C)

160 180 0 o

Figure A.20 DSC thermogram of PPE/TBHP2/MAPP5-M

557 ¢
§5 ¢

Heat Flow Endo Up (m&) —— ——

2

=

Peak= 16583 °C

100 12 Mo

Temperature {'C)

Figure A.21 DSC thermogram of PPE/STKA2/MAPP5-M

270

Derivative Heat Flow (mW/min) — —



A.5 DSC thermograms of samples prepared in SET-6
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MECHANICAL TEST RESULTS

Table B. 1 Tensile strength data for SET-1and SET-2

APPENDIX B

SET1

Two Step Extrusion-150 rpm and 80 rpm during 1% and 2"
extrusion steps, 210°C

Tensile
St. Dev.
Composition PPM Strength
(MPa)
(MPa)
PPM (neat) 100 52.09 2.27
PPM 100 50.82 1.85
PPM95/MAPP5 98 51.24 2.06
PPM/TBA2/MAPP2 96 40.29 242
PPM/TBP2/MAPP2 96 42.01 3.21
PPM/HMA2/MAPP2 96 43.23 1.29
PPM/TKA2/MAPP2 96 38.62 3.79
PPM/Cloisite®25A2/MAPP2 96 4915 1.98
PPM/HMA1/MAPP3 96 44 .69 4.58
PPM/TKA1/MAPP3 96 45.46 2.93
SET2
Two Step Extrusion-350 rpm 180°C
Tensile
St. Dv.
Composition PPE Strength
(MPa)
(MPa)
PPE 100 43.39 2.70
PPE/HMA2/MAPP5 93 4237 0.85
PPE/TKA2/MAPP5 93 45.37 2.50
PPE/TKA50-2/MAPP5 93 42.96 0.83
PPE/PGWTKA2/MAPP5 93 39.67 3.20
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Table B.2 Tensile strength data for SET-3, 4 and 6

SET3

Two Step Extrusion-350 rpm 180°C

SET4 (Abbreviated with M)

Melt mixing of composites prepared in SET3 in the batch mixer at
190 °C and 32 rpm for 15 min with 1 phr B225

Yield Stress St. Dev
Composition PPE

(MPa) (MPa)
PPE 100 39.80 1.98
PPE-M 100 43.08 1.84
PPE/DMDA2/MAPP5 93 42.46 1.65
PPE/DMDA2/MAPP5-M 93 49.58 2.68
PPE/TBHP2/MAPP5 93 4416 0.59
PPE/TBHP2/MAPP5-M 93 46.65 2.33
PPE/STKA2/MAPP5 93 43.34 1.14
PPE/STKA2/MAPP5-M 93 47.20 2.10

SET 6

Melt mixing in the batch mixer at 190 °C and 32 rpm for 15 min

Composition L LDPE Tensile Strength | St. Dv.

(MPa) (MPa)

LLDPE 100 19.52 0.70
LLPE95/LOTS 95 20.60 0.65
LL87.5/LOT12.5 87.5 19.57 1.01
LL/DMDA2/LOT5 93 21.47 1.80
LL/DMDA5/LOT12.5 82.5 22 65 1.07
LL/TBHP2/LOT5 93 20.94 1.16
LL/TBHP5/LOT12.5 82.5 21.34 1.11
LL/134-2/LOT5 93 22.79 1.05
LL/134-5/LOT12.5 82.5 25 25 1.97
LL/134-5/LOT5 90 25.50 1.32
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Table B.3 Yield stress data for SET-1 and SET-2

SET1

Two Step Extrusion-150 rpm and 80 rpm during 1% and 2" extrusion

steps, 210°C

Composition PPM Yield Stress St. Dev.
(MPa) (MPa)
PPM (neat) 100 40.40 2.57
PPM 100 41.33 1.85
PPM95/MAPP5 98 41.00 1.30
PPM/TBA2/MAPP2 96 31.80 2.56
PPM/TBP2/MAPP2 96 29.10 2.22
PPM/HMA2/MAPP2 96 33.40 1.10
PPM/TKA2/MAPP2 96 31.30 1.60
PPM/Cloisite®25A2/MAPP2 96 40.90 1.60
PPM/HMA1/MAPP3 96 34.40 4.50
PPM/TKA1/MAPP3 96 32.70 1.30

SET2
Two Step Extrusion-350 rpm 180°C

Composition PPE Yield Stress St. Dev.

(MPa) (MPa)
PPE 100 34.1 3.02
PPE/HMA2/MAPP5 93 404 1.70
PPE/TKA2/MAPP5 93 35.0 2.50
PPE/TKA50-2/MAPP5 93 41.8 0.90
PPE/PGWTKA2/MAPP5 93 40.0 0.56

278




Table B. 4 Young's modulus data for SET-1 and SET-2

SET1

Two Step Extrusion-150 rpm and 80 rpm during 1% and 2"
extrusion steps, 210°C

Composition PPM Young's St. Dev.
modulus (MPa) (MPa)
PPM (neat) 100 1534 76
PPM 100 1512 65
PPM95/MAPP5 98 1377 140
PPM/TBA2/MAPP2 96 1639 57
PPM/TBP2/MAPP2 96 1609 29
PPM/HMA2/MAPP2 96 1564 39
PPM/TKA2/MAPP2 96 1502 53
PPM/Cloisite®25A2/MAPP2 96 1787 103
PPM/HMA1/MAPP3 96 1652 67
PPM/TKA1/MAPP3 96 1599 86
SET2
Two Step Extrusion-350 rpm 180°C
Composition PPE Young's St. Dev.
modulus (MPa) (MPa)
PPE 100 1444 123
PPE/HMA2/MAPP5 93 1635 113
PPE/TKA2/MAPP5 93 1608 82
PPE/TKA50-2/MAPP5 93 1664 75
PPE/PGWTKA2/MAPP5 93 1450 204
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Table B. 5 Young's modulus data for SET-3, SET-4 and SET-6

SET3, Two Step Extrusion-350 rpm 180°C
SET4 (Abbreviated with M)
Melt mixing of composites prepared in SET3 in the batch mixer at
190 °C and 32 rpm for 15 min with 1 phr B225
Young's St. Dev.
Composition PPE
Modulus (MPa) (MPa)
PPE 100 1351 103
PPE-M 100 1302 102
PPE/DMDA2/MAPP5 93 1624 59
PPE/DMDA2/MAPP5-M 93 1692 142
PPE/TBHP2/MAPP5 93 1547 116
PPE/TBHP2/MAPP5-M 93 1424 147
PPE/STKA2/MAPP5 93 1478 84
PPE/STKA2/MAPP5-M 93 1950 171
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Table B. 6 Elongation at break data for SET-1, SET-2

SET1

Two Step Extrusion-150 rpm and 80 rpm during 1% and 2"
extrusion steps, T =210°C

Elongation at St. Dev.
Composition PPM
break (%) (%)
PPM (neat) 100 444 37
PPM 100 423 28
PPM98/MAPP2 98 545 33
PPM/TBA2/MAPP2 96 504 8
PPM/TBP2/MAPP2 %6 507 44
PPM/HMA2/MAPP2 96 520 8
PPM/TKA2/MAPP2 96 563 32
PPM/Cloisite®25A2/MAPP2 | 96 509 18
PPM/HMA1/MAPP3 96 470 36
PPM/TKA1/MAPP3 96 569 14
SET2
Two Step Extrusion-350 rpm 180°C
Elongation St. Dv.
Composition PPE

at break (%) (%)
PPE 100 634 10
PPE/HMA2/MAPP5 93 587 15
PPE/TKA2/MAPP5 93 642 30
PPE/TKA50-2/MAPP5 93 542 28
PPE/PGWTKA2/MAPP5 93 553 81
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Table B. 7 Elongation at break for SET-3, SET-4 and SET-6

SET3

Two Step Extrusion-350 rpm, T= 180°C

SET4 (Abbreviated with M)

Melt mixing of composites prepared in SET3 in the batch mixer at

190 °C and 32 rpm for 15 min with 1 phr B225
Elongation at | St. Dev.
Composition PPE

break (%) (%)
PPE 100 677 94
PPE-M 100 727 38
PPE/DMDA2/MAPP5 93 456 10
PPE/DMDA2/MAPP5-M 93 352 45
PPE/TBHP2/MAPP5 93 495 59
PPE/TBHP2/MAPP5-M 93 627 52
PPE/STKA2/MAPP5 93 488 48
PPE/STKA2/MAPP5-M 93 317 50

SET 6

Melt mixing in the batch mixer at 190 °C and 32 rpm for 15 min

Composition LLDPE Elongation at | St. Dev.
break (%) (%)
LLDPE 100.0 180 53
LLPE95/LOT5 95.0 133 33
LL87.5/LOT12.5 87.5 184 45
LL/DMDA2/LOT5 93.0 309 60
LL/DMDA5/LOT12.5 82.5 314 14
LL/TBHP2/LOT5 93.0 403 72
LL/TBHP5/LOT12.5 82.5 440 44
LL/134-2/LOT5 93 70 15
LL/134-5/LOT12.5 82.5 45 7
LL/134-5/LOT5 90 53 12
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Table B. 8 Elongation at yield data for SET-1 and SET-2

SET1
Two Step Extrusion-150 rpm and 80 rpm during 1% and 2"
extrusion steps, 210°C
Elongation St. Dev.
Composition PPM

at yield (%) (%)
PPM (neat) 100 8.5 04
PPM 100 95 0.3
PPM98/MAPP2 98 11.6 1.8
PPM/TBA2/MAPP2 96 74 05
PPM/TBP2/MAPP2 96 77 0.4
PPM/HMA2/MAPP2 96 75 05
PPM/TKA2/MAPP2 96 7.4 0.4
PPM/Cloisite®25A2/MAPP2 | 96 7.4 0.6
PPM/HMA1/MAPP3 96 79 0.6
PPM/TKA1/MAPP3 96 79 05

SET2
Two Step Extrusion-350 rpom 180°C
Elongation St. Dv.
Composition PPE

at yield (%) (%)
PPE 100 7.5 0.5
PPE/HMA2/MAPP5 93 6.9 04
PPE/TKA2/MAPP5 93 7.2 0.7
PPE/TKA50-2/MAPP5 93 7.2 0.3
PPE/PGWTKA2/MAPP5 93 9.2 0.8
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Table B. 9 Elongation at yield data for SET-3

SET3

Two Step Extrusion-350 rpm 180°C

SET4 (Abbreviated with M)

Melt mixing of composites prepared in SET3 in the batch mixer at

190 °C and 32 r

m for 15 min with 1 phr B225

Elongation at St. Dev
Composition PPE

yield (%) (%)
PPE 100 10.0 0.5
PPE-M 100 13.2 0.8
PPE/DMDA2/MAPP5 93 7.3 0.2
PPE/DMDA2/MAPP5-M 93 7.3 1.3
PPE/TBHP2/MAPP5 93 8.3 0.1
PPE/TBHP2/MAPP5-M 93 104 1.3
PPE/STKA2/MAPP5 93 8.4 0.5
PPE/STKA2/MAPP5-M 93 7.3 0.7
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APPENDIX C

RHEOLOGICAL PROPERTIES
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Figure C. 1 Frequency dependence of storage modulus, n* (Pa.s), of
PPE/organoclay2/MAPP5 samples prepared by extrusion only and by
extrusion followed by batch mixing. Samples prepared with organoclay
DMDA
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Figure C.2 Frequency dependence of storage modulus, n* (Pa.s), of
PPE/organoclay2/MAPP5 samples prepared by extrusion only and by
extrusion followed by batch mixing. Samples prepared with organoclay
STKA
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Figure C. 3 Frequency dependence of storage modulus, n* (Pa.s), of
PPE/organoclay2/MAPPS samples prepared by extrusion only and by
extrusion followed by batch mixing. Samples prepared with organoclay
TBHP
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