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Abstract / i

ABSTRACT

The effects of nitrile rubber (NBR), fiber surface treatment and carbon
black on properties of pineapple leaf fiber-reinforced natural rubber composites
(NR/PALF) were studied. The incorporation of NBR and surface treatment of fiber
were used to improve the mechanical properties of composites at low deformation,
whereas carbon black was used to improve these properties at high deformation. The
fiber content was fixed at 10 phr. The composites were prepared using two-roll mill
and were cured using compression moulding with keeping the fiber orientation. These
composites were characterized using moving die rheometer (MDR), dynamic
mechanical thermal analysis (DMTA) and tensile testing. The morphology after
cryogenic fracture was observed using scanning electron microscopy (SEM). The
effect of NBR from 0 to 20 phr of total rubber content was investigated. NBR is
proposed to encase PALF leading to higher stress transfer between matrix and PALF.
The method of mixing was also studied. For the fiber surface treatment, propylsilane,
allylsilane and silane-69 were treated on the alkali-treated fiber. Treated fibers were
characterized using Fourier-Transform infrared spectroscopy (FTIR), x-ray
photoelectron spectroscopy (XPS) and SEM. Silane-69 treatment of fiber increased
the modulus at low deformation more than the incorporation of NBR of NR/PALF
composites due to the chemical crosslinking between rubber and fiber from silane-69
treatment rather than the physical interaction of NR, NBR and fiber. However,
reinforcement by fiber reduced the deformation at break. Hence, carbon black was
also incorporated into NR/NBR/PALF and NR/surface-treated PALF composites to
improve the ultimate properties. By incorporation of carbon black 30 phr in both
composites, the mechanical properties of composites were improved and can be

controlled at both low and high deformations.

KEY WORDS: PINEAPPLE LEAF FIBER / NATURAL RUBBER /
REINFORCEMENT / INTERFACIAL STRESS TRANSFER
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CHAPTER I
INTRODUCTION

Recently, the development of green composites has been gaining more
interest and attention due to the depleting petroleum reserves and environmental
awareness. Natural fibers are the one of green fillers with high strength that can be used
to reinforce polymer materials.

Short and fine pineapple leaf fibers (PALF) have been successfully
developed by Amornsakchai’s research group at Mahidol University, and has been used
to reinforce polypropylene (PP), polyamide (nylon), vulcanizable thermoplastics
(Santoprene™) and also nitrile rubber (NBR) effectively. Natural rubber (NR), one of
Thailand’s top exports, was chosen as the matrix for fiber reinforcement in this study.
The major component of NR is high molecular weight cis-1,4-polyisoprene polymeric
movable chains. Due to the difference in polarities between NR and PALF, the
interfacial strength and hence stress transfer between them are low. If interfacial
adhesion of NR and PALF is improved, better properties of composite should be
obtained.

In this study, the stress transfer between NR and PALF was first improved.
Two different methods were used which are, on the one hand, the incorporation of small
amount of NBR and, on the other hand, silane treatment of the fibers. In first method,
NBR surrounded PALF from the polar-polar interactions. NBR-encased fibers
enhanced the stress transfer by increasing interfacial strength between rubber and fibers.
Although NR and NBR are not compatible, the mechanical properties improvement of
composite could be obtained from the frictional stress transfer between rubbers. In the
second method, PALFs were treated with silane to provide the chemical bonding

between rubber and fibers during vulcanization of NR.
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Reinforcement by fibers always reduce the deformation at break of
composites. Thus, carbon black was incorporated into NR/PALF composites in both
previous approaches to improve mechanical properties at high deformation. Thus,
mechanical properties of composites were improved and could be controlled at both low

and high deformation
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CHAPTER 1T
OBJECTIVES

The objective of this work has been divided into two main parts. The
improvement of the interfacial adhesion between NR and PALF was first studied. By
increasing the interfacial adhesion, modulus at low deformation was improved. Then,
the improvement of strength at high deformation of composites by incorporation of
carbon black was studied.

1. Two different approaches to improve the mechanical reinforcement of
NR at low deformation reinforced with PALF were performed:

1.1) Small amount of NBR was incorporated into NR/PALF composite.
NBR is a polar elastomer that will show higher compatibility with cellulose surface that
is also polar. Therefore, it is expected that PALF will be surrounded by NBR via non
dispersive interactions such as dipole-dipole or hydrogen interactions. Although this
method provided only physical interactions between rubber and PALF, it is a convenient
method due to its possible in situ mixing. To study the compatibility between rubbers
and the effect of NBR on mechanical properties, amount of NBR and mixing method
were varied. To get deeper understanding of the mechanism of NBR/PALF
reinforcement, curatives migration in the blends were also studied.

1.2) PALFs were modified in a first step with chemical reagents before
mixing with NR. Alkali-treatment of PALF was used as a pre-treatment to clean the
surface of the fibers. Then, PALF were further treated with three types of silanes.
Propyltrimethoxysilane is considered as reference for a non-reactive treatment during
vulcanization of the rubber. Allyltrimethoxysilane is used as a reactive site that contains
allyl group. This bond is proposed to lead to co-crosslinking with NR via sulfidic bonds
at the allylic hydrogen atoms. Silane-69 is a silane containing sulfur that provides free
sulfur for co-crosslinking with rubber during the vulcanization at high temperature. The
amount of silane, solvent effect of silane treatment, and the method of treatment have

been investigated.
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2. After the enhancement of the stress transfer between NR matrix and fiber,
mechanical properties at high deformation were further improved. Carbon black was
incorporated into NR/NBR/PALF and NR/silane-treated PALF composites. On the one
hand, PALF and the enhancement of the interfacial strength improved tensile properties
at low deformation. On the other hand, carbon black improved tensile properties at high
deformation. In case of hybrid composites containing NBR, the mixing method was
also studied to optimize the mechanical properties of composite and understand the
influence of the fillers distribution in rubber blends. Thus, the tensile properties of

composites will be controllable, which could open new end-used applications.
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Plan of the work
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CHAPTER III
LITERATURE REVIEW

3.1 Elastomer

Elastomer is a polymeric material, which the usual working domain is in the
rubbery plateau, whereas other polymers are in the glassy plateau. Thus, the outstanding
properties of elastomer is the failure resistance at high deformation, compared to
thermoplastics or thermosets, metals or alloys. Rubber is the technological word used
for elastomer. Rubber is often crosslinked with sulfur by vulcanization process. The
ambient temperature of those rubbers is above the glass transition temperature, hence
polymeric chains are able to move. Rubbers are generally divided into two types which

are natural rubber and synthetic rubber.

3.1.1 Natural rubber

Natural rubber (NR) is the one of the most useful in elastomer applications
such as parts of tire, especially for aircraft applications, trucks and heavy loaded trucks
[1,2], footwear [3,4] and conveyor belts [5-7]. It is considered as a bio and green raw
materials. Although NR could be obtained from many species, Hevea brasiliensis specie
is mostly used to produce commercial rubber products [8]. The evolution, and
particularly the increase of the production and consumption of NR is shown in Figure
3.1
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Figure 3.1 Annual global production and consumption of natural rubber from 1995 to

2012 with projections to 2020. [Data from the International Rubber Study Group]

NR is harvested from Hevea brasiliensis tree in a form of latex. It is a
colloidal suspension in water. NR is a polymer with cis-1,4 isoprene as repeating units
as a major component, which is produced by biosynthesis process. The chemical
structure of NR is displayed in Figure 3.2. Apart from hydrocarbon polymeric chain
component, NR latex also contains proteins, lipids and other ingredients. A typical
composition of NR latex is shown in Table 3.1. Proteins in natural rubber are
hypothesized to promote the storage hardening behavior of dry rubber due to the
spontaneous crosslinking reactions during storage [9]. Lipids are the plasticizers of

natural rubber, while fatty acids nucleate the strain-induced crystallization [10-11].

Figure 3.2 Chemical structure of NR
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Table 3.1 Composition of fresh NR latex [12]

Component Percentage (w/w)
Rubber hydrocarbon 36.0
Proteins, amino acids, nitrogenous compounds 1.7
Lipids 1.6
Ashes 0.5
Carbohydrates 1.6
Water 58.6

NR latex has been mostly processed into dry rubber due to the transportation
cost and ease to processing. Dry rubber is used in many applications, which depends
on the classification of rubber. The standard Thai specific rubber is named as STR such
as STR5L, STR10L and STR20L. The number indicates the impurities ratio in bulk
rubber. Lower number on the name indicates higher purity, whereas higher number
indicates lower purity. The letter “L”, which is on the end of the name, specifies a light
color of dry rubber.

NR is a flexible polymeric chain with molecular weight (MW) higher than
10° Da [13]. Thus, it has high elasticity that can be used in various applications.
Unvulcanized NR is soft and sticky, thus the vulcanization process is required to link
polymer chains together [14-16]. Vulcanized NR exhibits high tensile strength,
hardness and also abrasion resistance. However, NR has low chemical, aromatic oil and

atmosphere resistance due to its unsaturated double bond on the main polymeric chain.

3.1.2 Nitrile rubber

Nitrile rubber (NBR) is a synthetic rubber. The chemical structure of NBR,
which is a copolymer of acrylonitrile (ACN) and butadiene, is displayed in Figure 3.3.
It is produced from radical polymerization in emulsion processing at 5-30 °C [17]. The
applications of NBR depend on acrylonitrile content. NBR with high acrylonitrile

content is generally used for oil-resistant products such as O-rings, gloves.
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Figure 3.3 Chemical structure of NBR

Similar to NR, vulcanization of NBR is required in order to increase the
mechanical properties of rubber. Mechanical properties of NBR and other synthetic
rubber vulcanizates are shown in Figure 3.4 [18]. The disadvantage of NBR and also
other synthetic rubbers such as butadiene rubber (BR) and styrene-butadiene rubber
(SBRY) is the low failure stress at high deformation due to the absence of nucleating agent
(e.g. fatty acids in NR) for strain-induced crystallization [18]. Thus, these rubbers are
limited to use in static applications. Fillers can be incorporated to enhance the

mechanical properties to overcome this limitation, which will be shown in sections 3.4

to 3.6.
30

=B MR-l == SER-unfilled
p =G=MNBR-unfilled =j=BR-uni@ed

254

[~

(=]
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2 o
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Figure 3.4 Stress-strain curves of unfilled NR, NBR, BR and SBR [18]
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3.2 Vulcanization

Vulcanization is a chemical process to crosslink unsaturated polymeric
chains of rubber using sulfur. This process has played an important role to achieve the
elasticity of rubber. Vulcanization was first discovered by Goodyear and has been
developing since the past century [19-21]. Nowadays, accelerator and activator have
been used in the process to control the kinetics of vulcanization and the elasticity of

rubber.

3.2.1 Sulfur vulcanization mechanism

The mechanism of accelerated sulfur vulcanization, which was proposed by
Morrison and Porter [22], is shown in Figure 3.5. In general, curing additives are added
directly during rubber mixing in order to disperse and distribute all ingredients. After
rubber and fillers are mixed together, ZnO (a typical activator) and stearic acid are
incorporated. When mixed with accelerator, they form the accelerator complex. After
sulfur is incorporated, accelerator complex further activates cyclic Ss. Then, this
complex is used to crosslink the rubber chains. The reactive sites of rubber are allylic

hydrogens (hydrogen atoms next to carbon lying adjacent to carbon double bonds) [23].
Accelerator + Activator X - SH, X - S8X, X-SNR;

J ZnO / R'COOH

Active accelerator complex '-igfnd
Ss XS - Zn - 8X
Active Sulfurating agent J Se
Crosslink Ligand

|

Vulcanized rubber compound XSS, - Zn - $,8X

Figure 3.5 General mechanism of sulfur vulcanization [22]
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The simple and effective characterization of vulcanization is to follow the
evolution of crosslinks, which is determined by oscillating disc rheometer (ODR) or
moving die rheometer (MDR). Compound of rubber with curing additives is pressed
and then sheared at the curing temperature. The measured torque is plotted as a function

of time. A general cure curve is shown in Figure 3.6.

12

10 + Marching
Plateau region

Reversion

Torque (N.m)

Processing
safely region

Time (min)

Figure 3.6 Typical cure curves of rubber compounds [24]

The first region of curing behavior of rubber compound is the safe
processing region during which the rubber can still flow into a cavity in a mold. This
region is related to the time that torque raises to 2 N.m, which is called scorch time, ts..
After ts2, rubber compound starts to vulcanize. Torque raises rapidly due to the increase
of crosslink density. Finally, compound is in the plateau region during which the
vulcanization is going to reach an equilibrium state. Cure time tcgo is the time that 90%
of vulcanization is taking place, which is generally used to cure compound in a mold.
If compound is further cured after torque rises to the maximum, marching or reversion
process might occur depending on the stability of polysulfidic bonds. Marching is a
process during which torque rises continuously. It may occur in all rubbers, however,

the mechanism of this process is still unclarified. Reversion process is the decrease of
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torque after it raises to the maximum value. This process occurs because of the thermal
instability of polysulfidic bonds, which can be shorten into mono- or di-sulfidic bonds
or be devulcanized by cleaving these bonds into non-crosslinked sulfurs [23]. The
possibilities of side reactions are displayed in Figure 3.7.

Figure 3.7 Various chemical structures of vulcanization (a) and side reactions: carbon-
carbon crosslink (b), pendant accelerator sulfide (c), cyclic sulfide (d) and vicinal
crosslinks (e) [23]

3.2.2 Important factors of vulcanization
Curing temperature, type of accelerator and the ratio of sulfur and
accelerator are important factors in order to control the kinetics of vulcanization. In
addition, crosslink density and crosslink length strongly depend on vulcanization
process. Thus, unlike thermoplastics, vulcanization is correlated directly to mechanical
properties.
3.2.2.1 Curing temperature
Curing temperature is one important factor for the length of
sulfidic crosslinks. The original rheometer curves of NR is shown in Figure 3.8. Loo
reported that high curing temperature leads to shorter sulfidic bonds (mono-, di-sulfidic
bond), whereas low curing temperature leads to longer sulfidic bonds (polysulfidic
bond) those are less stable [25]. Moreover, devulcanization might occur when using

high curing temperature [26].
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Figure 3.8 Cure curves of NR with various curing temperatures [27]

3.2.2.2 Type of accelerators
Accelerator also plays an important role on curing Kinetics.

They can be classified by chemical groups and are displayed in Table 3.2.

Table 3.2 Classification of accelerator types [according to ASTM D4818]

Chemical Vulcanization
Accelerator
group rate

o ¢ Diphenyl guanidine (DPG)
Guadinine Slow
e N,N’-Diorthotolyl guanidine (DOPG)

) e 2- Mercaptobenzothiazole (MBT)
Thiazole Fast
e 2-2’-Dithiobis(benzothiazole) (MBTS)

¢ N-Cyclohexyl-2-benzothiazole sulfenamide (CBS)
) ) ) Fast-delayed
Sulfenamide | e N-tert-butyl-2-benzothiazole sulfenamide (TBBS)

e 2-(4-Morpholinothio)- benzothiazole (MBS)
e Tetramethylthiuram Monosulfide (TMTM)

Thiuram Ultra fast
e Tetramethylthiuram Disulfide (TMTD)

action

Dithiocarba | e Zinc dimethyldithiocarbamate (ZDMC)
mate ¢ Zinc diethyldithiocarbamate (ZDEC)

Ultra fast

Sulfenamide and thiazole are commonly used as primary
accelerators due to the preventability of scorching. In case of inappropriate behavior of

curing (slow or fast cure), secondary accelerator such as guadinine, thiuram and
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dithiocarbamate can be added to adjust the cure rate. The selection of accelerators
depends on the rubber solubility and cure rate requirement.

3.2.2.3 Ratio of sulfur and accelerators

The ratio of sulfur and accelerator indicates the sulfidic bond
formation, which also affects directly mechanical properties of end-used rubber
products [15,26]. The three curing systems are conventional (CV), efficient (EV) and
semi-EV vulcanization systems depending on the ratio of sulfur/accelerator are shown
in Table 3.3. Relative rubber characteristics are given in the same table.

Table 3.3 Vulcanizate structures and properties [26]

CcVv Semi-EV EV
Sulfur / Accelerator ratio 0.1-0.6 08-12 25-12
Polysulfidic crosslinks (%) 95 50 10
Mono- and Di-sulfidic crosslinks
) 5 50 90
Mechanical strength High Medium Low
Flexibility High Medium Low
Modulus Low Medium High
Heat resistance Low Medium High

Bateman reported that using CV and EV systems for vulcanization of ribbed
smoked sheets NR (RSS1), NR resulted in different degrees of crosslinking and sulfidic
bond length [28]. The relation between chemical crosslinks and cure time using CV and

EV systems are plotted in Figure 3.9.
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Figure 3.9 Feature of NR vulcanizates produced by conventional (a) and efficient (b)

crosslinking systems [28]

Using high ratio of sulfur/accelerator results in high amount of polysulfidic
linkages. It should be noted that polysulfidic length corresponds to initial sulfur that is
incorporated in the rubber, which is generally in the length of Sg. However, polysulfide
content decreases corresponding to longer cure time due to the thermal instability of the
linkages. Low amounts of mono- and di-sulfidic bonds are obtained and slightly
increases with cure time. Hence, cure time has to be fixed so that thermal decomposition
does not occur. On the other hand, using low ratio of sulfur/accelerator results in high
amount of monosulfidic linkages. These linkages increase initially and decrease with
longer cure time. At the same time, polysulfidic and disulfidic linkages decreased with
cure time. From these results, it can be concluded that the crosslink length using CV
system is mainly polysulfidic linkages, whereas EV system is mainly monosulfidic
bonds. Thus, the appropriate curing system should match the end-used rubber products

thermal stability.

3.3 Rubber blends

To overcome the limitation of single rubber properties, two or more rubbers
can be blended together. For example, NR has outstanding elastic properties, but it has
low chemical and oil resistance. Thus, NBR can be incorporated to improve these
properties [29]. Generally, rubber blend technique does not provide a homogeneous

blend due to a large difference between high molecular weight of chemical polymeric
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structures. Because of the blends of two or more different polymeric structures with
high molecular weight, a phase separation can occur. Rubber blends can be separated
into co-continuous phases and dispersed phase in rubber matrix depending on the ratio
of rubber content, viscosity of the rubbers, as shown in Figure 3.10.

p

Figure 3.10 Increase of polymer B (blue) content in polymer A (yellow)

The final properties of rubber blends are not proportional to the rule of
mixture [29]. Rubber ratio, phase morphology, interfacial tension and crosslink
distribution in rubbers represent important factors that influence the final properties.
Moreover, when a filler is incorporated, the filler distribution between two rubbers has

a strong impact on the final properties.

3.3.1 Rubber ratio and phase morphology

Rubber ratio is a factor that is taking part into the properties of end-used
products. Rubber with higher content dominates the major properties of the blend,
whereas rubber with lower content is used to improve the properties of matrix. Phase
morphology should be controlled in order to achieve the designed blend properties [30].
Thus, rubber ratio is the one factor that can be adjusted. The goal of the blending is to
achieve the small size of droplets of the dispersed phase, which will result in the
improvement of properties [31]. Hence, the method of mixing represents a critical
parameter to control in order to optimize the final properties of the product.

Sirisinha, Limcharoen and Thunyarittikorn studied the effect of viscosity of
NR and NBR on the morphology of its blends [30]. The ratio of NR/NBR was 20/80
wt% in order to ensure that NR is dispersed in NBR matrix. The viscosity ratio of
NR/NBR were varied at 0.5, 1.0 and 2.0 by mastication of rubbers, incorporation of
liqguid NR (LNR) in NR and epoxidized liquid NR (ELNR) in NBR. The blending

process of viscosity-modified rubbers was carried out using internal mixer. The
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morphologies of the blends are displayed in Figure 3.11. At high viscosity ratio
(viscosity of NR is higher than that of NBR matrix), the size of NR dispersed phase was
larger than that at low viscosity ratio. Thus, shear force during mixing could be
transferred from NBR matrix to NR dispersed phase and disrupt the morphology of the
blends.

2.0 (a) and 0.5 (b)

3.3.2 Interfacial tension
Although the method of mixing represent a key parameter to adjust the
phase morphology of rubbers, interfacial tension between the rubbers is also important
to designate phase size of rubber blends. The lower the interfacial tension is, the smaller
the droplet size of dispersed phase is obtained. For example, natural rubber and
butadiene rubber were successfully blended to achieve small phase size due to their non-
polar chemical structures [32]. The blending of natural rubber and nitrile rubber is
difficult due to their large different of polarities [33-34]. The immiscibility of the blend
can be briefly explained using thermodynamic (equation 1).
AG,, = AH,, — TAS,, equation 1
Where AG,, is the free energy of mixing, AH,, is the enthalpy of mixing and
AS,,, is the entropy of mixing. The blend is miscible when AG,, is smaller than 0. In
polymeric blends, the term of TAS,, can be neglected due to the constraints on the
segmental mobility of polymer chains. Thus, the energy of mixing is directly
proportional to AH,,,. The equation was further developed by Cruz and co-workers [35]

(equation 2)

AG,, = AH,, = x1,RT (Vll) b10, equation 2
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Where V is the total volume of the mixture and V1 is the molar volume of
polymer 1. ¢; and ¢, are the volume fractions of polymer 1 and 2. AH,, is proportional
to the interaction parameter (y,,) of the polymers. The equation was further developed
to find the relationship between y;, and the solubility parameter defined by Hildebrand
and Scott [36]. The relationship of AG,,,, AH,,, and solubility parameter (3) is shown on
equation 3:

AH,, =V (5, — 8,)%¢1¢, equation 3

where V is the volume of the mixture. The difference between 6 of the two

rubbers is related to the interfacial tension between rubbers. Less difference between &
indicates low interfacial tension whereas large difference indicates high interfacial
tension. The solubility parameters of rubbers are shown in Table 3.4. The solubility
parameter can be used to explain that NR is compatible with butyl rubber or polyisopren,
but incompatible with nitrile rubber. The incompatibility increases with acrylonitrile

content increase [37].

Table 3.4 Solubility parameters of rubbers [37]

Rubber & (MPa)®®
Natural rubber 18.1
Butyl rubber 17.9
Polyisoprene 18.0
Nitrile rubber (18% ACN) 19.2
Nitrile rubber (26% ACN) 19.6
Nitrile rubber (40% ACN) 20.2

3.3.3 Degree of crosslinking in each rubber phase in blends

Due to the heterogeneous blending of rubbers, the solubility of the additives
in each rubber phase is also an important parameter in blending. Solubility and
saturation can be very different. The curatives distribution depends on the chemical
structure and the compatibility of each ingredient of the vulcanization recipe. Tinker
and co-workers studied the unequal curatives distribution in NR and NBR [29], which

resulted in an unequal crosslink density in each rubber. By using osmium staining, the
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phase contrast between NR and NBR can be detected [38]. Blending NR and NBR
(41% ACN content) 1:1 ratio resulted in NR as matrix phase and NBR as dispersed
phase, which is shown in Figure 3.12 (a). The network visualization of the blends was
developed from Shiibashi [39] and carried out by swelling vulcanizates in styrene then
it was polymerized to freeze the structure. TEM micrograph of the blends is illustrated

in Figure 3.12 (b). It can be observed that rubbers are separately cured in each phase.
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Figure 3.12 Phase contrast micrograph (a) and TEM micrograph (b) of NR/NBR blends

swollen in styrene that is polymerized after equilibrium swelling [29]

The unequal crosslink distribution using CBS as primary accelerator and
varying secondary accelerators in NR and NBR is shown in Figure 3.13 [29]. The
crosslink distribution in each phase was characterized using swollen *H NMR [40]. The
authors varied the amount of sulfur and accelerator content (fixing the ratio at 5:2) of
NR and NBR separately then plotted the calibration between crosslink densities and
sulfur content. By using the different signals of H% of NR and NBR, crosslink densities
in each phase in the blends could be estimated using the calibration curves. The result
shows that accelerator type, curing temperature and acrylonitrile (ACN) content of NBR
directly affect the crosslink density of each phase in the blends. It can be seen that most
of sulphenamide cure systems give a maldistribution in NR phase rather than NBR
(ACN 41%) phase when curing at 150 °C. Addition of small amounts of secondary
accelerators affects the distribution of crosslink density. TMTM is a polar molecule,
thus, it causes maldistribution in NBR. ODIP has larger alkyl substituents than TMTM,
thus, it causes more crosslink in NR. Addition of DPG, MBTS or TBTD does not affect
crosslink distribution of the blends. Crosslink distribution favors in NBR phase when

curing at 180 °C. Thus, curing temperature also affects crosslink distribution. However,
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the authors did not mention on the effect temperature on the migration rates and also the

length of sulfidic bonds.
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Figure 3.13 Crosslink density distributions in NR/NBR (41% ACN content) blends
curing at 150 C (a) and 180 °C (b) [29]

Changing NBR from 41% to 34% ACN content also affects the crosslink
distribution. It can be seen in Figure 3.14 that using most of accelerators gives a
maldistribution in NBR phase rather than NR phase. Again, the authors did not mention

on the length of sulfidic bonds.
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Figure 3.14 Crosslink density distributions in NR:NBR (34% ACN content) blends
curing at 150 °C [29]

The type of accelerators as displayed in Figure 3.15 modifies the tensile
strength of the blends. Using CBS as main accelerator provides higher tensile strength
than using TBBS or MBS. By the way, the relationship between tensile strength and
ratio of crosslink distribution is not clear in this case. It is difficult to clarify due to the
crosslink distribution is skewed towards in NBR which is the dispersed phase.
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Figure 3.15 Dependence of tensile strength on NR:NBR crosslink density ratio for 1:1
ratio of NR:NBR with 34% acrylonitrile content [29]

In the blends with different ratios of rubbers, the relationship between
crosslink density and mechanical properties may not be proportioned. In order to
enhance the mechanical properties of rubber blends, curing additives can be
incorporated in the major rubber component. Thus, the continuous phase is crosslinked
to enhance the final properties. The masterbatch of major rubber component and curing
additives could be mixed first to control the curative distribution in blends, although the
curative migration can occur.

Wootthikanokkhan and Tongrubbai blended various ratios of NR and
acrylic rubber using two different mixing methods [41]. In method A, NR and acrylic
rubber were masticated together, then curing additives were added directly to the blends.
In method B, curing additives were added to NR, then acrylic rubber was further
incorporated. The relationship between rubber ratio and stress at break is displayed in
Figure 3.16. Mechanical properties of the blends using method B are higher than those
using method A when the NR content is high enough for co-continuous morphology.
Thus, mechanical properties of the blend can be improved in some cases by mixing
curing additives with continuous phase of NR, even if the crosslink densities are not

equal in each rubber.
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Figure 3.16 Tensile stress of NR and acrylic rubber blends as a function of NR content

and mixing method [41]

3.3.4 Filler distribution

Not only distribution of curing additives can affect the properties of the
rubber blends, filler distribution is also one important factor to control the final
properties. Similar to curing additives, filler distribution depends on chemical structure
of filler and the compatibility with each rubber. Carbon black is the most common filler
that has been studied.

The distribution of carbon black (N550 grade) in the blends of NR and BR
was first studied [42]. Due to the compatibility with these rubbers, carbon black was
distributed homogeneously in both rubbers. By the way, the content of carbon black in
each rubber phase could be controlled by the mixing method. Once carbon black was
incorporated into rubber, the migration of carbon black to another rubber does rarely
occur. The mechanism of the carbon black reinforcement will be discussed in the
section 3.4.

The distribution of carbon black in the immiscible blends of NR and polar
synthetic rubber was also studied. = Wootthikanokkhan and Rattanathamwat

incorporated carbon black (N330 grade) into NR and acrylic rubber blends [43]. Due
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to non-polarity of carbon black used, carbon black was incorporated into NR phase
rather than to acrylic rubber. To control the carbon black distribution in immiscible
blends, the mixing method should be considered.

Edirisinghe and Freakley incorporated carbon black in NR and NBR blends
[44]. The incorporation of carbon black (N660 grade) in each rubber before blending
can be used to control the filler distribution in NR/NBR blends (45% ACN content) in
a ratio of 40/60 wt%. The masterbatches of NR/carbon black and NBR/carbon black
were prepared by varying the amounts of carbon black in NR phase at 10, 50, 90 wt%.
In this study, NBR is the matrix and NR is dispersed phase due to the higher amount of
NBR. The migration of carbon black was rarely observed in the blend, which is
consistent to the other works i e. the blends of SBR and cis-polybutadiene [45-47]. The
blend containing carbon black 90% in NBR phase exhibited higher modulus at 100%
strain, hardness and tear strength. This enhancement is originated from the
reinforcement effect of carbon black in NBR matrix.

To summarize, the control of the filler distribution in rubber depends also
on the interactions between the rubber and the carbon black. The properties of carbon
black depend also on the process used to produce them or the surface treatment that was

used.

3.4 Carbon black reinforcement

Carbon black is a particulated porous substance, which can be obtained from
the incomplete combustion of petroleum products. The structure of carbon black is
illustrated in Figure 3.17. Not only carbon black is used as a diluent for decreasing the
cost of rubber product, but it also reinforces the material [48]. Carbon black can be
divided into many grades, which depends on the specific area and its structure. Carbon
black grades are shown in Table 3.5. Primary particle size of carbon black is
proportional to grade number. The primary particle size indicated the reinforcement
effect in composites. Carbon black with smaller particle size reinforces the composite
more effectively than larger particle size. However, the mixing process of carbon black

with small particle size is more difficult than larger particle size.
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Figure 3.17 Sketch of carbon black primary particle [49]

Table 3.5 Grades of carbon black [according to ASTM D24]

Grade Surface area (m?/g) Primary particle size (nm)
1 121-150 11-19
2 100-120 20-25
3 70-99 26-30
4 50-69 31-39
5 40-49 40-48
6 33-39 49-60
7 21-32 61-100

The principles of carbon black-reinforced elastomer has been proposed by

Kraus [50] and Leblanc [51], which are Van der Waals interactions between carbon

black and rubber, chemical crosslinks or chemisorption of rubber on the surface of

carbon black from the free radical reaction and mechanical interlocking of rubber chains

on the surface of carbon black. The general model was described using bound rubber,

which was reported by Dannenberg [48]. The reinforcement of carbon black is shown

in Figure 3.18.
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Figure 3.18 Schematic representation of carbon black-reinforced rubber [52]

The close layer of rubber attached on the surface of carbon black is called
bound rubber, which is insoluble in good solvent of elastomer. Kaufman further
reported that bound rubber can be divided into immobilized layer and outer mobile layer
(or occluded rubber) [53]. It was hypothesized that the immobilized layer occurs only
at 5% of total bound rubber. Thus, Fukahori proposed the new model on the interface
of carbon black for elastomer reinforcement [54] as displayed in Figure 3.19. The glassy
layer or inner polymer layer (GH-phase) is the inner rubber layer that rubber is
immobilized on the surface of carbon black, whereas the sticky hard layer (SH-phase)

is the layer that rubber has less mobility, compared to the bulk.

kY (3~8nm)

Figure 3.19 The interface model of carbon black-reinforced rubber [54]
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Dannenberg [48], Kraus [50] and Wolff et al. [55] studied the effect of
particle size of carbon black on SBR compounds. It was found that the smaller carbon
black particle size is, lower bound rubber per unit surface is obtained. The aggregation
of small particles of carbon black is likely occurring due to the strong filler-filler
interactions. The effect of carbon black size on SBR is displayed in Figure 3.20 [50]. It
can be seen that the higher specific surface area is, the higher tensile strength and

elongation at break are obtained.

25+

SPEC. SURFACE AREA, m2/g SPEC. SURFACE AREA, m2/g

Figure 3.20 Tensile strength and elongation at break of SBR reinforced with various

surface areas of carbon black 50 phr [50]

3.5 Natural fiber reinforcement

It is well-known that natural fibers is one of the fillers that can be
incorporated into many composites due to its high specific strength properties, eco-
friendly and abundancy in many countries. Classification of natural fibers is shown in
Figure 3.21. Natural fibers can be divided, based on their sources, into many types such

as wood, straw fibers, bast, leaf, seed, and grass.
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Figure 3.21 Classification of natural fiber [56]

3.5.1 Structure of natural fiber

The general structure of natural fibers is represented in Figure 3.22. The
major component is cellulose, which has a crystalline structure, connectied with each
other by hemicellulose and lignin [57]. Natural fiber is formed by cell wall and lumen
as a transportation vessel. Cell wall of cellulose can be divided into primary cell wall
and secondary cell wall. Secondary cell wall can be further divided into external
secondary (S1), middle secondary (S2) and internal secondary cell walls (S3). The
primary cell wall is indicated by the growth of the cell. Non-cellulosic substances such
as wax, lignin and hemicellulose are presented at this cell wall area. Secondary cell wall
indicates the arrangement of microfibrils in a helix structure of long chain cellulose.
Microfibrillar angle, which represents the angle between the direction of cellulose helix
structure and the fiber axis, has been used to predict the mechanical properties of fiber.
Microfibrillar angle at the middle secondary cell wall has been measured by X-ray
diffraction [58]. Lower microfibrillar angle is, higher mechanical properties of fiber is
obtained. Thus, the mechanical properties of fibers depend on the cellulosic content and

its microfibrillar angle.
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Figure 3.22 Schematic representation of flax fiber [59]

3.5.2 Pineapple leaf fiber

Thailand is the largest producer of pineapple in the world. While fresh and
juice of pineapple are widely used in cuisines, pineapple leaf fibers (PALF) represent
an agricultural waste. After farmers harvest the fruit, a large amount of pineapple leaf
remains in the land and causes problems to farmers. Nowadays, PALF are used in a
very limited way in leather and handcraft paper [60-62]. To use PALF in engineering
applications, the deep understanding of PALF characteristics is required.

PALF consists of high cellulosic content, as can be seen in Table 3.6.
Hence, the mechanical properties of PALF are very attractive, compared to other natural
fibers as shown in Table 3.7. Moreover, modulus of PALF is comparable with glass
fibers. Mechanical properties of PALF is also depended on the extraction method.
Amornsakchai’s research group at Mahidol University has invented mechanical milling
to extract PALF with high yield and fine of pure PALF [63]. The extraction of PALF
is shown in Figure 3.23. The fibers are in the bundle shape with 6 mm in length and
3-15 pum of elementary fibers diameter after processing. Using PALF as a reinforcing
agent in polymer gives many advantages due to its high aspect ratio and its high strength.
Major component of PALF is cellulose, which chemical structure is shown in Figure
3.24. Cellulose consists of three hydroxyl groups per one repeat unit, hence it is a high

polar substance. Thus, the incorporation of PALF into non-polar polymer will not result
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in the optimum mechanical properties. Thus, the improvement of the interfacial
adhesion between rubber and PALF is required to improve the stress transfer between

them.

Table 3.6 Chemical composition and structural parameters of various natural fibers [64]

Hemi-
) Cellulose | Lignin Pectin | Wax | Microfibrillar
Fibers cellulose
(Yowt) (Yowt) (%wt) | (%owt) | angle (Deg.)
(Yowt)
Ramie | 68.6-76.2 | 0.6-0.7 | 13.1-16.7 1.9 0.3 7.5
PALF 70-82 5-12 9 - - 14.0
Flax 71 2.2 18.6-20.6 2.3 1.7 10.0
Jute 61-71.5 12-13 | 13.6-20.4 0.2 0.5 8.0
Sisal 67-78 8-11 10.0-14.2 10.0 2.0 20.0
Cotton 82.7 - 5.7 - 0.6 -

Table 3.7 Comparatives properties of fibers [64]

Fibers Density Tensile Young’s Elongation at
(g/cmd) strength (MPa) | modulus (GPa) break (%)
Ramie 15 400-938 61.4-128 1.2-3.8
PALF 1.44 413-1627 34.5-82.5 1.6
Flax 1.5-3 450-1100 27.6 2.7-3.2
Jute 1.3-1.45 393-773 13-26.5 7-8
Sisal 1.45 468-640 9.4-22 3-7
Cotton 1.5-1.6 287-800 5.5-12.6 7-8
E-glass 25 2000-3500 70 25
S-glass 2.5 4570 86 2.8
Carbon 1.7 4000 230-240 1.4-1.8
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Figure 3.23 Extraction of PALF at Mahidol University [63]
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Figure 3.24 Chemical structure of cellulose

3.5.3 The using of short fibers as reinforcing fillers for natural rubber

Although long fibers have high aspect ratio, high elastic modulus and high
strength, the incorporation of them is difficult due to fibers entanglement and alignment
[65]. Thus, nowadays, short fibers have been extensively studied instead of long fibers.
The advantage of short fibers-reinforced composites is the processability (fiber
orientation), which results in high mechanical properties.

The effect of short fiber orientation has been published by Jacob, Thomas
and Varughese [66]. The authors incorporated short coir/oil palm hybrid fibers in NR
composites. The average lengths of sisal fibers are at 10 mm and oil palm fiber are at 6

mm, whereas average diameters are 120 um and 150-500 pm respectively. The short
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fibers orientation was determined by measurement of the green strength of composites
in longitudinal and transversal directions [67]. The relationship between fiber
orientation and fiber loading is displayed in Figure 3.25. At low loading, fibers were
suggested to move in the matrix. By increasing fibers content, the orientation was
obtained. At excessive fiber loading, the fibers orientation was lower due to the
entanglement. By the way, it should be mentioned that the fiber orientation is depended

on aspect ratio of fibers.

Fibre orientation %
g

10 20 a0 40 50
Fibre loading (phr)

Figure 3.25 Effect of fiber loading on percentage orientation [66]

The typical stress strain curve for short fibers-reinforced rubber has been
published by O’connor [68] and is shown in Figure 3.26 (a). Young’s modulus is
significantly improved by short fibers due to the fiber orientation. Yield point might
occur depending on elastomer, fibers and their interactions. O’Connor introduced
various types of short fibers into NBR and the stress-strain curves are shown in Figure
3.26 (b). It can be observed that Young’s modulus significantly increases by
incorporation of short fibers. This improvement is unique for short fiber reinforcement.
By the way, the level of improvement was affected by the fiber types. The author
suggested that it depends on many factors i e. aspect ratio of fibers, moduli of fibers and

matrix and the interactions between them.
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Figure 3.26 Typical stress-strain curve of short fibers-reinforced composites (a) and

stress-strain curves of short fibers-reinforced NBR in a longitudinal direction (b) [68]

3.5.4 Proposed mechanism of short fiber reinforced composites

The elastic properties of short-fiber-reinforced polymer have been predicted
from mathematical models. Rule of mixture [69], shear lag model [70] and Halpin-Tsai
equation [71] have been reported to predict the modulus of composites. However, it has
been reported that Halpin-Tsai equation can produce the minimum total error from the
experiments for short-fiber-reinforced composites [72].

Halpin-Tsai equation has been widely used for predicting the elastic

modulus of short-fiber reinforced composites (equation 4).

equation 4

Where E is the elastic modulus of composites, Em is the elastic modulus of
matrix, Eris the elastic modulus of filler, € is a geometric factor, V¢ is the volume fraction
of filler.

The geometric factor plays the important role to describe the influence of
geometry of reinforcing fillers. For modulus in tensile testing of short fiber-reinforced

composite, & depends on the direction and aspect ratio of fibers (equation 5).
&L = 2% ,op = 2 equation 5

Where L is the fiber length and D is the fiber diameter.
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It can be seen that the geometry of the fibers, moduli of fiber and matrix are
taken into account to increase the modulus of composite. However, there are still
limitations of this equation. The various approaches assume that matrix and fibers is
perfectly bonded and fibers are perfectly aligned in one direction. Moreover, they
assumed that the slippage between the interface of fibers and matrix or pullout fibers

are not occurring during measurement.

3.5.5 Natural fiber-reinforced elastomer and improvement of stress
transfer between them

The effect of the incorporation of natural fibers into NR on mechanical
properties such as Young’s modulus, tear strength, tensile strength, hardness has been
studied [66,73—-75]. Most of the goals of NR/natural fiber composites are to improve
the interfacial strength between them. If the interfacial strength between NR and fibers
is improved, the stress-transfer between them will also improve.

Natural rubber is incompatible with natural fiber due to the large difference
between their polarities. Thus, the stress transfer between them is low, which results in
low mechanical properties. To improve the stress transfer between them, two different
approaches are proposed. First approach is to enhance the physical interactions between
rubber and fibers by using compatibilizer as an intermediate substance. Incorporation
of dry bonding agent and incompatible rubber will be reviewed. Second approach is to
generate chemical bonding between rubber and fiber by surface treatment of fiber i e.
alkali treatment and silane treatment. However, it is difficult to compare the results of
various studies. Most of the parameters such as nature of fibers, fiber length, L/D ratio,
amount of fibers in composite, composite production method and curing system are not
fixed.
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3.5.5.1 Incorporation of dry bonding agent

Dry bonding agent represents as one of the compatibilizers that
can enhance the interfacial adhesion between rubber and fiber or silica. Dry bonding
agent consists of resorcinol, hexamethylene tetramine and hydrated silica, which are
crosslinked together during the mixing process [76]. Mechanism of the interfacial
adhesion improvement was previously described by Dressler [77]. Hydrogen bonding
and Chroman ring formation between NR/bonding agent and hydrogen bonding
between bonding agent/silica are able to improve the interfacial adhesion between them.
Nowadays, bonding agent has been also utilized using fiber as filler. The presence of
hydroxyl group is the opportunity to enhance the interfacial adhesion between fiber and
rubber by bonding agent. The adapted mechanism of dry bonding agent on fiber and
rubber is shown in Figure 3.27.

OH
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HO OH
£ Hydrogen bonding
OH H OH
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bonding -~
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Chroman ring s
1y

Formation
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Figure 3.27 Adapted Resorcinol chemistry mechanism of NR and fiber using RFL
additives

The incorporation of dry bonding agent in rayon fiber and
polymer matrix was first investigated by Derringer [78]. Dry bonding agent was
incorporated into polyester resin containing rayon fiber. Their stress-strain curves are
represented in Figure 3.28. Modulus at low strain, yield stress, and also stress at
moderate strain were significantly improved in the presence of dry bonding agent due

to the enhancement of the interfacial adhesion between polyester and rayon fiber.
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Figure 3.28 Stress-strain curves of polyester/fiber composites [78]

Ismail and co-workers studied the effect of dry bonding agent
on mechanical properties of fiber-reinforced rubber composites [79]. Various types of
bonding agents were incorporated into NR containing oil palm fiber. Phenol
formaldehyde (PF) and resorcinol formaldehyde (RF) containing silica and
hexamethylene  tetramine  were investigated. By incorporation  of
RF:silica:hexamethylene tetramine in a ratio of 5:2:5 (in part per hundred of rubber),
the highest mechanical properties was observed due to the strongest binding between
rubber and oil palm fiber. The improvement of mechanical properties using dry bonding
agent was also reported by Mathew, Ulahannan and Joseph [80]. RF, silica and
hexamethylene tetramine in a ratio of 5:2:1.6 (in part per hundred of rubber) were added
to isora fiber-reinforced NR composite. The swelling ratio of NR/fiber composites
decreased by incorporation of bonding agent due to stronger interfacial strength.

Dry bonding agents, nowadays, has been investigated due to its
ease to process and less energy consumption. However, the incorporation of a large
amount of three components containing RF, silica and hexamethylene tetramine causes
complex mechanism in composite during mixing and shaping. Moreover, the actual
mechanism is still unclear. Moreover, the mixing is limited to only high shear force

mixing in order to disperse all components of bonding agent into matrix.



Nuttapong Hariwongsanupab Literature Review / 37

3.5.5.2 Incorporation of incompatible rubber

There are only few reports on the incorporation of incompatible
rubber as a compatibilizer in natural rubber/natural fiber composites. Although the
incorporation of this rubber enhances only physical interactions between rubber and
fiber, it is more convenient to process. Since compatibilizer can be incorporated directly
into the mixing process, this method is simple and consumes less energy. It also allows
a simple transfer to rubber technology and industry.

Epoxidized natural rubber (ENR), maleated NR (MNR) and
NBR have been used as compatibilizers to improve the interfacial adhesion between NR

and fiber. The chemical structures of ENR and MNR are shown in Figure 3.29.
(©)

Figure 3.29 Chemical structures of NR (a), MNR (b) and ENR (c)

ENR has been modified from NR latex using peracid solution
[81]. After modification, it is coagulated using methanol then the solution is evaporated
to produce ENR. The amount of epoxide groups can be adjusted by varying the peracid
concentration. The degree of epoxidation varies generally between 25 and 50%.
Although the elasticity of ENR is lower than that of NR, oil and chemical resistance is
higher [82]. In addition, ENR can be used as compatibilizer for filled NR due to its
higher polarity than NR with a similar backbone chain structure.

Ismail and co-workers incorporated paper sludge into NR and
compared with that of ENR having 50% degree of epoxidation composites [83].
Dynamic properties i e., maximum torque, elastic modulus and tensile modulus
increased by loading fillers in both rubbers. For composites with the same amount of
fillers, ENR composite exhibited higher modulus at 100% and 300% strains and also
tensile strength. The authors concluded the stress transfer improvement from the
stronger rubber-filler interactions between hydroxyl groups of cellulose and epoxy

groups of ENR.
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MNR has been modified from NR using maleic anhydride
(MA). This modification can be done during mixing in internal mixer [84,85]. The
concentration of MA on NR indicates the increase of glass transition temperature of NR
[84]. Generally, MNR has been utilized as the compatibilizer of immiscible rubber
blends [84,86-87] and also used to enhance the interactions between rubber and filler
[85,88].

Zeng and co-workers grafted MA on NR using internal mixer
and incorporated the various amounts of MNR from 0 to 20 phr (of total rubber content)
in cotton-filled NR composites [85]. By increasing MA content in MNR up to 20 phr,
modulus at 100% strain increased up to 21% and tensile strength increased 6%. Higher
interfacial adhesion between NR and fiber has been indicated by the incorporation of
MNR, which is compatible with cotton fiber due to its high polarity. The authors
proposed the effect of hydrogen bonding between fiber and MNR in Figure 3.30.
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Figure 3.30 Hydrogen bond formation between fibers and MNR [85]

Wongsorat, Suppakarn and Jarukumjorn compared the effect of
MNR and ENR on NR/sisal fiber composites [89]. Purchased ENR was 50% epoxy
content, whereas MNR was prepared by grafting MA. Grafted MA content was
quantified as 1.38 wt% by titrating the anhydride functional groups. ENR or MNR was
further incorporated into NR/sisal fiber composites at 5 phr in a presence of sisal fiber
10 phr. MNR provides higher improvement of mechanical properties rather than ENR.
Using MNR increased moduli at 100% and 300% strains for uncompatibilized NR/sisal
fiber composite by 44 and 53% respectively. However, the authors did not discuss in
details the comparison of the effects of MNR and ENR.



Nuttapong Hariwongsanupab Literature Review / 39

Although ENR and MNR are effectively used to improve
interfacial adhesion between NR and fiber, there is one more preparation step to modify
and control functional groups of NR as compatibilizer.

There is only one study on the incorporation of NBR in order to
improve the mechanical properties of filler-reinforced NR composite. Yan and co-
workers incorporated NBR into NR/silica composite in order to improve the dispersion
of silica [90]. It was observed by SEM and is shown in Figure 3.31. It was suggested
that NBR prevents the curatives adsorption on the surface of silica. The compatibility
of NBR and silica was the driving force to improve the mechanical properties of

composite due to their close polarities.

J

.~

7 g

x6.8k 08008 15kV  Sum x6.8k 8008 15KV  Sum
- Syt

Figure 3.31 SEM images of NR/silica composite without NBR (a) and with NBR 16
phr (b) [90]

By replacing NR by NBR from 0 to 16 phr of total rubber
content, modulus at 100% strain increased proportionally to NBR content up to 15%.
Modulus at 300% strain did not further increase. Tensile strength and elongation at
break reached the maximum value when 4 phr of NBR was added to the composite. In
conclusion, although NBR is not compatible with NR, NBR can be used to improve the
mechanical properties of filler-reinforced NR composites. However, the authors did not
discuss anything on the distribution of curatives and fillers in the two rubbers. Moreover

the mechanical properties did not significantly improve.
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3.5.5.3 Alkali treatment of fibers

Unlike synthetic or glass fibers, natural fibers are gathered from
natural substances. It still contains contaminations on the surface such as hemicellulose,
waxes and lignin. Thus, the surface treatment can be required to clean non-cellulosic
substances. Fibers are soaked in sodium hydroxide (NaOH) solution at room
temperature then washed for several times. Excessive NaOH concentration and soaking
time will result in weakening mechanical properties of fibers due to excessive
delignification [91-92]. Alkali treatment is commonly used to clean the fiber to remove
waxes and also hemicellulose [93-94]. Moreover, the surface is rough after treatment.

SEM images of untreated and alkali-treated fibers are shown in Figure 3.32.

Figure 3.32 SEM images of untreated PALF (a) and alkali-treated PALF (b) [94]

Thus, alkali treatment of fibers results in an increase of surface
roughness and an increase of amount of cellulosic content [93]. Moreover, chemical
treatment can be further used to reduce polarity of cellulose or generate the designated
functional groups in a specific way.

Sreekala et al. treated oil palm fibers with 5 wt% NaOH solution
for 24 h [95]. It was observed that tensile strength and elongation at break of fibers
decreased after treatment. By incorporation of alkali-treated fibers into phenol
formaldehyde resin, tensile modulus at 2% strain and flexural strength increased,
compared to untreated fibers. It was reported that the interfacial strength between
natural fibers and polymer was improved due to the increase the surface roughness of
the fibers.
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Bay et al. treated jute fibers with 5 wt% NaOH solution for 0, 2,
4, 6 and 8 h before incorporation into vinylester resin [96]. Fibers were incorporated at
35 wt% of composite. The optimum condition for reinforcement is treatment for 4 h
leading to flexural strength, modulus and laminar shear strength improved by 20%.

Mwaikambo, Tucker and Clark treated hemp fibers with 0.16
wt% NaOH solution for 48 h before incorporation into euphoria resin [97]. Fibers were
incorporated at 20 wt% of composite. Modulus and tensile strength of composites were
improved. It was suggested that the mechanical locking was obtained from resin and
the rough surface of the fibers.

In Mahidol University, the effect of alkali treatment of PALF
has also been studied. Nopparut and Amornsakchai treated PALF with 10 wt% NaOH
solution for 30 min then incorporated in nylon 6 composite [94]. Tensile and flexural
strengths increased by 12% and 11% with the incorporation of alkali-treated PALF 20
wt%, compared to untreated PALF. In addition, tensile and flexural moduli also
increased by 33% and 14%.

Although many researchers have been working on alkali
treatment of natural fibers, only a few researchers have worked on effect of alkali
treatment of fibers in natural rubber composites. Geethamma, Joseph and Thomas
treated short coir fibers with 5 wt% NaOH for 4, 24, 48, 72 h then incorporated into NR
[73,98]. Modulus, tensile strength and tear strength increased by incorporation of alkali-
treated fibers, which are treated for 24 h. It was also hypothesized that the improvement
of tensile properties was obtained from the mechanical interlocking between rough
surface of fibers and NR.

Wongsorat, Suppakarn and Jarukumjorn treated sisal fibers with
NaOH solution and incorporated in NR composites [99]. It was found that modulus at
10, 100 and 300% strain increased. Similar to previous research works, the better
interfacial strength was obtained from the mechanical interlocking between fibers and
NR.
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3.5.5.4 Silane treatment of fibers

Silane treatment is used for surface modification in inorganic
filler reinforced polymer composites and mineral filled polymer composites [100-103].
This method has been widely utilized due to its cost, compared to other treatments such
as phosphorus treatment or benzoyl treatments. Generally, the interactions between
natural fibers and silane coupling agents is carried out through following steps, which

are shown in Figure 3.33.
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Figure 3.33 Reaction scheme of silane treatment [102]
1. Hydrolysis : Silane coupling agent is hydrolyzed in presence of water
and catalyst.
2. Network formation : Silane network is formed by self-condensation.
3. Grafting . After fiber is added into the mixture, hydrogen bonds
between silanes and hydroxyl groups at the surface of fiber react with each other
From all above, the structure of silane is the most important
variable for coupling with fiber and polymer. The structure of silane is divided into two
parts: (1.) a tail made of an alkoxy (OR), which affects the hydrolysis and network
formation processes for coupling with fiber surface ; (2.) an alkyl group for the corpse
and an end-group which represents a reactive site for coupling with the polymer.
Silane coupling agent has been widely used to enhance the
interactions between fillers and polymer matrix. Bi-functional molecular structure of
silane is the key to enhance the interactions. Thus, silanes with various type of
functional groups have been studied in order to improve the interfacial adhesion
between fillers and polymer. Silane coupling agent can be used in most polymer

composites such as thermoplastic [93,104] and resin [105-106].
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Recently, silane coupling agents have also been used in rubber
composites. Generally, Bis(3-triethoxysilylpropyl tetrasulfide) (Silane-69 or TESPT)
has been used to couple silica with NR [107]. Silane is not only used to reduce the
polarity of silica, it also provides free sulfur to form chemical bonding between them
via crosslinking process of rubber. Thus, the interactions between rubber and silica are
significantly increased from the lower difference of polarities and chemical bonding
formation between them. The improvement of mechanical properties is achieved by
increasing the interactions between NR and silica. Brinke proposed the reactions of
bonding silane-69 to the silica surface and bonding of silane-69-treated silica to NR,
which are shown in Figure 3.34 [108]. The reaction is first occurring by hydrolysis and
condensation of silane-69 on the surface of silica. After that, the reactive sites (cyclic
sulfur and free sulfur for silane-69) are crosslinked to NR during vulcanization.
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Figure 3.34 Reaction schemes of silane-69 on silica particles and NR [108]



Université de Haute Alsace & Mabhidol University /44

There are two methods to utilize silane to improve the
mechanical properties of composite. On the one hand, silane has been incorporated
directly during mixing. This method is easy to process, however, only parts of silane
can act as compatibilizer. On the other hand, silane has been used to treat the filler’s
surface before mixing with the rubber. Although this method requires one more step to
process, silane is strongly bonded to the surface of the filler, which results in higher
mechanical properties. Generally, silane has been directly incorporated to NR/silica
composites due to high surface area of silica.

Ten-Brinke et. al. have studied the incorporation of various
types of silanes into SBR/BR and silica tire tread compounds to improve the interfacial
adhesion between rubbers and silica [108]. The chemical structures of silane coupling
agents are shown in Table 3.8. It was reported that silane-69 increased the interfacial
adhesion between rubbers and silica, which led to increase the modulus of composites

as shown in Figure 3.35.

Table 3.8 Silane coupling agents and their chemical structures

Coupling agents Name Chemical structure
Bis(triethoxysilylpropyl)-

( _y ylpropy) TESPT (C2Hs-0)3-Si-CHy)3-Sa-(CH2)3-Si-(0-C2Hs)3
tetrasulphide
Bis(triethoxysilylpropyl)-
( ] ysilylpropy) TESPD (C2Hs-0)3-Si-(CH2)3-S2-(CH>)3-Si-(0O-CzHs)3
disulphide
Bis(triethoxysilylpropyl)mo

( . ysilylpropyl) TESPM (C2Hs-0)s-Si-(CH2)3-S-(CH2)3-Si-(0-C2Hs)3
nosulphide
Bis(triethoxysilyl) ethane ETES (C2H5-0)3-Si-(CH2)2-Si-(0-C2Hs)3
Bis(triethoxysilyl)hexane HTES (C2Hs5-0)3-Si-(CH2)6-Si-(0-C2Hs)3
Bis(triethoxysilyl) decane DTES (C2Hs-0)3-Si-(CH2)10-Si-(0-C3Hs)s
-Mercaptopropyl-
Y_ p_ Propy MPTES (C2Hs—0)s—Si—(CHz)s—SH
triethoxysilane
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Figure 3.35 Stress-strain curves of SBR/BR/silica composites with various types of

silanes with silica content 80 phr [108]

Dohi and Horiuchi studied the effect of mixing temperature for
coupling silane-69 with silica and NR [109]. This system has been characterized by
Energy-Filtering Transmission Electron Microscopy (EFTEM). Silane could be
coupled to NR and silica by mixing at 110 °C. Furthermore, when mixing at 150 °C,
bound rubber content was increased from 9.8 to 18.3%. The authors suggested that a
larger number of silanol groups on the silica surface reacted with TESPT, resulting in a
thick coupling layer at the interface.

Choi, Kim and Woo studied the effect of silane-69 content on
silica-filled NR [110]. Silane-69 content was varied from 0 to 4.8 phr, which was
incorporated in NR with silica during mixing. Crosslink-density as a function of silane
content in NR/silica composites is plotted in Figure 3.36. Higher amount of silane-69
increased the total crosslink density of the composites. The increasing ratio of
polysulfidic crosslinks is higher than mono and disulfides. It was suggested that
polysulfide (from accelerated sulfur vulcanization system) can dissociate and form with

silane-69.



Université de Haute Alsace & Mabhidol University /46

5

311 - o
Total a . O
75 crosslink density a_,,.f"f
£ /
E s
o ’_,,-""
i P Mono- & Di-
4 / Sulfide ]
i
G A8 -
(=B ¥
- o R
i L~ -t 4
2 —5 A
0 i -ﬁ"'- __l'.'r"--d-
B
_}___3-'"' Polysulfide
- __d_.-'r'
---E--
a 1 2 3 . H
Conbert of TESPT (phr)

Figure 3.36 Crosslink density of the NR/silica vulcanizates with silane-69 [110]

It can be seen that silane-69 is an effective coupling agent for
elastomers and silica. However, there are only few researchers who reported the effect
of silane coupling agent on natural fibers. Silane coupling agent of natural fibers is
more difficult than on silica due to its lower surface area and contamination on the
surface of fiber. Surface treatment has been studied instead of directly incorporation
during mixing to achieve the optimum conditions.

Valadez-Gonzalez et.al. have studied the effect of alkali and
silane treatments of natural fibers on HDPE composites [93]. Natural fibers were pre-
treated with alkali treatment and silane treatment before incorporation into HDPE during
mixing process. It was reported that vinylsilane was successfully attached on alkali-
treated fibers. HDPE composites containing fibers, which was treated by alkali
treatment followed by silane treatment fiber exhibited the highest tensile strength, as

can be seen in Figure 3.37.
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Figure 3.37 Tensile strengths of HDPE, HDPE with untreated fiber (FIB), HDPE with
alkali-treated fiber (FIBNA), HDPE with alkali-silane-treated fiber (FIBNASIL) and
HDPE with alkali-treated fiber followed by immersion in PE dilute solution
(FIBNAPRE) [93]

Zeng and co-workers incorporated silane-69 into NR and cotton
fibers composites during mixing [111]. The initial temperature of mixing was set at 80
°C in order to hydrolyze and condense Silane-69 during mixing. After that, silane-
grafted fibers were coupled with NR during vulcanization. Crosslink density of
composites containing 10 phr of cotton fibers slightly increased from 0.18 to 0.23 by
addition of silane-69. Initial modulus of composites was increased from 2.25 to 2.92
MPa. Modulus at 100% strain slightly increased from 2.2 to 2.4 MPa and modulus at
300% strain also slightly increased from 2.9 to 3.4 MPa. It can be concluded that the
mechanical properties of NR/cotton fibers composites were improved by silane-69.
However, the magnitude of improvement is low due to the low surface area of fibers,
compared to silica. Moreover, silane-69 was less reactive during mixing, compared to
the surface treatment before mixing.

In conclusion, silane treatment has successfully improved the
mechanical properties of rubber/filler composites. The treatment of fibers in the silane

solution before mixing with polymer does not give the similar result as for silane
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treatment during mixing process. The treatment of fibers is more able to control and no
non-reacted silane is incorporated into the mixing. However, silane treatment of fibers
still requires more experiments to improve the mechanical properties of rubber/fiber
composites effectively. The deep understanding of the silane treatment on fibers such

as the silane concentration, solvent effect and washing method is still unclear.

3.6 Natural fiber and particulated filler reinforced NR

Nowadays, the reinforcement of hybrid composites based on two or more
fillers has been studied. The goal of these studies are to maximize the fillers efficiency
and combining the reinforcement effects. Hybrid fillers have been recently used in
thermoplastics [112-114]. However, only few researchers have been studied hybrid
rubber composites.

Jacob, Thomas and Varughese studied on the sisal/oil palm hybrid fibers for
reinforcing NR [66]. While sisal fibers exhibit high tensile strength, oil palm fibers
exhibit toughness. The average lengths of sisal and oil palm fibers are respectively equal
to 10 mm and 6 mm whereas average diameters are 120 pum and 150-500 pm
respectively. The effects of fiber loading was studied. By increasing the fibers content
from 10 phr (5/5 phr of sisal/oil palm fibers) to 50 phr, modulus at 100% strain increases
two-fold. Tensile strength reaches the maximum value when total fiber content is 30
phr. It was suggested that the low amounts of fibers do not produce the orientation of
fibers, resulting in lower tensile strength. Excessive amounts of fibers more than 30 phr
cause the agglomeration of fibers as bundles. These bundles act as a barrier for stress
transfer as the interfacial surface is lower. They only discussed on the combined
reinforcing effects. Moreover, the fibers have low aspect ratio. Thus, the effect of
reinforcement by the orientation of fibers is low.

Loppattanon, Jitkalong and Seadan treated silica and cellulose using silane-
69 before incorporation into NR [115]. The average length and diameter of fibers are
120 um and 20 um respectively. The successful treatments of silica and cellulose were
characterized by FTIR. However, the amount of silane was not reported. Tensile

properties of hybrid composites are shown in Figure 3.38. Modulus and tensile strength
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of composited slightly increased by silane treatment. It was suggested that the
interfacial crosslinking between NR and fillers enhanced tensile properties of
composites. The authors did not mention on the role of each fillers in the composites.
The reinforcement effect from fiber orientation might not occur due to the low aspect
ratio of fibers.
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Figure 3.38 Tensile properties of NR with untreated and silane-treated silica/cellulose
(10/10 phr) [115]

In research group at Mahidol University, PALF and silica or carbon black
were successfully incorporated into NBR [116-117]. The average length of short PALF
is 6 mm, whereas the bundle and elementary diameters are 18 pm and 3 pm respectively
[63]. Thus, the aspect ratio of fibers is high, compared to the previous researches. This
results in the high reinforcing effect at low deformation. Stress-strain curves of
NBR/silica/PALF and NBR/carbon black/PALF composites are shown in Figure 3.39
and Figure 3.40, respectively. It can be seen that Young’s modulus of composites
containing fibers in longitudinal direction is significantly higher than those in
transversal direction. By incorporation of silica, the stress at high deformation of PALF-
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filled composites increased to a constant value and elongation at break increased.
Young’s modulus still increased as a consequence of fiber reinforcement. By
incorporation of carbon black, mechanical properties improve. Moreover, Young’s

modulus is still high due to fiber reinforcement.
It can be concluded that PALF was successfully used to reinforce NBR at

low deformation whereas particulate fillers improved tensile properties at high

deformation.
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Figure 3.39 Stress-strain curves of NBR composites with hybrid fillers (PALF and
silica). Closed symbols represent property measured in the longitudinal direction and

open symbols in the transverse direction. [116]
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Figure 3.40 Stress-strain curves of PALF/CB-NBR and controlled CB-NBR
composites, in the longitudinal direction (a) and the expanded low strain region (b). The
number in the legend indicates the amount in phr of the carbon black filler and letter F
means PALF which is fixed at 10 phr [117]

The successful incorporation of PALF and carbon black into NR in
Amornsakchai’s research group has been recently published [118]. The stress-strain
curves of NR hybrid composites are shown in Figure 3.41. It can be seen that by
increasing the amount of carbon black in composites, strength at high deformation
increased. The stress upturned earlier when carbon black content increased. When
PALF and carbon black were incorporated, the combination reinforcement effects
occurred. The incorporation of PALF has significantly increased modulus at low
deformation, whereas carbon black increased strength at high deformation. Thus, the
combination of PALF and particulate filler is an effective method to adjust the suitable

mechanical properties for end-use products.
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Figure 3.41 Stress—strain curves of PALF/CB-NR and controlled CB-NR composites,

in the longitudinal direction. The number in the legend indicates the amount in phr of
the fillers (carbon black (CB) and PALF (F). The CB content varies whereas the PALF
content is fixed at 10 phr [118]

However, the reinforcement effects by the incorporation of carbon black and
PALF in NR are lower than those of NBR composites. Modulus at both low and high
deformation of NBR/PALF/carbon black hybrid composites, which can be observed in
Figure 3.40, with the same components were higher than those of NR/PALF/carbon
black hybrid composites, as shown in Figure 3.41. This is due to the difference in
polarities between rubber and fibers. NBR is a polar rubber and is more compatible
with PALF fibers than NR.

In conclusion, the reinforcement of particulated filler and fibers in NR is
still required the development due to the incompatible between rubber and fiber. The
improvement of the interfacial stress between rubber and fiber has to be improved. Thus,
the combination effects of particulated filler and fibers reinforcements will be

optimized.



Nuttapong Hariwongsanupab Materials and Methods / 53

CHAPTER IV
MATERIALS AND METHODS

4.1 Materials and instruments

4.1.1 Rubbers, carbon black and curing additives

NR was STR5L grade purchased from M.B.J. Enterprise Co., Ltd. NBR
was JSL N230 SL grade manufactured by JSR Corporation, Japan with 35%
acrylonitrile content and Mooney Viscosity (ML1+4(100 °C)) of 42. Carbon black was
N330 grade. Curing agents and chemicals e.g. zinc oxide, stearic acid, sulfur and CBS

(N-Cyclohexyl-2-benzothaiazolesulfenamide) were commercial grade.

4.1.2 Pineapple leaf fibers (PALF)

Pineapple leaves were harvested in Bang Yang District, Phitsanulok
Province, Thailand. These pineapple leaves were cleaned, cut into small pieces to fix
the length at 6 mm and fed into a milling machine. After drying, the fibers were
separated by sieving. The processed PALF shows an 18 um average bundles diameter
with 3 um average elementary fibers [63]. The average fiber length is approximately 6

mm.

4.1.3 Chemical reagents for surface treatment of PALF

Sodium hydroxide (NaOH) was commercial grade reagent (ACI labscan).
Propyltrimethoxylsilane and allyltrimethoxylsilane were purchased from ABCR. Bis-
[y-(triethoxysilyl)-propyl]-tetrasulfide (silane-69) was purchased from Sigma-Aldrich.
Distilled water and analytical grade of ethanol were used as solvent.
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4.1.4 Instruments

/54

All instruments, manufacturers, models and places are listed in Table 4.1.

Table 4.1 Instruments, manufacturers and models

Instrument Manufacturer Model Place
X-ray photoelectron spectrosco EA 125 HIR
P P by Omicron I1S2MP
(XPS) u7/7
Attenuated total reflection FTIR
Bruker IFS66/S IS2MP
(ATR- FTIR)
) ) ] Rheo TECH
Moving die rheometer (MDR) Alpha technologies MD MU?
+
Two roll mill Nishimura - Mud
Internal mixer Melchers Co. Brabender Mu?
Mach Group (1992)
Press Mach Group MuU?
Co., Ltd
Tensile tester Instron 5566 Mu@
Scanning electron microscope )
FEI microscope Quanta 400 IS2MP
(SEM)
Differential scanning calorimetry
Toledo DSC 1 IS2MP
(DSC)
Dynamic thermal mechanical )
Metravib VA 4000 IS2MP
analyzer (DMTA)

MU?: Mahidol University, Thailand

IS2MP: Institut de Science des Matériaux de Mulhouse, France

4.2 Surface treatment of PALF

Two types of treatment were proposed. The first one is alkali treatment,

which is a pretreatment method to clean the surface of the fibers. After that, alkali-

treated PALFs were further treated by silane treatment.
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4.2.1 Alkali treatment

After drying PALF at 80 °C for 24 h, 100 g of untreated PALF (UPALF)
were put into a reactor containing 10% NaOH solution in distilled water 2.5 L. The
reaction was kept at room temperature for 30 min. Then, fibers were washed with
distilled water until pH of water reached 7.0. These fibers are called APALF (Alkaline-
treated PALF). APALF were dried at 80 °C for 24 h to remove all residual water.

4.2.2 Silane treatment

Three different types of silane treatment were performed. Treated fibers
were named as shown in Table 4.2. Silane solution was first prepared by addition of
silane in ethanol/water 200 mL with the ratio of 80/20 v/v. The silane concentrations
were varied at 0.1, 1, 3, 5, 10 wt% of PALF. The solvent effect was also studied using
pure ethanol as a solvent instead of ethanol/water solution. Silane was first hydrolyzed
by stirring the aqueous solution for 1 h and then, APALF fibers were added. The
reaction was kept at room temperature for 72 h and fibers were washed with solvent
several times before drying at 80 °C for 24 h to remove all residual solvent. These fibers
will be called SiPALF (Silane-treated PALF).

Table 4.2 Name of fiber with different silane treatments

Fiber PALF treatment
pSiPALF Propyltrimethoxylsilane-treated PALF
aSIiPALF Allyltrimethoxylsilane-treated PALF
SSIPALF Silane-69-treated PALF
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4.3 Composite preparation

The mixing of composites was carried out using a laboratory two-roll mill.
Total ingredients were fixed at 40 g. Rotor speed and nip gap were fixed at 50 rpm and
approximately 0.25 mm respectively. The initial mixing temperature was around 40 °C.
After rubber and all ingredients were mixed, pre-preg was sheeted out to keep the fiber
orientation. Then, pre-preg was shaped and cured by compression moulding with keep
also the fiber orientation to obtain 1 mm thickness sheet. Molding temperature and
hydraulic pressure of press were set at 150 °C and 10.3 MPa respectively. Curing time
(tcoo) for each composite was obtained from MDR measurement. No degradation of

fibers at this temperature is observed, which is shown in appendix E.

4.3.1 Two-step mixing of NR/NBR/PALF composites

NR, NBR and PALF were first prepared as compound A. Various ratio of
NR and NBR with fixed amount of PALF were prepared (Table 4.3). All rubber
components in the first step mixing were masticated together for 2 min then PALF was
incorporated and further mixed for 6 min. Compound A was sheeted out and kept for 1

day before use in the second step mixing.

Table 4.3 Formulation of 1% step mixing (in phr* of total rubber contents)

Ingredients Al A2 A3 Ad A5
NR 100 75 50 25 0
NBR 0 25 50 75 100
PALF 50 50 50 50 50
Using for ONBR SNBR 10NBR 15NBR 20NBR

*phr: part per hundred of rubber

The formulation and the sequence of second step mixing are shown in Table
4.4 and Table 4.5 respectively. After mixing all components, the mixture was sheeted
out carefully to induce the fiber orientation. The compound was vulcanized at 150 °C

for optimum cure time with compression machine into 1 mm thickness sheet.
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Table 4.4 Formulation of rubber mixing (in phr of total rubber content)

Ingredients NR 5NBR 10NBR | 15NBR | 20NBR NBR
) NR:NBR | NR:NBR | NR:NBR | NR:NBR | NR:NBR | NR:NBR
Rubbe ratio
100:0 95:5 90:10 85:15 80:20 0:100
NR 80 80 80 80 80 -
(A1) (A2) (A3) (A4) (A5)
Compound A -
30 30 30 30 30
NR 20 NR 15 NR 10 NR 5 NRO
*Content in
NBR 0 NBR 5 NBR 10 | NBR 15 | NBR 20 -
compound A
PALF 10 | PALF 10 | PALF 10 | PALF 10 | PALF 10
NBR 0 0 0 0 0 100
PALF - - - - - 10
ZnO 5 5 5 5 5 5
Stearic acid 2 2 2 2 2 2
CBS 1 1 1 1 1 1
Sulfur 2 2 2 2 2 2

4.3.2 Single-step mixing of unfilled rubbers, NR/NBR/PALF and
NR/surface-treated PALF composites

The sequence of the single-step mixing of unfilled rubbers, NR/NBR/PALF
and NR/surface-treated PALF composites were similar to the 2" step mixing in previous
part (Table 4.5). NR and NBR were masticated together then PALF were incorporated.
Curing additives were further added before sheeting out. The formulations of unfilled
rubbers, NR/NBR/PALF, and NR/surface-treated PALF composites are shown in Table
4.6. Single-step-mixed NR/NBR/PALF composites were named as XNBR-SM, where
x is NBR content. NR/surface-treated PALF composites were named as yPALF, where

y is the type of treatment.



Université de Haute Alsace & Mabhidol University /58

Table 4.5 Sequence of rubber mixing

Step Ingredients Time (min)
1 NR (and NBR for single step mixing) 0-2
) e Compound A for two-step-mixing ’g
e PALF for single-step-mixing
3 ZnO and stearic acid 8-10
4 Sulfur and CBS 10-13
Total time 13

Table 4.6 Formulation of non-reinforced rubbers, NR/NBR/PALF and NR/surface-
treated PALF composites

Ingredients | Non-reinforced xNBR? | xNBR-SM? yPALF®
Rubbers 100 100 100
PALF - 10 10
ZnO ) 5 3)
Stearic acid 2 2 2

CBS 1 1 1
Sulfur 2 2 2

x: NBR amount in a total rubbers content, which are 0, 5, 10, 15, 20 wt% of total rubbers

y: A for alkali treatment, Si for silane treatment

4.3.3 Mixing of NBR/PALF composite

NBR/PALF composite is a control sample for comparison. The formulation
of 100NBR is shown in Table 4.4. Since it is more difficult to incorporate the curatives
into NBR, the sequence of mixing was changed slightly as reported previously [119].
The sequence of mixing is shown in Table 4.7. NBR was first masticated then sulfur
was added and followed by PALF. Then, ZnO and stearic acid were added to mixture,
followed with CBS. The compound was then sheeted out in the manner described above

to produce the fiber orientation.
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Table 4.7 Mixing scheme of NBR/PALF composite

Step Ingredients Content Time (min)
1 NBR 100 0-1
2 Sulfur 2 1-2
3 PALF 10 2-11
3 ZnO and stearic acid 7 11-17
4 CBS 1 17-20
Total time 20

4.3.4 Mixing of NR/NBR/carbon black/PALF hybrid composites

All NR/NBR/carbon black/PALF hybrid composites were named as
XNBRyUPzCB. x is the amount of NBR, y is the amount of untreated PALF and z is the
amount of carbon black in composite. The formulation of NR/carbon black/PALF,with
and without NBR 20 phr, and varying carbon black content from 0 to 30 phr are shown
in Table 4.9 and Table 4.10 respectively. NR/NBR/carbon black/PALF with varying
NBR content are shown in Table 4.11. The sequence of mixing, which is as mixing
scheme A, is shown in Table 4.8. Mixing scheme A was used to study the filler effect,
carbon black content and NBR content. NR and carbon black were first mixed as
masterbatch in internal mixer in the ratio of NR:carbon black as 60/40 wt%. Initial
mixing temperature was set at 50 °C and rotor speed was 40 rpm. Fill factor was 0.75.
NR was first masticated for 1 min then carbon black was gradually incorporated for the
period of 6 min. Mixing was continued for another 3 min. NR, NBR and masterbatch
were first masticated together using two-roll mill then PALF was further added at 2 min.
Curing additives were further added then the compound was sheeted out on the two-roll

mill.
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Table 4.8 Mixing order for the three mixing schemes
Mixing Mixing Mixing Mixing Time
order scheme A scheme B scheme C (min)
1.) Prepare MB[NR- 1.) Prepare
Prepare
CB] MB[NR-CB]
masterbatch of
2.) Prepare masterbatch | 2.) Prepare
1 NR and carbon -
black of NBR, carbon black masterbatch of NBR
ac
and PALF and PALF
(MB[NR-CB])
(MB[NBR-CB-PALF]) | (MB[NBR-PALF])
Mix NR, . .
Mix NR and Mix NR and
2 MB[NR-CB] 0-2
MB[NR-CB] MB[NR-CB]
and NBR
Add Add
3 Add PALF 2-8
MB[NBR-CB-PALF] MB[NBR-PALF]
4 Add ZnO and stearic acid 8-10
5 Add sulfur and CBS 10-13
Total time 13

Table 4.9 Formulation of NR/carbon black/PALF composites with varying carbon black

content (in phr of total rubber content)

) ONBR10UP ONBR10OUP ONBR10OUP ONBR10OUP
Ingredients
0CB 10CB 20CB 30CB
NR 100 85 70 55
Masterbatch
- 25 50 75
of NR/CB
*Content in NR 15 NR 30 NR 45
masterbatch CB 10 CB 20 CB 30
PALF 10 10 10 10
ZnO 5 5 5 5
Stearic acid 2 2 2 2
CBS 1 1 1 1
Sulfur 2 2 2 2
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Table 4.10 Formulation of NR/carbon black/PALF composites with NBR 20 phr and

varying carbon black content (in phr of total rubber content)

) 20NBR10UP | 20NBR10OUP 20NBR10UP 20NBR10UP
Ingredients
0CB 10CB 20CB 30CB
NR 80 65 50 35
NBR 20 20 20 20
MB of
- 25 50 75
NR/CB
*Content in NR 15 NR 30 NR 45
MB CB 10 CB 20 CB 30
PALF 10 10 10 10
ZnO 5 5 5 5
Stearic acid 2 2 2 2
CBS 1 1 1 1
Sulfur 2 2 2 2

Table 4.11 Formulation of NR/NBR/carbon black/PALF composites with varying NBR
content (in phr of total rubber content)
ONBR SNBR 10NBR 15NBR 20NBR

Ingredients 10UP 10UP 10UP 10UP 10UP
30CB 30CB 30CB 30CB 30CB
NR 55 50 45 40 35
NBR 0 5 10 15 20
MB of NR/CB* 75 75 75 75 75
*Content in MB NR 45 NR 45 NR 45 NR 45 NR 45
CB 30 CB 30 CB 30 CB 30 CB 30
PALF 10 10 10 10 10
ZnoO 5 5 5 5 5
Stearic acid 2 2 2 2 2
CBS 1 1 1 1 1
Sulfur 2 2 2 2 2
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4.3.5 Mixing of 20NBR10UP30CB-B and C composites

In order to enhance rigidity of NBR phase, carbon black and PALF were
first mixed with NBR. The content of carbon black in NR and NBR phases was
distributed equally to the ratio of rubber:carbon black in composite. The formulation of
20NBR10UP30CB-B is shown in Table 4.12. 20NBR10UP30CB-B was prepared by
mixing of NR, masterbatch of NR/carbon black and masterbatch of NBR/PALF/carbon
black together. Then curing additives were incorporated, as seen in Table 4.8.

To produce the composite with incorporation carbon black into NR phase
and incorporation PALF into NBR phase, 20NBR10UP30CB-C was prepared. The
formulation of 20NBR10UP30CB-C is shown in Table 4.12. NR was first masticated
to produce the masterbatch of NR/carbon black. Then, masterbatch of NBR/PALF was
added followed by curing additives, as described in Table 4.8.

Table 4.12 Formulation of 20NBR10U30CB composites with changing the method of
mixing (in phr of total rubber content)

20NBR10UP 20NBR10UP
Ingredients 30CB-B 30CB-C
phr Wit% phr Wt%
NR 44 29.3 35 23.3
MB1 (NR/CB) 60 40.0 75 50.0
NR 36 NR 24.0 NR 45 NR 45.0
*Content in MB1
CB 24 CB 16.0 CB 30 CB 30.0
MB2
36 24.0 30 20.0
(NBR/CB/PALF)
NBR 20 NBR 13.3
) NBR 20 NBR 13.3
*Content in MB2 CB6 CB4.0
PALF 10 PALF 6.6
PALF 10 PALF 6.6
ZnO 5 3.3 5 3.3
Stearic acid 2 1.3 2 1.3
CBS 1 0.7 1 0.7
Sulfur 2 1.3 2 1.3
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4.3.6 Mixing of NR/carbon black/surface treated PALF hybrid
composites

NR/carbon black/surface-treated PALF hybrid composites were named as
NRxYPzCB. x is the amount of PALF, Y is the method of treatment and z is the amount
of carbon black. The method of treatment was named as U: untreat, A: alkali treatment
and Si: silane treatment. The formulation of NR/carbon black/PALF was listed in Table
4.13.

Table 4.13 Formulation of NR/carbon black/surface-treated PALF with varying carbon
black content (in phr)

Ingredients NR10YPOCB | NR10YP10CB | NR10YP20CB | NR10YP30CB
NR 100 85 70 55
Masterbatch of

NR/CB* - 25 50 75

*Content in NR 15 NR 30 NR 45

masterbatch . CB 10 CB 20 CB 30
PALF™ 10 10 10 10
ZnO 5 5 ) 5)
Stearic acid 2 2 2 2
CBS 1 1 1 1
Sulfur 2 2 2 2

**UP: Untreated PALF, AP: Alkali-treated PALF, SiP: Silane69-treated PALF
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4.4 Characterizations

For the surface treatment of PALF, ATR-FTIR and X-ray photoelectron
spectroscopy (XPS) were used to characterize the functionalization. After that,
NR/PALF composites were prepared. Rubber compounds after mixing by two roll mill
were first characterized by MDR. The cured sheets were cured and characterized by
tensile testing, dynamic mechanical thermal analysis (DMTA), differential scanning

calorimetry (DSC), and scanning electron microscopy (SEM).

4.4.1 ATR-FTIR spectroscopy

ATR-FTIR spectroscopy was used to characterize fiber surface after
treatment and also NBR content in NR/NBR/PALF composite. An infrared beam is
directed onto an optically dense Ge crystal with high refractive index at a certain angle.
The signal is detected after the beam come to contact with sample. Diameter of the
crystal is2 mm. The fundamental of ATR-FTIR is illustrated in Figure 4.1. A Ge crystal
was used in this study. The measurement was operated with 128 scans at resolution 4
cm* over the range of 4000 to 600 cm'™.

Sample in contact
with evanescent wave

M N

\ Infrared \ ATR

Beam Crystal
Figure 4.1 ATR-FTIR [120]

Fiber samples were prepared by compression of a small amount of fibers.
For NR/NBR/PALF composite, sample was cut at the cross-section area by
microtoming at temperature of -70 °C into 2x1x150 mm sheet. Then it was analyzed

with ATR-FTIR at three places along the measured area, as can be seen in Figure 4.2.
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1 nd
2 rd
3

Figure 4.2 ATR-FTIR analysis of NR/NBR/PALF composite

4.4.2 X-ray photoelectron spectroscopy (XPS)

XPS spectra were carried out using double anode (Al Ka = 1486.6 eV and
Mg Ka = 1253.6 eV) and hemispherical analyzer. The measurement was operated under
high vacuum. The survey spectrum and high resolution scan of Cl1s and O1s were

examined. The thickness of the surface of specimen around 10 nm was characterized.

4.4.3 Moving die rheometer (MDR)

Curing behaviors of composites were studied with a moving die rheometer
(MDR), (Rheo TECH MD+), according to 1SO 6502. 5 g of unvulcanized rubber was
placed between the dies. The disc is biconical in shape with the cone angle of + 1.3%.
The applied force was 11 kKN + 0.5 kN to press the sample. The dynamic frequency
after force was applied is 1.7 Hz + 0.1 Hz. The curing temperature was fixed at 150 °C.
Maximum torque (Mn), minimum torque (ML), scorch time (ts2) and optimum cure time

(tcoo) were reported. Cure rate index was determined with the following equation.

100

cure rate index = Equation 4.1

teoo—ts2

4.4.4 Tensile tester

Tensile properties of composites were determined at room temperature by
using universal tensile testing machine (Instron 5566) with a long travel contacted style
extensometer, according to ISO 37 but with thinner specimen. A crosshead speed was
set at 500 mm/min and load cell was fixed at 1 kN. Composite sheets were punched
into a dumbbell shape using type C die such that the fiber align along the specimen long
axis. At least five specimens were measured for each sample. The average values of
moduli at 10% strain (E1o), 100% strain (E1o0), 300% strain (Esoo), yield stress (oy), onset

strain upturn, tensile strength and elongation at break were reported.
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4.4.5 Differential scanning calorimetry (DSC)

Calorimetery measurements were performed on a DSC (Toledo, DSC1).
The specimen was cut into cylindrical flat shape in the weight of 8 mg. Two cycles
were performed to erase the thermal history. The first cycle was carried out by cooling
to -90 °C then heating to 90 °C at scan rate of 10 °C/min. The specimen was hold at
this temperature for 5 min. After that, the second cycle was carried out by cooling to -
90 °C then heating to 90 °C using the same scan rate. The relationship between heat

flow and temperature was plotted from the second cycle.

4.4.6 Dynamic mechanical thermal analyzer (DMTA)

DMTA was performed on a viscoanalyzer (METRAVIB VA 4000). A
specimen with a dimension of 30 x 10 x 1 mm? was used for the measurement. The
gauge length was fixed at 20 mm. The measurement was carried out in tension mode.
First, the temperature of the closed chamber was reduced from room temperature to -90
°C at scan rate of 10 °C/min using liquid nitrogen. Then, the measurement was scanned
from -90 °C to 50 °C with the same scan rate of 10 °C/min. The specimen was pre-

strained at 1% and the dynamic strain was 0.5% with a frequency of 10 Hz.

4.4.7 Scanning electron microscope (SEM)

The morphology of fibers and composites was studied by using a SEM. For
fibers, the individual fibers were placed on the carbon film and coated with gold layer
before measurement. Tensile-fractured sample was observed at the fractured cross-
section and also was coated with thin gold layer before measurement. The magnification
was set at 250x, 1000x, 2500x and 5000x.
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CHAPTER YV
RESULTS AND DISCUSSION

The results and discussion of this study can be divided into two main parts.
The first one is the introduction of PALF in NR that can be subdivided into three parts:
incorporation of NBR, surface treatment of PALF by silane, and the comparison of
reinforcing effect via these two solutions.

The second main part of chapter V concerns the reinforcement effect by
hybrid fillers, PALF and carbon black, in order to increase the mechanical properties at
low strain without drastic decrease of ultimate properties. Again, the improvement of
reinforcement with hybrid fillers is divided into three sub parts: the effect of NBR,
surface treatment by silane of PALF with incorporation of carbon black and the

comparison of reinforcing effect of both solutions.

5.1 Effect of NBR on NR/PALF composites

Small amounts (5 to 20 parts of total rubber content) of NBR were
incorporated into NR/PALF composites in order to improve the stress transfer between
rubber and fibers. NBR is expected to encase PALF in order to enhance the matrix and
fiber interfacial strength. First, the properties of NR, NBR and their blends without fiber
were investigated as control samples. Then, the effect of NBR on NR/PALF composites

was studied.

5.1.1 Non-reinforced rubber blends

Non-reinforced NR, NBR and their blends were investigated in order to
analyze their cure behavior, the compatibility between rubbers, the tensile properties
and the morphology of the blends. For the blends, the amount of NBR was varied at 0,
5, 10, 15, 20 wt% of total rubber content. NR and NBR were masticated together before

the addition of curing additives as described in chapter 1V.
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5.1.1.1 Cure characteristics

Rheographs displaying cure characteristics of compounds
containing different amounts of NBR are shown in Figure 5.1 and their numerical values
I e. ML, My, ts2 and tcgo are listed in Table 5.1.

10
——— NR Non-reinforced rubber
—O— 5NBR
8 —/— 10NBR
—_— 15NBR
L —J— 20NBR D f—
6 —{>— NBR —t>

o

Torque (N.m)
>

) 5 10 15 20
Time (min)

Figure 5.1 Cure curves of non-reinforced NR, NBR and its blends with NBR at 5, 10,
15, 20 wt% of total rubber content

Table 5.1 Cure characteristics of non-reinforced NR, NBR and its blends with NBR at
5, 10, 15, 20 wt% of total rubber content

ML (N.m) | Mn (N.m) ts2 (Min) tcoo (Min)
NR 0.1 4.8 3.9 7.4
SNBR 0.1 4.7 3.4 7.2
10NBR 0.1 4.8 3.1 7.0
15NBR 0.1 4.8 3.2 7.5
20NBR 0.1 4.7 3.3 7.6
NBR 0.3 6.8 3.1 1.7

The curing behavior of NR reaches the plateau region with
constant Mu, while NBR is marching, in which My slightly increases corresponding to
the time. ts2 of NBR (3.1 min) is shorter than for NR (3.9 min), whereas My of NBR (6.8
MPa) is significantly higher than NR (4.8 MPa). By blending NBR and NR, ts2 is slightly
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higher than for pure NR, whereas Mx remains unchanged. The shortened cure time for
composites containing NBR can be hypothesized by the activation of a zinc complex on
the nitrile group of NBR [121]. By the way, the migration of curatives in the blends
could not be observed by MDR. To study the migration of the curatives, swelling
measurement is further studied.

5.1.1.2 Curatives migration in the blends

The curatives migration in the incompatible rubber blends has
been studied by Clythong [122], Sahakaro [123] and Tinker [33,40,124]. To understand
the migration of curing additives between rubber blends, pre-sheets of NR and NBR
those mixed with curing additives separately were attached together and cured under
different temperatures.

After NR and NBR sheets were cured and separated from each
other, the contacted sheets were cut and studied by the swelling behavior, compared
with those of non-contacted sheets. Swelling results of NR and NBR are shown in
Figure 5.2. Swelling ratio (Q) of NR increases after contacted with NBR at all curing
temperatures. The increase of Q indicates lower degree of crosslinking. Moreover, Q of
NBR does not change after contacts with NR for curing temperature 150 and 170 °C. It
decreases for the lowest curing temperature at 130 °C.

This means that the migration of the additives loss from NR has
a significant effect on the degree of crosslinking. When the curing rate is lower at lower
temperature (130 °C), the curing rate of NBR decreases and the curing additives from

NR can participate to vulcanization reactions.
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Figure 5.2 Swelling results of (a) NR and contacted NR sheets and (b) NBR and

contacted NBR sheets with different curing temperatures

Moreover, the swollen contacted sheets of NR and NBR are curled as shown

on Figure 5.3. The curvature indicates that an effect of varying degree of crosslinking

exists in the depth of rubber sheets.

Figure 5.3 NR sheet (al), contacted NR sheet (a2), NBR sheet (b1) and contacted NBR

sheet (b2) after swelling in toluene
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The migration of curing additives was also studied by NMR
spectroscopy, which is shown in appendix A. Although the curatives could migrate from
NR to NBR, the amounts of curatives migration and actual degree of crosslinking at the
interface between rubbers in the blends are still unclarified.

5.1.1.3 Determination of glass transition domain of non-
reinforced rubber blends

To gain better insight into the compatible of rubber blends,
dynamic mechanical testing (DMTA) and thermal analysis (DSC) of all samples were
carried out. On one hand, DMTA is used to determine the dynamic transition
temperature (Tq) of rubbers by applying the dynamic force in the tension mode and
increase the temperature from -90°C to 50 °C at scan rate 10 °C/min. On the other hand,
DSC is used to determine the glass transition temperature (T4) of the rubbers by
detection the changing of heat flow while the temperature is increased from -90°C to 90
°C at scan rate 10 °C/min. The DMTA curves and tan 6 of rubbers are shown in Figure
5.4 and in Table 5.2. T4 of pure NR is -47 °C whereas Tq of NBR is around -10 °C.
These two peaks do not overlap. In the blend, T4 of NR is not shifted and a shoulder
appears at the expected position for NBR. This clearly indicates that NR and NBR are
not compatible. These results of Tgs are in agreement with Kader and coworkers [125]
who reported that Tgs of pure NR and pure NBR (34% ACN content) are -49.3 °C and
13.8 °C. In the blends with 1:1 weight ratio, Tq¢s of both NR and NBR do not shift,
which indicates the immiscibility of NR and NBR.

3.0

1.:)11

—0— Non-reinforced NR —— Non-reinforced NR
—0o— Non-reinforced 20NBR 25t —O— Non-reinforced 20NBR
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Figure 5.4 Temperature dependences of E” and tan delta of non-reinforced NR, NBR
and their blend with NBR 20 wt% of total rubber content
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Table 5.2 DMTA results of non-reinforced NR, NBR and their blend with NBR 20 wt%

of total rubber content

Tan oNR Tan onBR
Magnitude T (°C) Magnitude T (°C)
Non-reinforced NR 2.5 -47 - -
Non-reinforced 20NBR 1.6 -47 0.2 -9
Non-reinforced NBR - - 1.7 -10

The DSC curves and Tg4 of each rubber are displayed in Figure
5.5 and Table 5.3 respectively. T is defined by determining the highest slope of the
curve. Tgs of NR and NBR in the blends are not shifted which results are in good
agreement with DMTA results.

—{— Non-reinforced NR
—O=— Non-reinforced 20NBR
—/>— Non-reinforced NBR

Heat flow (W/g)

.25 0 25
Temperature (°C)

Figure 5.5 DSC curves of non-reinforced NR, NBR and their blend with NBR 20 wt%
of total rubber content
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Table 5.3 Tgs of non-reinforced NR, NBR and their blend with NBR 20 wt% of total

rubber content

T¢NR (°C) | T¢ NBR (°C)
Non-reinforced NR -60 -
Non-reinforced 20NBR -60 -21
Non-reinforced NBR - -19

5.1.1.4 Mechanical properties

Tensile properties of NR, NBR and their blends (0, 5, 10, 15, 20
wit% of total rubber content) were studied. The stress strain curves are shown in Figure
5.6. Modulus at low deformation of NBR is slightly higher than NR. However, only NR
has the upturn which corresponds to the strain induced crystallization phenomena. In
the incompatible blends, stress-strain curves are similar to NR and do not depend on the
amount of NBR.

30 1.0
NR non-reinforced rubber
25+ | ——5NBR 08+
—— 10NBR
.20+ |——15NBR
& —— 20NBR
= 15 |——NBR
n
n
204
(7]
54

0 100 200 300 400 500 600 700
Strain (%)
Figure 5.6 Stress strain curves of non-reinforced NR, NBR and its blends with NBR at
5, 10, 15, 20 wt% of total rubber content

5.1.1.5 Morphology of the blends
The morphology of incompatible rubber blends was studied
using SEM. Blade-cut at room temperature and tensile-fractured specimens were carried

out. SEM images of cross-sectioned specimens are displayed in Figure 5.7. The
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presence of dispersed nodules with size less than 1 um were observed in all rubbers.
Nor and coworkers [126] and Helaly and coworkers [127] reported that the dispersed
nodules are attributed to zinc stearate. Blade-cut specimens were first studied. SEM
images of blade-cut 20NBR show 2.5 pum diameter of spherical particles in matrix,
which cannot be observed in blade-cut NR or NBR. The presence of NBR is clearly
seen in tensile-fractured 20NBR, which is shown in Figure 5.7 (B2). The particles or
nodules with approximate diameter of 2.5 um, are dispersed in NR matrix. It is unclear
that the dispersed phase is NBR. Lewan studied on the morphologies of NR/NBR blend
vulcanizates using osmium tetroxide to stain the unsaturated hydrocarbon on the main
chain of rubber and observed by scanning transmission electron microscopy (STEM)

[29]. In our case, however, no changes could be observed after staining procedure.

Figure 5.7 SEM images of blade-cut NR (Al), 20NBR (A2), NBR (A3) and tensile-
fractured NR (A2), 20NBR (B2) and NBR (C2)

In conclusion, NR and NBR are incompatible. Small particles
of NBR are dispersed in NR matrix. Curatives migration cannot be detected by MDR.
Moreover, it does not affect significantly the mechanical properties of rubber. The next
step of our work is the study of the effect of NBR on NR/PALF composites.
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5.1.2 Incorporation of NBR into NR/PALF composites

Small amount of NBR was incorporated into NR/PALF composites in order
to improve the stress transfer between rubber and fiber. Only one amount of PALF, 10
phr, was considered. Two-step-mixed NR/NBR/PALF composites were prepared.
Compound A consists of various amount of NR/NBR and PALF, were prepared as first
step mixing, then they were incorporated into NR in the second step. After that, the
mixed compound was cured. The model of composite is displayed in Figure 5.8. Cure
characteristics of compounds were first studied to understand overall curing behavior.
The incorporation of NBR into NR was characterized using ATR-FTIR, which is shown
in Appendix B. As unfilled blends, the glass transition temperatures of composites were
measured by using DMTA and DSC. Tensile properties were measured and used to
study the reinforcement of the rubber by the fibers. The cross-section area of tensile-
fractured specimen was also observed using SEM to get more information on the
interface between matrix and fiber. Single-step-mixed composites with the same
ingredients of two-step-mixed composites were also prepared in order to compare the
effect of mixing.

™~ NR matrix

— PALF

<—1— NBR

Figure 5.8 Model of NR/NBR/PALF composites

5.1.2.1 Cure characteristics
Rheograms displaying cure characteristics of NR/PALF
compounds containing different amounts of NBR are shown in Figure 5.9. Numerical

values for different cure characteristics of these compounds are tabulated in Table 5.4.
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Figure 5.9 Cure curves of NR/NBR/PALF composites with NBR content of 0, 5, 10,
15, 20 and 100 % of total rubber content
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Table 5.4 Cure characteristics of NR/NBR/PALF composites with NBR content of 0,
5, 10, 15, 20 and 100 % of total rubber matrix

ML (N.m) | MA(N.m) | ts2 (min) | teoo (Min) | Cure rate index
(min 1)

NR 0.1 6.1 3.8 6.2 415
SNBR 0.1 6.4 3.2 5.2 51.0
10NBR 0.2 6.5 3.0 5.0 49.3
15NBR 0.1 6.4 2.9 5.0 47.4
20NBR 0.1 6.1 2.8 4.7 52.6

NBR 0.5 10.3 24 5.8 29.4

Replacing part of NR with NBR clearly affects the cure

characteristics of NR/PALF composite compounds. The curing behavior of NR/PALF

and NBR/PALF compounds reaches the plateau region with constant Mu, while

NR/NBR/PALF is going through a maximum indicating a reversion process. ts» of
NR/PALF is significantly lower than NBR/PALF from 3.8 to 2.4 min. M. of
than those NR/PALF and
NR/NBR/PALF composites, whereas My is higher from 6.1 to 10.3 MPa.

NBR/PALF composites are three times higher
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For NR/NBR/PALF compounds, ts and tco decrease by
incorporation of NBR from 3.8 to 3.0 min and 6.2 to 5.0 min respectively, however,
they appear not to depend on the amount of NBR. Cure rate indexes increase with the
incorporation of NBR, although it is more important for NBR, but do not depend
significantly on the amount of NBR. My slightly increases by increasing the amount of
NBR in NR/PALF compounds from 6.10 to 6.38 N.m, except for 20NBR compound.

5.1.2.2 Determination of glass transition domain of composites

To gain better insight into the mechanical behavior of the rubber
blend composites, DMTA of NR/NBR/PALF composites with different NBR contents
and of NBR/PALF composite were carried out. The specimen are measured in tension
mode in the same condition as previously indicated. The temperature dependence of
elastic modulus (E") and tan delta of the composites are shown in Figure 5.10. At low
temperatures in the glassy state region, the NBR/PALF composite has the lowest storage
modulus while the NR/PALF composites all have similar higher moduli. As the
temperature increases, the moduli remain roughly constant up to the glass to rubber
transition temperatures. The transitions start at about -62 and -25 °C for the NR pure or
blended and NBR systems respectively. Above the transition, the NBR system has the

lowest value.
10" 1.2
——NR ——NR
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Figure 5.10 Temperature dependences of Elastic modulus E” and tan delta of NR/PALF
with NBR 0, 5, 10, 15, 20 wt% and NBR/PALF composites

The dynamic transition temperatures (Tq) are more clearly seen
in the tan & curves. The control composites NR/PALF and NBR/PALF exhibit the
difference of Tq around -44 and -4 °C respectively. In NR/NBR/PALF composites, the
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intensity of the NR tan 6 peak decreases with increasing NBR content. In the blends, the
NBR tan 6 peak appears only for NBR content above 5 % first as a shoulder and then
more clearly as a peak. The numerical values of E” at 25 °C and tan 6 are listed in Table
5.5.

Table 5.5 Viscoelastic properties of NR/NBR/PALF composites with NBR content of
0, 5, 10, 15 20 wt% of total rubber matrix and NBR/PALF composites

E at Tan é of NR Tan 6 of NBR
25°C
(MPa) Intensity T (°C) Intensity T(°C)
NR 25.0 0.9 -47 - -
S5NBR 24.6 0.8 -46 - -
10NBR 27.9 0.7 -46 - -
15NBR 40.0 0.6 -45 - -
20NBR 28.8 0.7 -46 0.2 -8
NBR 17.3 - - 1.1 -10

E” at room temperature of NR/PALF composites increases from
25.0 MPa up to 40.0 MPa by incorporation of NBR up to 15 wt%. However, E’
decreases to 28.8 MPa by incorporation of NBR 20 wt%. The relationship between tan
d of NR and NBR content is plotted in Figure 5.11. Tan & of NR consequently decreases
by increasing an amount of NBR up to 15 wt% and again, tan 6 of NR increases by
incorporation of NBR 20 wt%. This is due to the difficulty of dispersion of compound
A5 in 20NBR composite (compound A5 contains only NBR/PALF, whereas other
compounds A contain NR/NBR/PALF).



Nuttapong Hariwongsanupab

Tan§ of NR

08|

0.6 |-

0.4

Results and Discussion / 79

N

.

~.

18 5“63 \Q“e.‘l \5“33 1““33

Figure 5.11 Relationship between tan dnr and NBR content

Thermal analysis results are displayed in Figure 5.12 and Table
5.6. T¢s of NR in the blends are not shifted whereas Tgs of NBR in the blends are not
significantly shifted compared to the Tq of NBR/PALF composite.

——— ONBR
T —o— 5NBR
1 |—>—10NBR
T —— 15NBR
—— 20NBR
=4 —+— NBR
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-100 =75

-25 1] 25 50

Temperature (°C)

Figure 5.12 DSC curves of NR/PALF with NBR 0, 5, 10, 15, 20 wt% and NBR/PALF

composites same remarks as previously

Table 5.6 Tgs of NR/PALF with NBR 0, 5, 10, 15, 20 wt% and NBR/PALF composites

Ty NR (°C) Ty NBR (°C)
NR -61 -
SNBR -61 -
10NBR -61 -19
15NBR -61 -20
20NBR -61 -17
NBR - -24
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5.1.2.3 Mechanical properties of NR/NBR/PALF composites

The tensile properties are the most important properties in this
study of the strengths and weaknesses of composite rubber blends. Two-step-mixing of
NR/NBR/PALF composites were first studied. Compound A was prepared by
incorporation of PALF in NBR and small parts of NR before mixing with NR in the
second step. Modulus at 10% strain (E1o) and yield stress (oy) are reported. Moduli at
100% (E100) and 300% strain (Ez00) and onset upturn strain are reported according to the
stress after yield point. Tensile strength and elongation at break correspond to the
ultimate properties of the composites.

Room temperature stress-strain curves of two-step-mixed
NR/NBR/PALF composites are displayed in Figure 5.13. In the low strain region, all
the composites strongly resist the applied stress and the apparent moduli are very high.
The stresses then reach a maximum value being a yield point for each composition.
NBR/PALF composite fails at this point while the others continue to deform. The stress
slightly decreases at the yield point and then remains roughly constant before rising with
a greater slope at high deformations.

14 8

—{+NR —O—5NBR

121 =/~ 10NBR 15NBR
——-20NBR —_—NBR

10 4

Stress (MPa)

0 100 200 300 400 500 600
Strain (%)
Figure 5.13 Stress-strain curves of two-step-mixed NR/NBR/PALF composites with
NBR content of 0, 5, 10, 15 and 20 wt% of total rubber and NBR/PALF composite

These trends can be qualified using Eio and oy as shown in
Figure 5.14. The tensile strength at break of NBR/PALF composite is included for
comparison. E1o of NBR/PALF is lower than that of the composite blends. It should be
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noticed that the failure of the NBR/PALF composite occurring at low strain (30%) is in
marked contrast with that of unblend NR/PALF (500%). By replacing at least 10% of
NR with NBR, oy increases from 4.8 MPa to 5.5 MPa, which are the same level as that
at the break of NBR/PALF. However, incorporation of NBR at 20 wt% decreases E1o
from 15NBR from 4.5 to 3.8 MPa. This might be caused to the difficulty of dispersion
compound A5 in NR matrix (compounds Al — A4 consist of NR, which is accessible to

mix with NR matrix).
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Figure 5.14 Eio and oy of two-step-mixed NR/NBR/PALF composites with NBR
content of 0, 5, 10, 15 and 20 wt% of total rubber and 100 wt% NBR

Similar behavior is also observed for the E100, Which is after the
yield point and Esoo as shown in Figure 5.15. E100 and Ezoo are higher when NBR is
blended into NR/PALF composite. By incorporation of NBR into composites, onset
upturn strain is appearing significantly for lower strains (360 %strain to approximate
275 %strain).
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Figure 5.15 Ei0o, E300 and onset upturn strain of two-step-mixed NR/NBR/PALF
composites with NBR content of 0, 5, 10, 15 and 20% of total rubber

Ultimate properties of these composites are given in Figure
5.16. Tensile strength of NR/PALF composites decreases when NBR is blended at least
10% wt of total rubber. Elongation at break dramatically decreases from 500 to 380%
when the amount of NBR s increased and remains constant when NBR is incorporated
up to 10 wt%.
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Figure 5.16 Tensile strength and Elongation at break of two-step-mixed
NR/NBR/PALF composites with NBR content of 0, 5, 10, 15 and 20 wt% of total rubber
and 100 wt% NBR

The results show that the deformation behavior at low strain of
NR/PALF composite can be improved by incorporation of NBR. Cross-sectioned areas

of tensile-fractured composites were further observed by SEM.
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5.1.2.4 Morphology of tensile-fractured composites

In order to gain better understanding of the mechanical behavior
of NR/PALF composites, the morphology of tensile-fractured composites was examined
with a scanning electron microscope (Figure 5.17). On one hand, the NR/PALF
composite without NBR shows rather clean pull-out of fibers without any remaining
rubber on the fiber surface. On the other hand, the two-step-mixing NR/PALF
composite blended with NBR, despite showing pulled-out fibers, show some material
remaining on their surfaces. It is postulated that this material is NBR which had encased
the fibers, held by “polar” interactions that can be dipole-dipole interaction or hydrogen
bonding. Although NR and NBR are incompatible, the improvement of mechanical
properties of composites blended with NBR is occurred. It is difficult to identify those
encased materials on the fibers. First, AFM was used to study the fiber surface.
However, the specimen cannot be analyzed due to the large difference of modulus of
fiber and rubber. Second, osmium staining was used to stain the tensile-fractured
samples in order to enhance the contrast of rubbers. No changes after staining could be

observed.

54 L x500 200 um

TM-1000_8831 2016/02/17  16:10 L x500 200 um TM-1000_2222 20166217 1811 L x14

Figure 5.17 SEM micrographs of NR/PALF (Al, A2) and two-step-mixed
NR/NBR/PALF with NBR content of 15 wt% of total rubber (B1, B2)
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5.1.3 Discussion

Effect of NBR on the non-reinforced rubber blends will first be discussed in
order to explain the curing behaviors, their mechanical properties and morphology of
the blends. The results of the DMTA and DSC analysis of indicate that NR and NBR
are immiscible as expected and well known [125]. By incorporation of small amounts
of NBR into NR, small nodules of NBR are dispersed in NR. Due to the immiscibility
of the rubbers, the curatives distribution is not identical in each phase. It was reported
by Tinker and co-workers that crosslink distribution in immiscible blends of NR and
NBR is not equal [124]. For NR/NBR blends, Chapman and Tinker suggest that the
primary influence on crosslink distribution is the difference in polarity of the two
rubbers. This difference has an effect on the distribution of curatives and vulcanization
intermediates because of differences in solubility. For example, sulfur will rather
migrate to NBR due to its higher solubility parameter (29.8 MPa*?). The one for NBR
ranges between 17.8 and 21.3 MPa'? depending on the nitrile content whereas NR
solubility parameter is equal to 16.7 MPa2. When using CBS as an accelerator in the
same concentration (1,3 phr), the authors show that the crosslink density of NR is lower
than that of NBR when the ACN content is equal to 34% whereas the reverse is observed
for higher ACN content (41%). It depends on the type of accelerator, curing temperature,
the difference between polarities of rubbers. From the swelling and NMR results, in our
case, it can be concluded that curing additives can migrate from NR to NBR phase. A
small effect can be observed on the kinetics of vulcanization that is accelerated by the
presence of NBR. But Mu reached the plateau region of NR and does not depend on
NBR content. In addition, tensile properties of the blends are similar to NR. It is
suggested that the size of the NBR nodules (about 2.5 um in diameter) is not big enough
to modify significantly the mechanical properties of the matrix. Thus, the diffusion of
curing distribution in the bulk can be neglected in our NR/NBR blends that contain
20 phr of NBR at the maximum.

It is observed from two Tgs and Tgs that NR and NBR are still immiscible
in NR/NBR/PALF composites. The observation of two T¢s of NR/NBR immiscible
blend was also reported by Kader and coworkers [125]. The authors blended NR and
NBR (34%ACN content) at 50/50 (w/w) using trans-polyoctylene as compatibilizer,

however, Tqs of NR and NBR still remained at the same position. Although trans-
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polyoctylene was used to reduce the size of NBR dispersed phase, the authors suggested
that NR and NBR are still immiscible.

Incorporation of NBR into NR containing PALF using two-step-mixing
modify significantly both curing behavior and mechanical properties. NBR is suggested
to encase the fibers due to their close polarities, thus, the distribution of the curatives in
the NR matrix is modified in presence of PALF. The composition of the vulcanization
system corresponds to a conventional one with the level of sulfur (2 phr) equal to twice
the level of accelerator. This system should lead to a preponderance of polysulfidic
crosslinks at optimum cure. These crosslinks are less stable than mono- or disulfidic
crosslinks. However, results obtained on NR/NBR blends do not show a reversion
process in the same conditions of testing.

The curing behaviors of single-step-mixed NR/NBR/PALF composites are
different from two-step-mixed composites, which are displayed in Figure 5.18. The
single-step-mixed composites were produced by mastication of NR and NBR together
followed by the incorporation of PALF and finally the curatives. Hence, NBR is
suggested to disperse in NR rather than encased PALF. While two-step-mixed
NR/NBR/PALF composites all exhibit the reversion process, single-step-mixed
composites reaches a plateau region that is higher than that for pure filled NR without a
reversion. However, it was reported by Chapman and Tinker [124] that curing behaviors
of the immiscible blends are depended on many parameters i.e. ratio of the rubbers, type
of the accelerator, amount and ratio of the accelerator and sulfur and mixing process.
Thus, it is difficult to clarify the curing behaviors of the blends. The effect of the
incorporation of NBR into NR/PALF composites on mechanical properties will be

further discussed.
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Figure 5.18 Cure curves of two-step-mixed and single-step-mixed NR/PALF
composites containing NBR 0, 5, 10, 15, 20 wt% of total rubber matrix

Modulus and strength are modified in both the low and high strain regions.
The following explanation is presented. Interactions between the rubber NR matrix and
the fibers in NBR-PALF are greater than that in NR-PALF due to the more closely
matching polarities of the two phases. This can be seen first by comparing the My
(Figure 5.9) of NR/PALF and NBR/PALF composites. By replacing parts of NR by
NBR, it is suggested that the NBR will encase the fibers. NR and NBR are not miscible
and thus remain phase-separated. However, stress can still be transferred from the NR
matrix to the NBR encased fiber via frictional forces at the rubber/rubber interface. This,
in effect, improves the stress transfer between the rubber matrix and the fibers during
tensile testing. Thus, both E1o and oy should increase, as is observed. When the stress is
greater than the friction at the NR-NBR interface, pull-out of the coated fiber occurs.
This is manifested as a drop in stress similar to that seen in plastic yielding. Turning to
the 20% NBR, the Eio and oy are lower than those of 15% NBR. This is because the
high content of NBR makes the pre-mixed compound A difficult to disperse during
mixing (other compounds A consist of NR, which is accessible to mix with NR matrix).
When the single-step mixing method is used for this high NBR content, the dispersion
problem can be overcome and better low strain properties are then obtained, which are
shown in Figure 5.19. By the way, the onset upturn strain is occurring earlier in two-
step-mixed composites. It seems that it is rather the embedding of the fibers by NBR
that will lead to higher stress transfer between fibers and NR matrix and higher friction

between NR and NBR that would improve mechanical properties.
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Figure 5.19 Stress-strain curves and tensile characteristics of two-step- and single-step-
mixed NR/PALF composites containing NBR 0, 5, 10, 15, 20 wt% of total rubber matrix

5.1.4 Summary

The mechanical properties of NR/PALF can be improved by replacing a
certain amount of the NR matrix with NBR. The level of improvement depends on how
the NBR is introduced into the system. To optimize the effect, the PALF should be first
dispersed in NBR before being added to a NR matrix. It is postulated that NBR encases
the fibers and so improves the stress transfer from the matrix to the fiber. This improves
the moduli at both low as well as at high strains (10% and 300%). Mixing of the same
composition in one step, however, does not provide the same level of improvement

unless there is a very high NBR content.
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5.2 Effect of surface treatment of PALF on NR/PALF composites

The silane treatment of PALF was used to improve interfacial strength
between NR and PALF. Three types of silane containing non-reactive group, double
bonds and sulfidic bonds, were studied in this work. They are named according to their
treatment (Table 5.7). It should be noted that alkali treatment was first treated before
silane treatment. Then, the effect of silane concentration, solvent effect and the washing
method for surface treatment were investigated.

Table 5.7 Name of fibers with different surface treatments

Name PALF Treatment Silane structure
UPALF Untreated PALF -

APALF | Alkali-treated PALF _

OFEt

. . . EtO.
pPSIPALF | Propyltriethoxylsilane-treated PALF S:i/\/
OEt
OFEt P
aSIPALF | Allyltriethoxylsilane-treated PALF siTN"

OE
OFt oo
SSIPALF | Silane-69-treated PALF BIOd g Sag S Sy
|

OEt

Alkali treatment is a pretreatment to remove non-cellulosic substances at the
surface of PALF. Propyltriethoxysilane is considered as reference for a non-reactive
treatment during vulcanization of the rubber. However the surface is becoming
hydrophobic and better compatibility should be observed with hydrophobic NR.
Allyltriethoxysilane is used as a reactive site that contains allyl group. This bond is
proposed to react during co-crosslinking with NR via sulfidic bonds at the allylic
hydrogen atoms. Silane-69 is a silane containing sulfur that provides free sulfur for
co-crosslinking with rubber during the vulcanization at high temperature. The reaction
schemes of silane treatment are proposed in Figure 5.20.

For the treatment, the concentration of silane was fixed at 3 wt% of APALF.
Ethanol/water at the ratio of 80/20 v/v was used as a solvent. After silane treatment,

fibers were washed using solvent at least three times then dried in the oven at 80 °C.
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For non-washing method, which is used as optimized silane amount, solvent was

evaporated using rotary evaporator and the fibers were dried.

o
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Figure 5.20 The reaction schemes of silane treatments

5.2.1 Characterization of fibers
Alkali and silane treatments of fibers were characterized using XPS to
investigate the modified functional groups on the surface of fibers. Silane treatment
using washing method and non-washing method were studied to compare the amount of
silane on the surface of fibers. Weight loss after alkali treatment was 25-30 %, whereas
no weight loss was observed after silane treatment. The morphology of fibers was also
characterized using SEM.
5.2.1.1 XPS analysis
In this work, three types of silane were used to treat on the
surface of APALF. X-ray photoelectron spectroscopy (XPS) were further used to
characterize the elements present at the surface of the fibers. Silane-69 treatment was
used as a representative of other silanes for fiber characterizations due to the presence

of sulfur, which can be identified apart from the cellulose structure. Silane-69
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treatments using washing and non-washing method were analyzed and compared to each
other to quantify the amount of silane on the fiber. Treatment by washing method was
done by washing with ethanol several times after finishing the reaction, while treatment
by non-washing method was done by evaporation of solvent. After these processes,
fibers were dried to remove all residual solvent.

Chemical structure of cellulose and silane-69, which is used as
reference, are displayed in Figure 5.21 and Figure 5.22 respectively. The XPS analysis
is carried out in term of %atomic content, O/C ratio and the binding energies of carbon,

oxygen, silicon and sulfur.

CH,OH

N OH ’ O{\

OH

Figure 5.21 Chemical structure of cellulose

OEt
OEt

Eto/sl‘\/\/S\S/S\S/\/\SL/OEt
OEt |
OEt

Figure 5.22 Chemical structure of silane-69

The experimental result of untreated fiber was first studied.
Wide scan spectra of UPALF is displayed in Figure 5.23, which indicates the relation
between binding energy in electron volt and intensity of the signal. The spectra of PALF
contain 1s electrons of carbon and oxygen. The atomic composition of various surface
treatment fibers and silane-69 are shown in Table 5.8. The theoretical value of O/C ratio
of cellulose from the molecular structure is 0.83. O/C ratio of UPALF is 0.30, which is
lower than that of pure cellulose [128]. This result shows that the surface of UPALF
might be covered by a large aromatic structure of lignin, which the O/C ratio is around
0.30-0.36 [129]. The large aromatic structure of lignin is generated from the
condensation of small aromatic molecules, which are shown in Figure 5.24. However,
no n-t* satellite signal of lignin around binding energy 290-292 eV is observed. Thus,

it is still unclear that the surface of fibers is covered by lignin.
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Figure 5.23 XPS wide scan and high resolution spectra of C1s of UPALF and APALF

Table 5.8 Extracted elemental compositions of UPALF and APALF

Element Cls
C (%) | O (%) | O/C ratio
(%oatomic content) C-C C-OR | C-0-C
UPALF 77.2 22.8 0.30 66.0 24.5 5.7
APALF 75.0 25.0 0.33 60.4 33.3 6.3
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Figure 5.24 Basic chemical structure of lignin [130]

XPS spectra of APALF are analyzed and shown in Figure 5.23
and their experimented values are listed in Table 5.8. The wide scan spectra, carbon
and oxygen atomic contents, and O/C ratio are similar to untreated fiber. C-OR slightly
increases from 24.5 to 33.3% and C-C slightly decreases from 66.0 to 60.4% compared
to UPALF, whereas C-O-C does not significantly changed. It was reported by Islam
[131] that hemicellulose and waxes can be removed by alkali treatment. Waxes removal
results in lower C-C signal, however, XPS analysis cannot be used to distinguish
between hemicellulose and cellulose. This is due to the structure of hemicellulose is
almost similar to cellulose, except for the different sugar units and the degree of
polymerization is lower than cellulose (100 times) [132]. The evidence of hemicellulose
removal can be seen in FTIR analysis, which is shown in appendix C.
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Figure 5.25 XPS Wide scan spectra and high resolution spectra of C1s of fibers with

silane treatments and silane-69 as reference
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Table 5.9 Extracted elemental compositions of PALF with surface treatments. Silane-69

is used as reference.

Element ()

c | o|oc|si| s Cls (%)
(Y%oatomic

(%) | (%) | ratio | (%) | (%) | C-C | C-OR | C-O-C
content)
APALF 75.0 | 25.0 | 033 | - - | 604 | 333 6.3

sSiPALF-alc-nw | 68.0 | 22.0 | 0.33 | 4.0 5.7 |56.3 | 29.8 3.9

sSiPALF-alc 67.8 | 312 | 046 | 05 0.5 | 458 | 441 8.3

Silane-69 61.7 | 184 | 030 | 80 | 13.0 | 450 | 316 -

The effect of silane treatment on fiber by non-washing method
(sSiPALF-alc-nw) was first analyzed. By using this method, silane still remains on the
fiber that could be continued to form network during drying. The wide scan spectrum
of sSiPALF-alc-nw, which is displayed in Figure 5.25, shows the signal of silicon and
sulfur atoms. By the way, O/C ratio is not increased by silane treatment, as shown in
Table 5.9. It can be seen that O/C ratio of sSiPALF-alc-nw is closed to silane-69 and
also APALF. Thus, it is unable to analyze by using O/C ratio. The Cls analysis
confirmed the appearance of C-Si and C-S after treatment. Moreoever, the evidence that
the analyzed area is not only silane-69 is the appearance of O-C-O signal, which is the
signal of cellulose. The relative amount of silane by atomic content of PALF is
calculated. It should be noted that the analyzed surface of fiber is approximately 10 nm.
Thus, the atomic contents include silane on the surface of fiber and parts of cellulose.
The relative amount of silane on the surface of the fibers was 47.4% atomic content
(appendix D).

XPS spectra of silane treatment of fiber using washing method
(3sSiPALF-alc) was analyzed. The elemental compositions of 3sSiPALF-alc and
references including O/C ratio are shown in Table 5.9. O/C ratio increases from 0.34 to
0.46 after silane treatment. Moreover, signals of silicon and sulfur appear, although
their atomic contents are low. The successful treatment is further investigated by
studying the high resolution spectra of C1s. The decreasing of C-C from 60.4 to 45.8%
with the increasing of C-OR from 33.3 to 44.1%, while O-C-O remains the same as
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before treatment, indicates the presence of grafted silane on the fiber. The amount of
C-OR, which increases after treatment, is attributed to residual ethoxyl groups from
silane-69. The signals of C-S and C-Si appear, although the intensities are low. The
amount of silane on the surface of fiber was estimated to 3.8% by atomic content
(appendix D).

5.2.1.2 Fiber morphology by SEM

The effect of treatments on the morphology of fiber was
investigated using SEM. Morphologies of UPALF, APALF and SiPALF are displayed
in Figure 5.26. The hemicellulose removal is confirmed by the partial absence of
binding between elementary fibers. The morphology of fiber after silane treatment is

not changed compared to APALF.

Figure 5.26 SEM micrographs of UPALF (a), APALF (b) and sSiPALF (c)

5.2.2 Effect of type of fiber surface treatment on composite properties

The effect of type of silanes was first studied. For the study of type of
silanes, the treatment condition is 3 wt% concentration of silane. Ethanol/water at the
ratio of 80/20 v/v was used as a solvent. After treatment as previously described, fibers
were mixed with NR and curatives using two-roll mill. Curing behavior of compounds
after mixing was first studied by moving die rheometer (MDR). Then, the study of
reinforcement of NR by PALF was performed by tensile testing and their morphologies
of tensile-fractured specimens was observed by SEM.



Université de Haute Alsace & Mahidol University / 96

5.2.2.1 Cure characteristics
The cure characteristics of NR with different surface-treated
fibers were first investigated. The rheograms of composites are displayed in Figure 5.27

and their cure characteristics are shown in Table 5.10.
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Figure 5.27 Cure curves of NR/PALF composites with different surface treatments of

PALF

Table 5.10 Cure characteristics of NR/PALF composites with different surface
treatments of PALF

ML (N.m) Mu (N.m) ts2 (Min) tcoo (Min)
UPALF 0.1 7.4 3.2 7.3
APALF 0.1 8.6 3.2 6.5
pSiPALF 0.1 7.4 3.5 6.4
aSIPALF 0.1 8.8 3.5 7.9
SSIPALF 0.1 8.8 3.6 6.9

Alkali treatment of fiber improves My of composites from 7.4
to 8.6 MPa, while silane treatments of fiber has no effect on cure behavior of composites,
except for pSIiPALF: UPALF and pSiPALF behave the same curing behavior. Thus,

propylsilane treatment erases the effect of alkali treatment.
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5.2.2.2 Mechanical properties

Tensile properties of composites with different surface
treatments of PALF were studied. The stress-strain curves of composites are displayed
in Figure 5.28. In the low strain region, composites strongly resist to the applied force
and reach the yield point. The effect of interfacial strength between rubber and fiber,
which is the main factor to enhance tensile properties, is observed in this region. After
composites reach the yield point, the applied force slightly decreases to a constant value.
By the way, the failure of NR/surface-treated PALF composites are more rapidly than

UPALF. Ultimate properties are lower by fiber surface treatment.

14 8
=~ UPALF
124+ |—-O—APALF
—/— pSiPALF 6
10+ aSiPALF T A
© —— sSiPALF
S sp A I
= < a4
3 6 4 h<]~‘ ""”"""<}""""'Aﬂ AP 24
c’ y. o ARV, l
5 Il
N 4 |

0 100 200 300 400 500 600 0 20 40
Strain (%)

Figure 5.28 Stress-strain curves of NR/PALF composites with different surface
treatments of PALF

Tensile characteristics of composites are displayed in Figure
5.29. Alkali treatment increases E1o and oy by 49% and 26% respectively compared to
UPALF. However, these values are not further improved by propyl and allyl silane
treatments. Silane-69 treatment is the only one type of silane that can be used to increase
further E1o and oy by 21% and 7% respectively. E1oo and Ezoo slightly increase by alkali
treatment, but there is no significant difference after silane treatments. Tensile strength
and elongation at break significantly decrease by alkali treatment, whereas silane

treatments do not cause significant differences compared to alkali treatment.
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5.2.2.3 Morphology of tensile-fractured composites

The morphology of tensile fractured composites was further
examined by SEM. The images of composites containing untreated, alkali-treated and
silane-69-treated fibers are displayed in Figure 5.30. It can be observed that less pull-
out fibers and voids between NR and fiber occur after alkali and silane treatments. This
observation is consistent with the improvement of mechanical properties of composites

after treatment.

Figure 5.30 SEM micrographs of overall tensile-fractured composites containing
untreated (a), alkali-treated (b) and silane-69-treated (c) fibers and zoom-in of fiber

bundle and elementary fiber

We have clearly shown that alkali treatment followed by
silane-69 treatment of fibers can be used to improve the mechanical properties of
composites. Next, we will attempt to study the effect of silane concentration on fiber

treatment.
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5.2.3 Effect of silane concentration
Silane concentration is one of the important factor that should be controlled
to improve the mechanical properties of composites. On the one hand, low amount of
silane causes less reinforcement effect on composites due to low amount of reactive
sites. On the other hand, excessive amount of silane causes a thick layer, which cannot
ensure efficient stress transfer from the rubber to the fibers. Thus, the appropriate
amount of silane should be considered. Silane-69 was chosen to study the concentration
of silane due to the improvement of mechanical properties. The concentrations of silane
were varied at 0, 0.1, 1, 3, 5, 10 wt% of PALF. After the treatment, fibers were washed
with mixed solvent for several times to remove residual unattached silane. Treated fibers
were incorporated into NR. Cure characteristics and mechanical properties of
composites were studied. Composites were named as xsSIiPALF, where x is silane
concentration.
5.2.3.1 Cure characteristics
The effect of silane concentrations on cure characteristic of
composites was first studied. The rheograms of composites are displayed in Figure 5.31
and their cure characteristics are reported in Table 5.11. It can be observed that silane

concentration does not affect significantly cure characteristics of composites.
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Figure 5.31 Cure curves of NR/silane-treated PALF composites with different silane

concentrations
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Table 5.11 Cure characteristics of NR/silane-treated PALF composites with different

silane concentrations

ML (N.m) Mu (N.m) ts2 (Min) tcoo (Min)
APALF 0.1 8.3 3.2 6.8
0.1sSiPALF 0.1 8.5 3.8 6.4
1sSiPALF 0.1 8.4 3.4 6.6
3sSiPALF 0.1 8.8 3.6 6.9
5sSiPALF 0.1 8.5 3.7 7.4
10sSiPALF 0.1 8.6 3.9 6.7

5.2.3.2 Mechanical properties

The effect of silane-69 concentration on tensile properties of
NR/PALF composites was studied (Figure 5.32). To clarify the uncertainty of tensile
properties, the average values of 5 specimens were reported. The slope at low strain
region is not modified by using silane 0.1 and 1 wt%, while it increases by using silane
3 wt%. The slope is dropped again by using silane 5 wt%, however, it is increased by
using silane 10 wt%. Yield stresses of composites increase only when using silane
concentration at 3%. However, silane concentration does not affect significantly the

ultimate properties.
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Figure 5.32 Stress-strain curves of NR/silane-treated PALF composites with different

silane concentrations

E1o, oy, E100, E300, tensile strength and elongation at break are
displayed in Figure 5.33. Silane treatment at low concentration does not affected on the
low strain characteristics of composites. Eio and oy increase to 6.1 and 7.2 MPa
respectively by incorporation of sSiPALF, which were treated using 3 wt% silane
concentration. By the way, the incorporation of sSiPALF, which was treated using 5
wt% of silane, does not improve the tensile properties at low strain region. Using 10
wit% of silane increases E1o and oy again to 5.5 and 6.6 MPa. To clarify this result, the
experiment was repeated. However, these values of 5sSiPALF are still lower than
3sSiPALF and 10sSiPALF composites. Eioo, Which is indicated to the moderate
deformation region, slightly increases when increasing silane concentration. However,
by incorporation of 5sSiPALF, Eioo does not improve. Eszg, increases when the
concentration of silane reaches to 1 wt% of PALF. The increasing of silane
concentration more than 1 wt% does not further induce an increase of Esgo. Tensile
strength and elongation at break of composites are not affected by silane treatment. It
cannot be distinguished the changing of values due to the high standard deviation.
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Figure 5.33 Tensile properties of NR/silane-treated PALF composites with different
silane concentrations
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Low amounts of silane do not improve the tensile properties
until it reaches an appropriate amount. By the way, abundant amount of silane does not
further improve tensile properties. Hence, 3 wt% silane-69 concentration is chosen due
to the highest enhancement of tensile properties. Next, silane-69, which is treated using
3 wt% of silane concentration will be used to study the effect of solvent on the silane
treatment. 5wt% of silane with the changing of solvent for treatment will also be studied

to clarify the unexpected decrease of Eio and oy.

5.2.4 Solvent influence on silane treatment
Solvent influence on the treatment is also the one of parameters that can be
adjusted to control the treatment. The mixture of ethanol/water or pure ethanol have
been generally used as a solvent for silane-69 treatment [133]. Ethanol is chosen as
main or pure solvent due to the release of ethoxy groups of silane from a hydrolysis
process, which is considered as the similar functionality as ethanol. A minor component
of water can be used as a catalyst for hydrolysis. Thus, the mixture of ethanol/water at
the ratio of 80/20 v/v and pure ethanol were used to study the solvent influence on silane
treatment. The contents of silane-69 were fixed as 3 and 5 wt% of fiber. Composites
were named as xsSiPALF for treated fibers using ethanol/water as a solvent and
xsSiPALF-alc for treated fibers using pure ethanol as a solvent.
5.2.4.1 Cure characteristics
The solvent influence of silane treatment on cure characteristics
are displayed in Figure 5.34 and Table 5.12 respectively. Treated fibers using pure
ethanol as a solvent increase tcoo and My of composites from 6.5 to 9.2 min and 8.6 to

9.0 MPa respectively compared to those fibers using ethanol/water as a mixed solvent.
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Figure 5.34 Cure curves of NR/silane-treated PALF composites with different solvents

for silane treatment of PALF

Table 5.12 Cure characteristics of NR/silane-treated PALF composites with different

solvents for silane treatment of PALF

ML (N.m) Mn (N.m) ts2 (Min) tcoo (Min)
APALF 0.1 8.6 3.2 6.5
3sSiPALF 0.1 8.5 3.6 6.9
3sSiPALF-alc 0.1 94 34 9.2
5sSiPALF 0.1 8.5 3.7 7.4
5sSiPALF-alc 0.1 9.0 3.6 9.3

5.2.4.2 Mechanical properties

The solvent influence of silane treatment on tensile properties
was studied. The stress strain curves and expanded low strain region are displayed in
Figure 5.35. At low strain region, using pure ethanol as a solvent causes higher slope,
modulus at low strain and also yield stress of composites. Treated fiber using silane 5

wit% results in the same tensile behavior as treated fiber using silane 3 wt% when pure
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ethanol is used as solvent. The results are overcome the lower of tensile properties of

5sSiPALF when ethanol/water is used a mixed solvent.
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Figure 5.35 Stress-strain curves of NR/silane-treated PALF composites using different

solvents for silane treatment of PALF

E1o, oy, E100, E300, tensile strength and elongation at break are
displayed in Figure 5.36. An increase in E1q is observed in all cases except for 5sSiPALF
for which a significant decrease is observed. Moreover, oy for this last composite is
lower than composite containing APALF. Other silane treatments increase oy. E100 and
Ezo0 of 5sSiPALF composite, which drop after treatment using mixed solvent, are
increased to the same values as 3sSiPALF composite by using pure ethanol as a solvent.
Using either mixed solvent or ethanol as a solvent for the treatment does not changed

ultimate properties.
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Figure 5.36 Tensile strength and elongation at break of NR/silane-treated PALF

composites with different solvents for silane treatment of PALF
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Tensile properties of NR/silane-treated PALF composites are
improved by changing the solvent from the treatment process. Pure ethanol can be used
as a solvent, which is more effective for treatment using silane concentration 5 wt%.
The effect of treatment method will be further studied in order to reach the optimum

tensile properties.

5.2.5 Method of treatment
The termination of silane treatment was studied to understand the effect of
excessive amount of silane on the surface of fiber. In this study, Silane-69 3 wt% of
fibers was treated using pure ethanol as a solvent. Two termination methods of
treatment were proposed, which are washing method and non-washing method. After
fibers have reacted with silane solution, fibers were washed with solvent for at least
three times to remove all residual unattached ingredients then dried. For non-washing
method, after the reaction was finished, solvent was evaporated slowly in order to get a
large amount of silane on the fibers. Fibers were further fried at 80 °C to achieve silane-
grafted fiber. Composites containing Si-69-treated PALF with non-washing method
was named as 3sSiPALF-alc-nw. From the results of XPS in section 5.2.1.2, using non-
washing method provides higher amount of silane rather than washing method.
5.2.5.1 Cure characteristics
Cure behavior of NR/sSIPALF composites with different
treatment methods were studied. The rheograms of composites are shown in Figure
5.37 and their cure characteristics are illustrated in Table 5.13. Cure behavior of silane
treatment using non-washing method shows a reversion process, which is different from
treatment using washing method. ts2 and tcoo are significantly lower than those of

washing method, whereas My is slightly lower.
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Figure 5.37 Cure curves of NR/silane-treated PALF composites with different treatment

methods

Table 5.13 Cure characteristics of NR/silane-treated PALF composites with different

treatment methods

Mc (N.m) Mu (N.m) ts2 (min) tcoo (MinN)

3sSiPALF-alc 0.10 9.39 3.4 9.2

3sSiPALF-alc-nw 0.11 8.53 2.7 5.3

5.2.5.2 Mechanical properties

Stress-strain curves of NR/3sSiPALF composites with different
treatment methods are displayed in Figure 5.38. Method of treatment affects the tensile
properties at high deformation of composites. Young’s modulus of 3sSiPALF-alc-nw
is slightly higher than 3sSiPALF-alc. However, after the yield point, the curve is not
smooth and ultimate properties are significantly lower, compared to composite

containing fibers that was washed. No upturn in the stress strain curve is obtained in

both composites.
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Figure 5.38 Stress strain curves of NR/silane-treated PALF composites with different

treatment methods

E1o, oy, E100, E300, tensile strength and elongation at break are
shown in Figure 5.39. E1o of composites containing fiber with non-washing treatment is
slightly higher than that of washing treatment. oy remains a constant value. Eioo Of
3sSiPALF-alc-nw is slightly higher than 3sSiPALF-alc. Both tensile strength and

elongation at break are significantly lower than composite containing fiber with washing

treatment.
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Figure 5.39 Tensile properties of NR/silane-treated PALF composites with different
treatment methods
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5.2.6 Discussion

The surface treatments of fibers including alkali and silane treatments were
studied. These fibers can be used to improve the mechanical properties of composites
in low strain region. We will now attempt to explain, first, the successful treatment of
fiber. After that, the discussion of the effect of fiber surface treatment on the mechanical
properties of composites will be presented.

The surface of untreated PALF is not an exact cellulose structure, which can
be observed from XPS analysis on O/C ratio. O/C ratio of UPALF is 0.30, while
cellulose is 0.83. A similar result was reported by Tran [129] that the O/C ratio of
untreated coir fiber is 0.29. It is suggested that the surface of fiber might be covered by
lignin, which O/C ratio is around 0.30 — 0.36 [129]. Lignin is a binding substance
between cell fibers and vessel, thus, it can be used to partially reinforce the fiber. The
mechanical properties of fibers decrease by delignification [129], [134]. Thus, it is not
mandatory to remove lignin from the fiber for reinforcing composite. However, no n-n*
satellite signal of aromatic rings of lignin is observed. Thus, the chemical structure of
the surface of PALF is still unclarified.

It is clearly observed that alkali treatment can be used to remove
hemicellulose. With the appropriate condition i e. NaOH concentration or soaking time,
hemicellulose can be removed without damaging fibers [92]. The atomic compositions
of fibers with alkali treatment are not significantly modified from untreated fibers. This
is due to the structure of hemicellulose, which is almost similar to cellulose, except for
the different sugar units and the degree of polymerization is lower than cellulose (100
times) [132]. Weight loss after alkali treatment is 25-30 %, thus, the volume fraction of
the fibers is higher when incorporate the same weight of fibers into composites. The
surface of fibers is cleaned and seems to be smoother after the treatment, which can be
further used for another specific treatment.

Silane was grafted on the surface of alkali-treated fibers using both washing
and non-washing methods. Silane treatment using washing method provides a thin layer
of silane on the surface, which cannot be observed by SEM. The similar result was
reported by Zhou and coworkers that sisal fibers were treated by silane [135]. The
appearance of sulfur and silane signals and the increasing of O/C ratio by XPS analysis

indicate the successful silane-69 treatment. Huda reported the similar result of the
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increasing of O/C ratio after silane treatment on poultry feather [136]. It was suggested
that the increasing of oxygen atoms refers to high hydroxyl group content, which was
grafted silane on the surface of fiber. The relative amount of silane to fiber, which is
calculated from XPS analysis, is equal to 3.8% by atomic content. The difference after
silane treatment with non-washing method still cannot be detected by FTIR and
observed by SEM. The appearance of sulfur and silane signals in wide scan XPS
spectrum indicates the successful treatment with high silane amount on the surface. O/C
ratio is closed to silane-69. The relative amount of silane is higher than washing method,
which is 47.4% by atomic content.

These fibers were used to reinforce rubber. The improvement of mechanical
properties of composites with different fiber surface treatment will be explained. Type
of silane, silane concentration and solvent effects using silane washing method on the
mechanical properties of composites will be first presented. Then, the effect of an
additional step of washing will be discussed.

Alkali treatment improves curing behavior of composites in term of M.
The rise of My of NR/isora fiber composite by alkali treatment was also reported by
Matthew and coworkers [80]. In addition, alkali treatment has the efficient reinforcing
effect to improve tensile properties of composites in the low strain region. This is due
to higher volume fraction of cellulose after treatment and higher mechanical interaction
between rubber and fiber. Weight loss after alkali treatment is 25-30 %, thus, the
volume fraction of fibers in composites is higher. Moreover, it was reported that
polymer can penetrate into bundles of fibers, which results in a better mechanical
interlocking between matrix and fiber [95,97,137].

The effect of silane containing propyl as functional group is first discussed.
The treatment is expected to decrease the different of surface energies between fibers
and rubber. pSIPALF causes slightly decrease of My on curing behavior of composite,
whereas it does not modify the mechanical properties of composites. The similar result
was reported by Abdelmouleh and co-workers [138]. The authors treated
hexadecyltrimethoxysilane (HDS) on natural fibers and then incorporated into NR
matrix, however, no evolution of E” is observed. It is suggested that the improvement
of hydrophobicity of fiber is not enough to affect the mechanical properties of

composites.
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Chough reported that the vulcanization of rubber occurred between the
allylic hydrogen atoms of rubber chains [139]. Allyl group on fiber after treatment
represents a reactive site for coupling with polymer between allylic hydrogen atoms of
NR and fiber. There is no report on the use of allyl silane in NR containing fibers or
silica. Allyl silane treatment still does not modify the curing behavior or mechanical
properties of composites. It is suggested that the crosslinking reaction between allyl-
silane-treated fiber and NR might not occur, as the result is similar to propyl silane
treatment. Thus, only the reduction of surface energies between fiber and NR might be
not high enough to affect the composites.

Only silane-69 treatment can be used to enhance the mechanical properties
of composites. Silane-69 is not only used to reduce the polarity of filler, it also provides
free sulfur, which can co-crosslink with rubber [107]. Hence, the enhancement of stress
transfer can be achieved by this covalent bonds between them. In a previous work,
silane-69 can be directly incorporated during mixing with silica [110]. By the way, the
surface area of short macro fiber is lower than silica. Thus, the surface treatment of
fiber has been used to optimize the mechanical properties of composites. Loppattanon
et al. reported that the silane-69 treatments of silica and cellulose improved E100 by 8%
of hybrid NR composites [115]. However, no yield point was observed on their
composites due to its low uniaxial stress-strain response. Their fibers are in the length
of 120 um and diameter of 20 um, whereas PALFs in our research are in the length of
6 mm and diameter of elementary fiber of 3 um (the bundle diameter is 18 um). Eio
and oy of composites are significantly improved by 21% and 8% respectively using
silane-69 treatment. The mechanical properties of composites can be improved due to
better stress transfer between rubber and filler. Thus, silane-69 was chosen to optimize
the mechanical properties of composites. Next, the effect of silane-69 concentration
will be discussed.

The appropriate amount of silane on the surface of fiber was studied by
varying amount of silane during treatment from 0 to 10 wt% of fiber. Small amounts of
silane at 0.1 and 1 wt% of fibers do not modify the mechanical properties of composites.
This is due to low chemical crosslinking between fiber and rubber because the amount
of silane is not high enough. When the silane concentrations reach 3 and 10 wt%,

mechanical properties at low strain region are significantly increased to the same value.
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The co-crosslinking between rubber and fiber can occur, leading to the enhancement of
mechanical properties. It was reported that the first mono layer of silane has a strong
chemical interaction with substrate [140]. The next layers near the interface are
adsorbed layers. The outer layers are loosely bound with other layers, which are able to
be removed by solvent extraction. Thus, it is suggested that the excessive amounts of
silane at the outer layers are removed when using high concentration. Surprisingly, 5
wit% of silane treatment does not increased the properties of composites, as expect to be
in the same level of 3wt% or 10 wt%. Silane treatment using silane 5 wt% had been
reproduced several times, however, no improvement in mechanical properties was
observed. This might be due to a solvent influence on the treatment. Thus, the solvent
effect on silane treatment will be further discussed.

The solvent effect on silane-69 treatment using 3 wt%, which enhances the
mechanical properties, and 5 wt%, which reproduces to understand the unexpected
properties of composites, are investigated. Ethanol/water with a ratio of 80/20 v/v and
pure ethanol are investigated. Using ethanol as a solvent for silane 3 wt% treatment
causes the similar mechanical properties as using mixed solvent. Eip and oy of
composites using 5 wt% silane treatment are increased by using pure ethanol as a pure
solvent. These values are consistent with the previous study on the silane concentration,
which the amount of silane is excess at 3 wt% of treatment. Thus, pure ethanol
represents an effective solvent to treat the fibers as a lower standard deviation on
mechanical properties results is observed. Now, it can be summarized that the
appropriate condition is using silane-69 for 3 wt% of fiber and pure ethanol as a solvent
for the treatment. Next, the effect of different termination methods of treatment will be
explained.

The termination method of treatment also affected curing behaviors and
mechanical properties of composites. Washing and non-washing methods were studied.
From the result of XPS analysis, the relative atoms of silane molecule on the washing
method is 3.8% and non-washing method is 47.4% by atomic content. Using
non-washing method causes shorter cure time than washing method due to a large
amount of silane, which has more active sites to react with rubber. Non-washing method
causes the reversion process due to the excess sulfur from silane, which polysulfidic

bonds can be broken [118]. Non-washing treatment causes higher mechanical
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properties at low strain region, however, ultimate properties are significantly decreased.
It can be explained that a high amount of silane can crosslink with rubber, however,
polysulfidic bonds might be broken into mono- or di- sulfidic bonds. These shorten
sulfidic bonds enhance the stiffness of composites, however, they can reduce the

ultimate properties.

5.2.7 Summary

Alkali treatment can be used as a pretreatment on fiber and silane is
successfully treated on alkali-treated fiber. The mechanical properties of NR/PALF are
improved by silane treatment. Silane-69 treatment enhances the interfacial stress
between rubber and fiber by chemical crosslinking between them. The optimum
condition is using silane-69 for treatment at concentration of 3 wt% of PALF using
washing method. Pure ethanol is used as a solvent. This treatment condition will be
further used to study the effect of silane treatment on NR/PALF/carbon black hybrid

composites.

5.3 Comparison between the effect of NBR and silane treatment on the

mechanical properties of NR/PALF composites

The reinforcing effects of the incorporation of NBR into NR/PALF
composites and the incorporation of surface-treated PALF are compared. Composites
with highest mechanical properties, which were studied in the previous parts, are chosen
to compare with each other. 15NBR content corresponds to the highest improvement
of tensile properties for the incorporation of NBR in the composite. No treatment of the
fibers is performed. The properties of these composites are compared to those containing
alkali-treated PALF (APALF) and silane-treated PALF (3sSiPALF-alc). Tensile results
of NR (with untreated PALF), 15NBR (with untreated PALF), APALF and sSiPALF
composites are shown in Figure 5.40. It should be noted that NR/PALF prepared by
two-step mixing is similar to single-step mixing. Both incorporation of NBR and
surface treatment of PALF lead to the increase of the initial modulus at low strain region
and also to the stress at yield point. This result shows the successful improvement of
the stress transfer between matrix and PALF.
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Figure 5.40 Stress-strain curves of NR, 15NBR, APALF and 3sSiPALF-alc composites.
UPALF was incorporated into NR and 15 NBR. All composites contain PALF 10 phr.

Tensile characteristics of these composites are shown in Figure 5.41. By
silane treatment of PALF, the improvement of E1o is about 80% higher than UPALF,
whereas APALF does 45% of the improvement. The incorporation of NBR improves
E1o by about 30%. This improvement of Eio is similar to oy, which silane treatment
causes highest 6y. Thus, NR/silane-treated PALF composites show higher modulus and
oy than that of NR/NBR/PALF composite. This important result indicates that the stress
transfer between NR and PALF is more improved by chemical crosslinking between
NR and Silane-69-treated PALF than by incorporation of NBR in the blend. Earlier
upturn stress is obtained only by incorporation of NBR, whereas surface treatment
causes no upturn stress of composites. NBR encases the fiber, leading to the
enhancement of stress transfer and high deformation by friction and physical interaction

at the interface between matrix NR and NBR covering the fibers.
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Figure 5.41 Tensile properties of NR, 15NBR, APALF and sSiPALF-alc composites

However, in all composites, the ultimate properties, e.g. tensile strength and
elongation at break, decrease by both incorporation of NBR and fiber surface treatment.
Hence, in the next sections, the incorporation of carbon black combining either NBR or
surface-treated PALF in order to improve mechanical properties at high deformation

will be further studied.

5.4 Effect of NBR on NR/PALF/carbon black hybrid composites

From the previous results, tensile properties at low strain region of
NR/PALF composites were successfully improved by incorporation of NBR. However,
the ultimate properties such as tensile strength and elongation at break of the composites
were still lower. Inorder to improve tensile properties at high deformation, carbon black

was further incorporated into NR/NBR/PALF composites. Thus, tensile properties of
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NR/PALF could be improved at both low and high strain regions. The effects of filler,
carbon black, NBR contents have been investigated. The proper sequence of mixing
was also studied to optimize the properties of the composites. Composites were named
as XNBRyUPzCB, where UP is untreated PALF, x is NBR content, y is PALF content

and z is carbon black content. Composites without NBR were named as NRyUPzCB.

5.4.1 Filler effect

Shape of fillers can affect the properties of composites [141]. Thus, the
effect of fillers on the properties of NR and 20NBR was first studied. PALF, carbon
black and hybrid PALF/carbon black were chosen as the fillers. The effect of NBR on
the properties of NR with different fillers has been investigated. In this study, PALF
and carbon black were fixed at 10 and 30 phr, respectively. First, NR/carbon black
masterbatch was dispersed in NR. Amount of NBR was added in this step. After
rubbers and masterbatch of NR and carbon black were mixed homogenously, PALF was
incorporated into the mixture, followed by curing additives. Cure characteristics were
first studied to understand the curing behaviors. Then, Tgs of rubbers with fillers were
determined using DMTA. Tensile properties of composites were measured and used to

study the role of fillers and also effect of NBR in composites.

5.4.1.1 Cure characteristics

Cure characteristics of NR and NR/NBR blend with the weight
ratio of 80:20 (20NBR) were first studied. Rheographs of NR and 20NBR with different
types of fillers are shown in Figure 5.42 and their numerical values of cure
characteristics are reported in Table 5.14. The incorporation of NBR in NR change only
slightly the cure behavior of NR. When fillers are added, the effect becomes more drastic
on both vulcanization kinetics and cure characteristics. Moreover, incorporation of
hybrid fillers leads to reversion process whereas the incorporation of carbon black or

PALF leads to an equilibrium process.
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Figure 5.42 Cure curves of unfilled rubbers, composites with PALF, carbon black and
PALF/carbon black. Open symbols represent NR and half-open symbols represent
20NBR as matrices

Table 5.14 Cure characteristics of unfilled rubbers, composites with PALF, carbon
black and PALF/carbon black

ML Mn ts2 (min) tcoo (Min)
NR 0.1 4.8 3.9 7.4
NR10OUP 0.1 7.4 3.2 6.5
NR30CB 0.1 8.8 2.4 5.5
NR10UP30CB 0.2 10.4 2.4 5.8
20NBR 0.1 4.7 3.3 7.6
20NBR10UP 0.2 7.9 2.4 5.6
20NBR30CB 0.4 10.7 1.7 5.0
20NBR10UP30CB 0.6 12.8 1.7 5.4
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The presence of NBR in the compounds affects the cure
characteristics. My, ML and tcoo remain roughly unchanged for unfilled blend while ts
slightly decreases. The effect depends on the type of fillers. NBR causes a higher
increase in M. and Mn for carbon black filled compound than PALF filled compound.
NBR also causes the reduction in both ts> and tceo for carbon black filled and PALF filled
compounds. The incorporation of NBR in NR/PALF/carbon black hybrid compound
further increases both My and My, reduces ts> while it does not affect tcoo.

5.4.1.2 Dynamic mechanical thermal analysis

In order to understand the effect of filler on composites and also
their distributions in the immiscible NR/NBR blend, dynamic mechanical-thermal
analysis (DMTA) of composites was carried out. Graphs of elastic modulus (E”) and
tan o vs temperature are illustrated in Figure 5.43 and their numerical values at specific
temperatures are shown in Table 5.15. At low temperature, T < Ty, composites are in
the glassy state. As the temperature increases, E* of all materials sharply drop at
approximately -60 °C which in the glass transition behavior of NR. The drop of E at
this temperature depends on the filler. The curves of E” and tan & of unfilled rubbers
(NR and 20NBR) after Tg of NBR are not smooth due to the slippage of rubbers during
testing. For composites containing NBR, the shoulder at the temperature around -20 °C
is observed. Unfilled rubbers have the lowest E” when the temperature is higher than Tg,
whereas rubbers containing hybrid PALF/carbon black fillers have the highest E”.
Incorporation of PALF increases E” more than carbon black does. E" of PALF-filled
NR increases from 2.04 to 19.8 MPa, whereas carbon black is 8.97 MPa. Tq can be
observed from tan  against temperature. The peak position of the tan & does not greatly
depend on the fillers. The intensity of tan & is mainly affected by fillers. By
incorporation of fillers, tan 6 decreases corresponding to the sharp drop of E. The
intensities of Tq of rubbers containing hybrid fillers are the lowest, whereas those of
unfilled rubbers are the highest. PALF causes a higher decrease in tan & than does

carbon black.
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Figure 5.43 Temperature dependences of Elastic modulus (E”) and tan delta of unfilled
rubbers, composites with PALF, carbon black and PALF/carbon black

Table 5.15 Viscoelastic properties of unfilled rubber, composites with PALF, carbon
black and PALF/carbon black

E"at Tan oNR Tan onBR

25°C

(MPa) Magnitude T (°C) Magnitude T (°C)
NR 2.0 2.5 -47 - -
NR10UP 19.8 0.9 -48 - -
NR30CB 9.0 1.3 -47 - -
NR10UP30CB 51.0 0.7 -48 - -
20NBR 2.7 1.7 -49 0.2 -11
20NBR10UP 29.4 0.7 -48 0.2 -11
20NBR30CB 10.1 0.7 -48 0.4 -11
20NBR10UP30CB | 120.8 0.4 -50 0.2 -11

The incorporation of NBR has affected E* and tan & of
composites. The second drop of E” is observed when the temperature reaches
around -10 °C, which corresponds to the dynamic transition temperature of NBR. E” at
room temperature of those rubbers containing NBR is higher than NR for all types of
filler. The increasing of E” by NBR is significantly increased in PALF-filled composite
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by about 50% and PALF/carbon black-filled composites by 140%. The magnitude of
tan o relates with the amount of filler in the corresponding matrix phase. Thus filler
distribution in each phase of immiscible rubber blends can be deduced. Two tan d peaks
are observed corresponding to the Tgs of NR and NBR at around -44°C and -10°C,
respectively. Tan dnr magnitudes of composites significantly decrease with the addition
of either carbon black or PALF and further decrease to the lowest value when both
carbon black and PALF with NBR are incorporated. The magnitude of tan dngr Of
20NBR30CB is higher than other samples. By the way, the incorporation of carbon
black into NR/NBR/PALF composites does not modify this value. This indicates that in
presence of fibers, the effect of carbon black in NBR is neglectable. Moreover, once
carbon black is incorporated into NR, the migration is rarely occurring [42]. Thus, by
mixing scheme A, carbon black is mainly distributed in NR phase. This phenomenon
will be confirmed in section 5.4.2.2.

5.4.1.3 Mechanical properties

The effect of fillers on tensile properties was studied. Stress-
strain curves of NR and 20NBR with different types of fillers are displayed in Figure
5.44. It should be noted that NBR has a secondary effect on the stress-strain behavior.
Unfilled rubbers and carbon black-filled rubbers exhibit low modulus at low strain
region, while PALF-filled rubbers and hybrid-filled rubbers exhibit greater resistance to
the applied strain and moduli are much higher. Those composites exhibit yield-like
behavior, then the stress slightly decreases and remains roughly on a constant level. At
high strain region, unfilled rubbers and carbon black-filled rubbers exhibited greater
slope, while PALF-filled composites exhibited lower slope. It can be summarized that
PALF increases modulus at low deformation, whereas carbon black increases stress at
high deformation. In hybrid composites in which both PALF and carbon black are

present, the applied stress over the whole strain region increased.
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Figure 5.44 Stress-strain curves of unfilled rubbers, composites with PALF, carbon
black and PALF/carbon black. Open symbols represent NR and half-open symbols

represent 20NBR as matrices

Average values of tensile characteristics are shown in Figure
5.45 and Figure 5.46. Effect of NBR can be clearly seen by considering these graphs.
The effects are more pronounced in E1o and oy. E3z00, Onset upturn strain, tensile strength
and elongation at break are not much affected.

The effect of replacing parts of NR with NBR on E1o and oy will
now be considered. For unfilled and carbon black-filled NR, NBR causes no change in
these values. For PALF-filled composites, E1o and oy of NR composites significantly
increase by replacing some parts of NR with NBR. Eio of PALF-filled increased 25%,
whereas oy increases by 10%. The improvement is higher for hybrid-filled composites,
as Ei1o increases by 35%, whereas oy increases by 25%.



Nuttapong Hariwongsanupab

Modulus at 10% strain (MPa)

0 55
onfte? 40P 3“03\0\)?3003

Yield stress (MPa)

Results and Discussion / 125

0 t

\)“ﬁ‘\\‘ed AQUP 3“03,\0\)%003

Figure 5.45 E1o and oy of unfilled rubbers, composites with PALF, carbon black and

PALF/carbon black

16

144

124+

104

Modulus at 300% strain (MPa)
(-]

\)r\i'\\\ed

40

35+

304+

254

204

151+

104

Tensile strength (MPa)

\)(\i'\\\ed AQUP aqc® \0\)?3003

Onset upturn strain (%)

Elongation at break (%)

500

400 4

300 +

200 -+

100 ~

700

600 -

500 4

400 -

\)(\'(\\\ed AQUP aqc® ,\0\)?3006

Figure 5.46 Esoo, Onset upturn strain, tensile strength and elongation at break of unfilled

rubbers, composites with PALF, carbon black and PALF/carbon black
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It is clear that tensile properties of NR can be improved by the
incorporation of PALF and carbon black. PALF improves tensile properties at low
deformation, while carbon black improves tensile properties at very high deformation.
The incorporation of NBR improves tensile properties of PALF-filled and hybrid-filled
composites at low strain due to the better stress transfer, which was discussed in the
previous section 5.1. The magnitude of tensile properties improvement i e. E1o and oy
of hybrid-filled composite is higher than PALF-filled composite. To understand the role
of carbon black and NBR in more details, we will attempt to study the effects of carbon

black content and also NBR content based on NR/PALF composites.

5.4.2 Effect of carbon black content
Carbon black has been generally used to reinforce rubbers due to strong
interactions between them [48,142-143]. In last decade, carbon black has been also used
as a hybrid filler with fibers to reinforce rubber at both low and high deformation regions
[117,118]. The effect of carbon black content of NR/PALF and NR/NBR/PALF
composites on cure characteristics was studied. Carbon black contents were varied at
0, 10, 20, 30 phr, while PALF content was fixed at 10 phr. After that, the distribution
of carbon black in the blends containing PALF was investigated. Finally, tensile
properties were characterized to study the improvement of composites by the
incorporation of carbon black.
5.4.2.1 Cure characteristics
The rheograms and cure characteristics of NR and 20NBR
composites with different amounts of carbon black are illustrated in Figure 5.47 and
Table 5.16. Carbon black content affects directly the cure characteristics of composites
in term of reversion process and Mu. The reversion process occurs and is clearly seen

when carbon black content increases.
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Figure 5.47 Cure curves of composites containing different amounts of carbon black.
Open symbols represent composites without NBR and half-open symbols represent

composites with NBR

ts2 and tcoo decrease by incorporation of carbon black by 30%
and 23% respectively and do not depend on carbon black content. My increases by
increasing the amount of carbon black.

Replacing part of NR with 20 wt% of NBR does not change the
reversion process, while it reduces ts> and tcoo comparing to NR composites with the
same carbon black content. NBR does not significantly affect My of composites when
carbon black content is low (0 and 10 phr), whereas it increases My when carbon black
is incorporated at 20 and 30 phr. The difference between My of composites containing
NBR is higher when carbon black content increases, which increases by 15% for carbon
black 20 phr and 20% for carbon black 30 phr. The improvement of My by carbon black
and NBR in NR/PALF composites indicates the combined reinforcing effects of carbon
black and NBR.
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Table 5.16 Cure characteristics of NR and 20NBR composites containing different

amounts of carbon black

Composites ML Mn ts2 (min) tcoo (MinN)

NR 0.1 7.4 3.2 6.5
0CB

20NBR 0.2 7.9 2.4 5.6

NR 0.1 8.6 2.3 5.0
10CB

20NBR 0.2 8.7 1.9 4.3

NR 0.2 94 2.3 5.1
20CB

20NBR 0.3 11.0 1.8 4.5

NR 0.2 10.4 2.4 5.8
30CB

20NBR 0.6 12.8 1.7 54

5.4.2.2 Dynamic mechanical thermal analysis

To understand the role of carbon black on the enhancement of
modulus in NR/PALF and NR/NBR/PALF composites and its distribution in immiscible

rubber blends, DMTA was carried out. The temperature dependence of E” is shown in

Figure 5.48. From the plotted between E” vs carbon black content in Figure 5.48, E” of

NR composites increases linearly when carbon black content increases up to 20 phr and

remains the same when carbon black is incorporated to 30 phr. When NBR is

incorporated, the linear relationship between E” vs carbon black content is observed. E

at room temperature of those NR composites increases up to 180% by increasing carbon

black content up to 20 phr, whereas E” at room temperature of 20NBR composites

further increases up to 310% by incorporation of carbon black 30 phr. Thus, E of

composites containing NBR is higher than those composites without NBR and the

difference of E” is higher when carbon black content increases.
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Figure 5.48 Temperature dependences of elastic modulus (E) of NR/PALF and

NR/NBR/PALF composites containing different amounts of carbon black

E” at room temperature of composites without carbon black
increases 50% by incorporation of NBR, whereas E” composites with carbon black 30
phr increases 140%. The enhancement of E” is consistent with the increasing of M,
thus, it indicates the combined reinforcement effects of carbon black and NBR in
NR/PALF composites.

Tqs are more clearly seen in the tan delta curves, displayed in
Figure 5.49. Tgs are not shifted by incorporation of carbon black. The intensity of Tq of
NR, which is observed at lower temperature, decreases about 40% by increasing carbon
black content to 20 phr. This Tq does not further decrease by adding 30 phr of carbon
black. Unlike NR/PALF composites, Tq of NR decreases continuously 60% by
incorporation of carbon black up to 30 phr in NR/NBR/PALF composites. The
unchanged Tq of NBR when carbon black content increases in the composites indicates

that carbon black was incorporated mainly in NR phase.
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Figure 5.49 Temperature dependences of tan delta of NR/PALF and NR/NBR/PALF

composites containing different amounts of carbon black

5.4.2.3 Mechanical properties

The effect of carbon black on tensile properties of the same

samples was studied. Stress-strain curves of composites without NBR are displayed in

Figure 5.50, while those composites with NBR are displayed in Figure 5.51. It can be

seen that the curves are rough when carbon black is incorporated at 10 and 20 phr in NR

composites and clearly seen in 20NBR composites. This might be due to the low

reinforcing effect of carbon black.
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Figure 5.50 Stress-strain curves of NR/PALF composites containing different amounts

of carbon black
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Figure 5.51 Stress-strain curves of NR/NBR/PALF composites containing different

amounts of carbon black

Eio and oy are shown in Figure 5.52. Carbon black does not
increase E1o and oy of composites without NBR, except for composite containing carbon
black 20 phr. Higher values of E1o and oy can be achieved in composites with NBR.
E1o0 increases from 4.8 to 6.3 MPa and oy increases from 5.5 to 7.0 MPa by incorporation
of 10 phr of carbon black. These values do not further increase by increasing carbon

black content.
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Figure 5.52 E1g and oy of NR/PALF and 20NBR/PALF composites containing different

amounts of carbon black
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The reinforcement of NR/PALF composites by carbon black is
clearly seen at high deformation region. Onset upturn strain, Ezoo, tensile strength and
elongation at break are displayed in Figure 5.53. Onset upturn strain decreases from
350 to 250 % strain by increasing carbon black content up to 30 phr. Esoo and tensile
strength increase too. By the way, the incorporation of NBR into the hybrid composites
does not significantly improve tensile properties at high deformation. Onset upturn
strain and elongation at break are similar to composites without NBR, whereas Ezoo
slightly increases. It can be seen that the decreasing of tensile strength by the
incorporation of NBR into NR/PALF composites can be solved by carbon black, which
improves tensile strength to reach the same value as composites without NBR for all

carbon black content.
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Figure 5.53 Eszpo, Onset upturn strain, tensile strength and elongation at break of
NR/PALF and 20NBR/PALF composites containing different amounts of carbon black
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The incorporation of carbon black improves tensile properties
of composites, especially at high deformation region. These properties could further
enhance NR/PALF composites in presence of NBR. As a result of the distribution of
carbon black in mainly NR phase (From DMTA result in section 5.4.2.2), NBR can be
used to enhance the stress transfer between carbon black-filled matrix and PALF, which
leads to higher E1o and oy. Thus, the effects of rigidity of NR by carbon black and the
enhancement of stress transfer between NR and PALF by NBR lead to the improvement
of tensile properties of composite. Next, the effect of NBR content will be further

studied to understand the role of NBR on hybrid composites.

5.4.3 Effect of NBR content
The results of the incorporation of NBR into NR/PALF composites from a
previous part (5.1) show that NBR can be used to improve the stress transfer between
NR matrix and PALF. In this study, the effect of NBR on the NR/PALF/carbon black
hybrid composites was investigated. The amounts of NBR were varied as 0, 5, 10, 15,
20 wt% of total amount of rubbers. The amount of carbon black and PALF were fixed
at 30 phr and 10 phr respectively. The mixing scheme A was used, which NR,
masterbatch of NR/carbon black and NBR were mixed together, then PALF were
incorporated. Cure characteristics, dynamic thermal-mechanical analysis and tensile
properties were investigated.
5.4.3.1 Cure characteristics
Rheographs of NR/PALF/carbon black with different amounts
of NBR and their numerical values are shown in Figure 5.54 and Table 5.17
respectively. The reversion process occurs in all composites containing carbon black
whatever the NBR content are superimpose. Torque after My of composites with NBR
slightly decreases by increasing cure time to equilibrium. Replacing part of NR with
NBR significantly increases Mu by about 30%. However, these values do not change
by increasing NBR content. ts; and tcoo of composites do not changed significantly for
NBR content between 5 to 20 phr.
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Figure 5.54 Cure curves of NR/PALF/carbon black hybrid composites containing NBR
0, 5, 10, 15 and 20 wt% of total rubber matrix

Table 5.17 Cure characteristics of NR/PALF/carbon black hybrid composites
containing NBR 0, 5, 10, 15 and 20 wt% of total rubber matrix

ML Mn ts2 (min) tcoo (MinN)
NR10UP30CB 0.2 104 2.4 5.8
SNBR10UP30CB 0.4 13.2 2.0 5.2
10NBR10UP30CB 0.4 13.2 1.8 5.5
15NBR10UP30CB 0.4 13.7 1.8 5.4
20NBR10UP30CB 0.6 12.8 1.7 5.6

5.4.3.2 Dynamic mechanical thermal analysis

The temperature dependence of E° and tan delta of the
composites is shown in Figure 5.55 and their numerical values are listed in Table 5.18.
E” of hybrid composites largely decreases after the temperature reaches to T4 of NR.
The second large decrease of E” is observed at Tq of NBR in the composites with NBR
content at least 10 phr. This T4 of NBR is clearly observed in composite with NBR 20

phr. After this drop, E” of composites remains roughly constant.
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Figure 5.55 Temperature dependences of E” and tan delta of NR/PALF/carbon black
hybrid composites containing NBR 0, 5, 10, 15 and 20 wt% of total rubber matrix

E” at room temperature increases by the increasing of NBR

amount to 20 wt%, as can be seen in Figure 5.56.
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Figure 5.56 The relationship between E” at room temperature versus NBR content in

composites

To gain more insight into the Tq of rubbers, the relation between
tan delta and temperature was investigated. Again, the incorporation of NBR does not
change Tq of NR, but decreases the magnitude. This magnitude decreases from 0.68 to
0.5, which is not further decreased when NBR content increases up to 15 wt% of total
rubber. Replacing part of NR by NBR 20 wt% results in the further decrease of this
magnitude. Tq of NBR is observed when the amount of NBR is at least 10 wt%. This

peak can be clearly seen when NBR 20 wt% is incorporated into composite.
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Table 5.18 Viscoelastic properties of NR/PALF/carbon black hybrid composites
containing NBR 0, 5, 10, 15 and 20 wt% of total rubber matrix

Tan OnR Tan onBrR
Magnitude | T (°C) | Magnitude | T (°C)
NR 0.7 -48 - -
5NBR 0.5 -48 - -
10NBR | 10UP30CB 0.5 -49 0.2 -11
15NBR 0.5 -49 0.2 -11
20NBR 0.4 -50 0.2 -10

5.4.3.3 Mechanical properties

The effect of NBR content on tensile properties of NR/carbon
black/PALF composites was investigated. The amount of NBR was varied at 0, 5, 10,
15, 20 wt% of total rubber content. Stress-strain curves of composites are displayed in
Figure 5.57 and their numerical values i e, E1o, 6y, E100, E300, ONSet upturn strain, tensile
strength and elongation at break are reported in Figure 5.58. Modulus at low
deformation increases by incorporation of NBR at least 5 wt% of total rubber. Eio
improves from 4.3 MPa up to 6.5 MPa, whereas oy improves from 5 MPa to 7 MPa. By
the way, the increasing of NBR content more than 5 wt% does not further improve these
values. The deformation at moderate and high strains exhibits the same trend, in which
E100 and Ezoo slightly increase by incorporation of NBR at 5 wt% but not further improve
by increasing NBR content. Onset upturn strain, tensile strength and elongation at break
are not affected by NBR content.
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Figure 5.57 Stress-strain curves of NR/PALF/carbon black hybrid composites
containing NBR 0, 5, 10, 15 and 20 wt% of total rubber matrix

Modulus at 10% strain (MPa)

c® Cc® Cc® oc® oC®
N A0uP3 P30 et que
W0 5“3“ 0“3"*'\ 5“3\’3\ “a
12
1 Modulus at 100% strain (MPa)
EEEE Modulus at 300% strain (MPa)
©
o
£
»
e
S
°
o
=
ce cB cB Cco Cc®
300! o230 CEN 30 30
“VA““" “GR\Q“ “SVA o “33\0“" “3\1'\0\3?
20
= 181
o
=
£ 164
=)
c
[
» 144
2
@
5 124
= ;: =
0.
3006 3003 3003
W “53\0“?“9\1‘\0“? R\e\l" ety (N4

W©

Onset upturn strain (%)

Yield stress (MPa)

A

e u?3°°? PR 0 e 3C®
e\’ AONBR 5“3“ onsRY

300

250+

200+

oL L | I T

Cc® ("-] Cc® 0C® 0C®
P20 P30C 300 P e
WA “aaw “am “e.m“ R0
600
S
; 500 1+
[]
o
2
®
S 400+
2
=
[
(=)
s
i} 300-: |
O_M

300 520C
oY “aw"“"“am““? R\““"“ R

Figure 5.58 Tensile properties of NR/PALF/carbon black hybrid composites containing
NBR 0, 5, 10, 15 and 20 wt% of total rubber matrix
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To summarize, the incorporation of NBR enhances the tensile
properties at low deformation of NR/PALF/carbon black hybrid composites. Eio and oy
increase by incorporation of NBR at least 5 wt% of total rubber. The enhancement of
tensile properties at low strain region is consistent with the previous results of the
replacing part of NR by NBR in NR/PALF composites, which was studied in section
5.1. Next, the effect of fillers distribution in the blends will be studied by changing the

mixing method.

5.4.4 Effect of mixing method

In the studies of rubber blends containing fillers, the mixing method can
affect the final properties of composites. The distribution of filler in each rubber is the
main parameter to enhance the mechanical properties [43]. In the previous studies of
the filler effect in section 5.4.1, PALF has been used to improve the tensile properties
at low deformation region, whereas carbon black has been used to improve tensile
properties at high deformation region. In this study, three mixing schemes were
proposed to control the filler distribution in rubber blends. Three different mixing
schemes are listed in Table 4.8.

The conventional mixing scheme that has been used to study the effects of
filler, carbon black content and NBR content is mixing scheme A. Masterbatch of
NR/carbon black was first prepared and dispersed in NR matrix together with NBR then
followed by PALF. NBR was added together with NR at the first step to avoid a phase
separation during mixing.

For mixing scheme B, masterbatches of NR/carbon black and NBR/carbon
black/PALF were prepared separately. This mixing scheme provides the similar carbon
black content in each rubber, whereas only NBR encases PALF.

For scheme C, two masterbatches of NR/carbon black and NBR/PALF were
prepared separately. Again, there is only NBR that encases PALF. However, carbon
black is only in NR matrix. Composites mixed by scheme A is named as
20NBR10UP30CB in order to have similar name in whole section 5.4. Composites with
—B and —C are named corresponding to the mixing scheme.

The models of the distribution of carbon black and PALF in NR and NBR
are displayed in Figure 5.59.



Nuttapong Hariwongsanupab Results and Discussion / 139

Mixing scheme A Mixing scheme B Mixing scheme C

TR A T L 4 t v Y t ¢t Ty
L t T T
NBRN t”rt v ] v - t
t ¥ T t ¢
PALF t t t v Ty
/g LI t T 4 L 4 vy
t

Carbon/" 't T t ¢  {
black t
L 4 L 4
tt”t' H t [| tH' tt'”t'ﬂ
Y ] r ¥ t ]

Figure 5.59 Models of 20NBR10UP30CB composites compounding by different

mixing schemes

5.4.4.1 Cure characteristics

The rheograms and cure characteristics of 20NBR10UP30CB
composites compounding by different mixing schemes are shown in Figure 5.60 and
Table 5.19. The three composites exhibit the reversion process. It is observed that the
curing rates, which is the slope of the cure curve, of composites compounding by mixing
schemes B and C are similar to those composites compounding by mixing scheme A.
However, My does not rise to the same values. My of composite mixed by scheme C is
slightly lower than that mixed scheme A, whereas composite mixed by scheme B is even
lower than that mixed scheme C. ts» are very close for the three samples whereas tcoo iS

shorten for mixing scheme C and even slightly lower for mixing scheme B.
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Figure 5.60 Cure curves of NR/NBR/PALF/carbon black hybrid composites

compounding with different mixing schemes

Table 5.19 Cure characteristics of NR/NBR/PALF/carbon black hybrid composites

compounding with different mixing schemes

ML Mn ts2 (min) tcoo (MinN)
20NBR10UP30CB 0.6 12.8 1.7 5.4
20NBR10UP30CB-B 0.3 11.1 14 4.1
20NBR10UP30CB-C 0.5 12.1 1.6 4.4

5.4.4.2 Dynamic mechanical thermal properties

In order to understand the fillers distribution in the immiscible
NR/NBR blend, DMTA of composites was carried out. Graphs of E” and tan delta

against temperatures are illustrated in Figure 5.61 and typical values are shown in Table
5.20. 20NBR10UP30CB and 20NBR10UP30CB-C display similar trace of E". E" of
20NBR10UP30CB-B, in which carbon black was equally distributed in both rubbers, is

lower than that of the other composites by about 50%. The magnitude of tan delta of

NR for 20NBR10UP30CB-B is greater than that of other composites by 24%. Tgs of

NR and NBR are not affected by the mixing method. This result can be used to confirm

that when carbon black is incorporated into rubber, most of carbon black is still in that
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rubber phase. The drop of E” indicates that carbon black should be dispersed only in

rubber matrix in order to optimize the mechanical properties.
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Figure 5.61 Temperature dependences of E” tan delta of NR/NBR/PALF/carbon black

hybrid composites compounding with different mixing schemes

Table 5.20 Viscoelastic properties of NR/NBR/PALF/carbon black hybrid composites

compounding with different mixing schemes

E’ at 25 °C Tan onR Tan onBR
(MPa) | Magnitude | T (°C) | Magnitude | T (°C)
20NBR10UP30CB 120.8 0.4 -50 0.2 -10
20NBR10UP30CB-B 55.1 0.5 -50 0.2 -10
20NBR10UP30CB-C 109.8 0.4 -50 0.2 -11

5.4.4.3 Mechanical properties
The effect of mixing method on tensile properties of hybrid

composites was investigated. Stress-strain curves of 20NBR10UP30CB, -B and —C
composites are displayed in Figure 5.62. The mixing method slightly affects tensile

properties at both low strain and more at high strain regions, in which the stress upturns

until it reaches the maximum stress.
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Figure 5.62 Stress-strain curves of NR/NBR/PALF/carbon black hybrid composites

compounding with different mixing schemes

Ei0 and oy of composites are reported in Figure 5.63. Eio and oy of
20NBR10UP30CB-B composite, which carbon black was distributed equally in both
rubber phases, are about 20% lower than 20NBR10UP30CB. 20NBR10UP30CB-C, in
which NR/carbon black and NBR/PALF masterbatches were first prepared before being
mixed to yield the final compound, has highest E’, which is 10% higher than
20NBR10UP30CB. oy of 20NBR10UP30CB-C is similar to 20NBR10UP30CB.
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Figure 563 Eio and oy of NR/NBR/PALF/carbon black hybrid composites

compounding with different mixing schemes

E100, E300 and onset upturn strain of composites are displayed in
Figure 5.64 to determine the deformation behavior at moderate and high strain regions.
Eioo of 20NBR10OUP30CB and 20NBR10UP30CB-C are similar, whereas
20NBR10UP30CB-B is slightly lower than those composites. Onset upturn strains of
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20NBR10UP30CB-B and 20NBR10UP30CB-C, which NBR/PALF was mixed as
masterbatch, are earlier obtained from 250% to 195% and Eszoos are 30% higher than
20NBR10UP30CB.
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Figure 5.64 Eio0, E300 and onset upturn strain of NR/NBR/PALF/carbon black hybrid

composites compounding with different mixing schemes

The ultimate properties are displayed in Figure 5.65. The
mixing method does not affect tensile strength of composites. However, as a result of
earlier upturn stress, elongation at breaks of 20NBR10UP30CB-B and —C composites
are lower than 20NBR10UP30CB.
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Figure 5.65 Tensile strength and elongation at break of NR/NBR/PALF/carbon black
hybrid composites compounding with different mixing schemes

It is clear that mixing scheme C provides the highest modulus at
low strain and also earlier upturn stress rather than mixing scheme A and B. Thus, the
premixing of two masterbatches of NR/carbon black and NBR/PALF is proposed to
control filler distribution in immiscible blends, which results in the optimized

mechanical properties of composite.
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5.4.5 Discussion

The incorporation of carbon black and NBR into NR/PALF composites
result in modification of curing behaviors and significant improvement of mechanical
properties. The effect of fillers in NR followed by NR/NBR blends on cure
characteristics, dynamic thermal mechanical properties and tensile properties will be
first discuss before the effect of mixing method.

Carbon black and PALF can be used to increase My of composites. The
increase of My of carbon black-filled composites is higher than those of PALF-filled
composites. Lopattananon and coworkers reported that My of cellulose fiber/silica-
reinforced NR composites decreased proportionally by increasing the ratio of
cellulose/silica [115]. This is due to applied force in dynamic shearing mode. Thus, the
level of enhancement of particulated fillers is higher than fiber due to no fiber orientation
effect. The combination of PALF and carbon black in composites results in the highest
Mu. This indicates that carbon black and PALF can be used to reinforce composites
together. This can be confirmed by the sequential increase of My by increasing the
amount of carbon black from 0 to 30 phr in NR/carbon black/PALF hybrid composites,
which is shown in Figure 5.47. The reversion process (MDR measurement) is only
obtained when carbon black is incorporated into rubber/PALF composites, while
composites containing only PALF and non-reinforced rubber exhibit an equilibrium
value. The similar results were reported by Pittayavinai and coworkers who shown that
the reversion process was obtained by increasing the amount of carbon black in
NR/PALF hybrid composites using CBS as accelerator [118]. In case of carbon black-
filled NR, it was reported by Choi and coworkers that the reversion process could be
observed by using a sulfenamide as accelerator such as CBS and TBBS [144].
Moreover, Hamed and Boonkerd reported that the reversion process of carbon black-
filled NR was obtained in a specific ratio of sulfur and accelerator N,N-dicyclohexyl-2-
benzothiazole sulfenamide (DCBS). In their case, using sulfur/DCBS at the ratio of
1.17 caused the highest degree of reversion [145]. Although the mechanism of the
reversion process of NR in presence of carbon black is still unclarified, it was reported
that this process occurred depending on the type of accelerator and a ratio of

sulfur/accelerator.
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Type of fillers also affects dynamic thermal mechanical properties of
composites [141]. The improvement of E” will be first discussed, following by the
changing of Tq. E’s at room temperature of PALF-reinforced composites are higher
than carbon black-filled rubbers. This improvement is not consistent with MDR result,
which My of carbon black-filled rubber is higher than PALF-filler rubber. This can be
explained by the different applied force for the measurement. DMTA is used to measure
E” in dynamic tension mode, thus, the effect of fiber orientation is higher than MDR,
which is used to measure torque in a dynamic shear mode. The combination of PALF
and carbon black in composites results in the highest E".

The effect of fillers on tensile properties of NR is first discussed. Unfilled
rubber and carbon black-filled rubber exhibited low modulus at low strain region, while
rubbers containing PALF exhibit strong resistance to applied strain and the stress
required is high. It can be summarized that PALF is incorporated to improve modulus
at low deformation, whereas carbon black is incorporated to enhance stress at high
deformation. This is due to fiber reinforcement in longitudinal direction [146] and
carbon black reinforcement by physical adsorption on rubber [48]. In hybrid
composites, the applied stress at all strain region of PALF-filled rubbers increases by
incorporation of carbon black. This indicates that carbon black and PALF can be used
to reinforce composites together.

By replacing NR by NBR 20 wt%, composites containing different type of
fillers improves the cure characteristics in a different order. NBR does not affect on
non-reinforced rubber, whereas it slightly increases My of PALF-filled composites by
7%. The enhancement of My by NBR in presence of carbon black in NR is higher than
PALF-filled NR. The level of improvement of My by NBR in carbon black-filled NR
is similar to hybrid-filled NR, which My is increased by 20%. Replacing NR by NBR
20 wt% indicates that the amount of carbon black in NR matrix is higher, thus, the
reinforcement effect using dynamic shear force is higher. This can be confirmed by
varying the amount of NBR in hybrid composites, which is shown in Figure 5.54. The
incorporation of NBR at least 5 wt% in hybrid composite significantly improves Mu.
By mixing scheme A, carbon black has been incorporated in NR as the masterbatch,

hence, carbon black is mainly in NR, not in NBR. This behavior was confirmed by
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using DMTA (Figure 5.49), which will be explained in a later section. By the way, the
reversion process does not change by NBR incorporation.

By incorporation of NBR, E” at room temperature is further increased. As
the measurement is in tension mode, the effect of fiber reinforcement with NBR can be
obtained. By replacing NR with NBR 20 wt%, E” of PALF-filled NR is increased by
50% and E” of PALF/carbon black-filled NR is increased by 140%. The role of NBR,
which has been studied in section 5.1, is to encase PALF. This results in the better stress
transfer between matrix and fibers. Moreover, the modulus of matrix is enhanced by
carbon black. Thus, the reinforcement by fiber and carbon black can be further
enhanced by NBR. After the effect of NBR on various type of fillers is discussed, the
amount of NBR is further explained. The incorporation of NBR at least 5 wt% in hybrid
composite significantly improves E” and causes no significant difference when NBR
content is up to 20 wt%. Hence, only small amount of NBR can be used to improve the
modulus of NR/PALF/carbon black hybrid composites.

Since NR and NBR have different polarities, they are not compatible [29].
Thus, the distribution of carbon black in the blends will be explained. Carbon black
which was incorporated in NR as masterbatch, is mainly distributed in NR matrix phase.
This was confirmed by DMTA measurement by varying carbon black content. The
magnitude of Tan dner does not change by increasing carbon black content, which can
be seen in Figure 5.49. Massie and coworkers reported that the migration of carbon
black from rubber to another rubber after it is incorporated is rarely occurring [42]. As
a result of the most favorable distribution of carbon black in NR (less in NBR), the
reinforcement is higher than using only NR as matrix. Next, tensile properties of
composites will be presented.

Tensile properties at low strain region of hybrid composites are significantly
enhanced by incorporation of NBR. Eig and oy are improved. Thus, the result shows
that NBR still encapsulate the fibers and improves the stress transfer from matrix to
fiber. Moreover, this improvement in hybrid composites is higher than incorporation of
NBR in PALF-reinforced NR composite. The higher rigidity of matrix, which is
obtained by incorporation of carbon black into NR, further enhances modulus when
stress is transferring from matrix to PALF via NBR. This result can be confirmed by

the improvement of modulus at low strain in the presence of carbon black in
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NR/NBR/PALF composites, which is shown in Figure 5.51. The enhancement of stress
transfer between NR and PALF does not depend on the amount of carbon black, whereas
higher modulus at high deformation is achieved when higher amount of carbon black is
incorporated into composites. The incorporation of carbon black into NR/NBR/PALF
composites also increases of tensile strength, which is displayed in Figure 5.53. For
NR/PALF composite without carbon black, the enhancement of the stress transfer by
incorporation of NBR reduces tensile strength of composite. By incorporation of carbon
black, tensile strength of composites with enhancing stress transfer by NBR is similar
to those composites without NBR. Only small amount of NBR is required to improve
tensile properties at low strain region in hybrid composites. Eio and oy are significantly
improved by incorporation of NBR at least 5 wt% of total rubber, which are shown
Figure 5.58. This result is not similar to those composites without carbon black. The
enhancement of modulus depends on NBR content. Thus, in a presence of carbon black,
lower amount of NBR is required to improve tensile properties at low deformation.

The sequence of mixing is very important to provide the appropriate
structure for maximum reinforcement. The three different mixing sequences provide
composites with different structure regarding the distribution of fillers in the blend. The
models are previously shown in Figure 5.59. For scheme A, there should be two types
of NBR, i e. one part is dispersed in NR matrix and the other part encases PALF. Carbon
black is in NR matrix. For scheme B, there is only that NBR encases PALF. Both NR
matrix and NBR contain similar content of carbon black. For scheme C, again, there is
only NBR that encases PALF. Carbon black is distributed mainly in NR matrix.
Consequently, the three composites have different properties. In order to achieve the
optimum tensile properties in term of E1g and onset upturn strain, carbon black should
be distributed in NR matrix and PALF should be encased in NBR, which are obtained
by mixing scheme C.

Lastly, NBR is used as a matrix mixing with UPALF and carbon black to
compare with NR matrix and the blends of NR and NBR. The stress-strain curves of
this composite with the same amount of carbon black and fibers was published by
Prukkaewkanjana [117]. Stress-strain curves of their composites are displayed in Figure
5.66. It can be seen that modulus at low strain and oy of NBR hybrid composites are

the highest due to the polar-polar interactions. By the way, replacing 20 wt% of NR by
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NBR increases both modulus at low strain and oy close to NBR as matrix. By proper
mixing of 20NBR hybrid composite, earlier onset upturn strain and higher modulus at
high strain are achieved. This can be used to confirm that NBR-encased PALF provides
more friction between NR and PALF via NBR, which friction is higher than using only
NBR as matrix.
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Figure 5.66 Stress-strain curves of NR, NBR and its blends containing the same amount

of PALF and carbon black [117]

5.4.6 Summary

Tensile properties of PALF-reinforced NR can be improved by the
incorporation of NBR and hybrid filler (carbon black and PALF). NBR improves the
stress transfer and thus tensile properties at low deformation, while carbon black
improves the tensile properties at high deformation. However, to achieve such
improvement, it is important that NBR encases PALF properly while carbon black
distributes only in the matrix phase. This structure is obtained by using a proper mixing
sequence. Two masterbatches of NR with carbon black and NBR with PALF are
prepared first. The two masterbatches are then diluted in NR matrix to get the required

contents of each component.
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5.5 Effect of fiber surface treatment on NR/PALF/carbon black hybrid

composites

From the previous results, alkali and silane treatments of PALF could be
used to improve the stress transfer between NR and PALF. Alkali treatment increased
the volume fraction of fibers leading to higher surface area. Moreover, the mechanical
interlocking between NR and APALF improved the modulus of composites. For silane
treatment, the sulfidic bonds between NR and silane-treated PALF were formed during
vulcanization, which resulted in higher tensile properties in term of modulus. However,
ultimate properties i e. tensile strength and elongation at break were reduced. To
improve these ultimate properties, carbon black has been incorporated into NR/PALF
composites. The model of NR/PALF/carbon black hybrid composites is shown in
Figure 5.67. Hence, tensile properties could be improved at both low and high

deformation regions.
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Figure 5.67 Model of NR/silane-treated PALF/carbon black hybrid composite

The effects of alkali treatment and silane treatment of fibers on composites
containing various carbon black content at 0, 10, 20 and 30 phr were investigated. PALF
content was fixed at 10 phr. Three different types of PALF, which are untreated PALF
(UPALF), alkali-treated PALF (APALF) and silane-treated PALF (SiPALF) were
incorporated in this study. It should be noted that silane-treated PALF was first
pretreated by alkali treatment. The condition of treatment was using silane-69 3 wt% in
pure ethanol corresponding up to the best mechanical properties of composite. These
tensile properties were previously studied and discussed in section 5.2. Composites

were produced using mixing scheme A, which means that a masterbatch of NR/carbon
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black was first prepared. NR, NR/carbon black masterbatch were mixed, followed by
the incorporation of PALF and in the final step the curatives.. Cure characteristics,

dynamic mechanical thermal properties and tensile properties were investigated.

5.5.1 Cure characteristics

The effect of fiber surface treatment on cure behavior of composites
containing various amounts of carbon black was first studied. The rheograms of
composites are displayed in Figure 5.68 and their cure characteristics are shown in
Figure 5.69. Fiber surface treatments do not affect the cure behavior of composites
without carbon black, neither My , ts2 or teoo are changed. By incorporation of carbon

black, the reversion process is observed.

14 14
ocCB 10CB
124+ 124+
10 4 10 +
€ gl € gl SR
= =
g 6 4 S 6 4
g —— UPALF g —— UPALF
- 44 —O— APALF - 44 —$— APALF
—/— SiPALF —4— SiPALF
2 4 24
0 } } o= } t
o 5 10 15 o 5 10 15
Time (min) Time (min)
14 14
20CB 30CB
12 4 12 4
10 + 10 +
g 8 4 E 8 4
== =
S e S e
=3 —=— UPALF g —®— UPALF
=) =)
- 4 —&— APALF - 4 —3®— APALF
—A— SiPALF —/— SiPALF
2 4 2 4
o } $ o } y
o 5 10 15 o 5 10 15
Time (min) Time (min)

Figure 5.68 Cure curves of NR containing various amounts of carbon black and
different surface-treated PALFs

ts2 and teoo decreases from 3.5 to 2.5 min and 7 to 5 min respectively by

incorporation of carbon black. ts> of carbon black-filled composites does not change by
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fiber surface treatments, whereas tco Of carbon black-filled composite containing
APALF is slightly lower than those containing Si- and UPALFs. Mus of composites
increase proportionally with carbon black content. By increasing carbon black to 30
phr, ML and My of composites increases proportionally to carbon black content,
however, the fiber surface treatment does not modify M. The effect of fiber surface
treatments can be seen on cure behaviors can be observed in term of My of composites
containing carbon black. Carbon black 30 phr causes the increasing of My of hybrid
composites containing SiPALF by 40%, whereas it causes 30% increase of My of those
containing APALF. Thus, Mys of carbon black-filled composites containing SiPALF
are higher than those containing APALF.
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5.5.2 Dynamic mechanical thermal analysis

The temperature dependences of E” of the composites are shown in Figure
5.70. The sharp drop of E", which corresponds to glass transition domain of NR, is
observed as previously. Again, the main reinforcing effect is obtained from the
incorporation of carbon black. The increase of E” at 25°C is proportional to carbon black

content. The surface treatment of fibers is a secondary effect.
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Figure 5.70 Temperature dependences of E* of NR containing various amounts of

carbon black and different surface treated PALFs

The relationship between E’s at 25°C and carbon black content is plotted in
Figure 5.71. E’s at 25°C for hybrid-filled NR containing UPALF is multiplied by 2.5
by increasing carbon black content to 30 phr. Carbon black-filled composites

reinforcing with UPALF exhibit lowest E” at 25°C, which is significant lower than those
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surface-treated PALF composites.  Carbon black/PALF-filled and fiber-filled
composites containing SIPALF exhibit the slightly higher of E* at 25°C than those
composites containing APALF.
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Figure 5.71 Relationship between E” at 25 °C/tan delta NR and carbon black content

The temperature dependences of tan delta of composites are displayed in
Figure 5.72 and their numerical values are reported in Figure 5.71. The peak position
of tan delta, which corresponds to the T4 of NR, is not changed by fiber surface treatment
or incorporation of carbon black. Magnitude of tan delta of NR decreases proportionally
to the increase of carbon black content. This magnitude is decreased by 40% by
incorporation of carbon black 30 phr. Alkali and silane treatments of fiber do not change
the tan delta magnitude. Thus, carbon black affects to dynamic mechanical thermal

properties more than fiber surface treatment does.
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Figure 5.72 Temperature dependences of tan delta of NR containing various amounts

of carbon black and different surface treated PALFs

5.5.3 Mechanical properties

Stress-strain curves of composites with various amounts of carbon black and
surface treatments are displayed in Figure 5.73. All composites exhibit the yield-like
behavior, which are generally obtained for composites containing PALF [68]. By
surface treatment of fibers with the incorporation of carbon black, yield stress is
observed at lower strain. After yield point, the curves of composites without carbon
black and with carbon black 10 phr are rough due to the presence of fiber. The curves
are smooth when high amount of carbon black is incorporated. Surface treatments of

fibers affect the onset upturn stress, which causes higher stress at high deformation.
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Figure 5.73 Stress-strain curves of NR containing various amounts of carbon black and

different surface treated PALFs

In this specific case, the stress reaches a oy value less than 10% strain for
composites containing carbon black as displayed in Figure 5.73. Thus, modulus at 1%
strain (Ea) is reported instead of E1o. E; and oy are used to represent the deformation at
very low strain region and show in Figure 5.74 (E1o is also displayed as reference). For
composites without carbon black, Ez increase by alkali treatment of fibers, and slightly
increase by silane treatment. This trend is changed by incorporation of carbon black
into composites. E: increases from 0.78 MPa to 5.8 MPa by alkali treatment, however,
it decreases back to 1.2 MPa by silane treatment. Ei is not significantly affected by
carbon black content. oy of composites increases by alkali treatment and further
increases by silane treatment for composites without carbon black and with carbon black

10 phr. Higher content of carbon black causes the similar oy of composites containing

APALF and SiPALF.
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Figure 5.74 E1, E10 and oy of NR containing various amounts of carbon black and
different surface treated PALFs

E1o0 is used to analyze the deformation at moderate strain region after yield
point, which is displayed in Figure 5.75. Eioo increases by fiber alkali treatment and
further increases by silane treatment for composites. Eioo is not affected by carbon black
content due to no upturn stress in this strain region. The reinforcement of carbon black
combination with fiber can be clearly seen at high strain region. The values are
represented as onset upturn strain and Esoo and are displayed in Figure 5.75. Onset
upturn strain of carbon-black-filled composites containing SIPALF is lowest, whereas
those composites containing APALF has slightly higher than SiPALF. It means that
composites containing UPALF has slowest upturn stress. The higher amount of carbon
black is, the improvement of Eaoo is higher. Ezoo 0of composites containing carbon black
30 phr and UPALF is increased by APALF from 7.7 MPa to 11.2 MPa, and Ezqo is
further increased by SiPALF up to 12.8 MPa. the highest improvement is obtained by
silane treatment. Thus, not only carbon black increases the stress at high deformation
but the fiber surface treatment also plays the reinforcing effect with carbon black in
hybrid composites.
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carbon black and different surface treated PALFs

Ultimate properties are displayed in Figure 5.76. For composites without
carbon black, the surface treatment of fiber decreases tensile strength and elongation at
break. This decrease of tensile strength can be greatly reduced by incorporation of
carbon black at least 10 phr. Thus, tensile strengths of composites with treated fibers
are almost similar to those composites with untreated fiber. However, elongation at

breaks of hybrid composites with surface-treated fibers remain lower than untreated
fibers.
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5.5.4 Discussion

The incorporation of carbon black in NR/surface-treated PALF composites
modifies curing behavior and mechanical properties. The surface treatment of PALF
improved modulus at low deformation of composites. In addition, it can be combined
with carbon black to improve stress at high deformation. We will now attempt to explain
these improvement effects.

Chen and Yan reported that the effect of short fiber reinforcement can be
achieved from high matrix modulus, high fiber strength and high fiber-matrix
interactions [146]. Thus, the reinforcement effect will be discussed based on these three
factors. From the tensile properties of NR/PALF composites by fiber surface treatments
in section 5.2, modulus at low strain region and oy were improved. Alkali treatment
provides a higher volume fraction of fibers. Moreover, smooth individual surface of
fibers is observed, thus, the mechanical interlocking between matrix and fiber leads to
enhance the tensile properties of composites [73,95,97-98]. Silane treatment provides
the chemical bonds formation between NR and PALF during vulcanization [115].
Silane-69 can be grafted to the rubber via sulfidic bonds [108], thus, modulus at low
strain region of composites is increased. However, the surface treatment of PALF has
also caused the lower ultimate properties i e. tensile strength and elongation at break of
composites. Thus, carbon black was incorporated into NR/surface-treated PALF
composites to improve these ultimate properties. The effect of carbon black combined
with surface-treated fibers on composites will be discussed.

Curing behaviors and dynamic thermal mechanical properties are first
discussed. The reversion process on curing behavior is occurring by carbon black
incorporation. This process is discussed in previous section (5.4.5), it depends on type of
accelerator and ratio of sulfur/accelerator. The incorporation of carbon black increases
Mu and E” of NR/PALF composites in a different order, depending on the type of surface
treatment of PALF. For PALF-filled composites without carbon black, curing behavior
is not affected by surface treatment of fiber. Carbon black-filled composites containing
silane-treated PALF have highest Mu, whereas hybrid composites containing untreated
and alkali-treated PALFs have lower My. Thus, there is a combination of
reinforcements by carbon black and silane treatment of fiber. Dannenberg reported that

carbon black has been used to reinforce a rubber through the strong physical adsorption
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of rubber on carbon black, which is known as bound rubber [48]. This bound rubber is
strongly adsorbed on carbon black and cannot be extracted by solvent extraction.
Hence, the rubber matrix containing carbon black has higher reinforcement effect than
without carbon black. When the force is applied to the composite, the force goes from
carbon black-filled rubber to fiber through the interface between rubber and PALF.
Thus, by silane treatment, the interface between carbon black-filled rubber and PALF is
high due to covalent bonds formation. The covalent bonds formation between rubber
and fiber does not change T4 of composites. This might be hypothesized from a low
amount of silane grafting onto the fiber, comparing to the effect of fillers amount
(carbon black and fiber). Thus, changing of interface between NR and PALF cannot be
detected by DMTA.

Tensile properties at low strain region of hybrid composites were enhanced
by alkali treatment and silane treatment of fibers. The incorporation of APALF
significantly increases modulus of composites in the presence of carbon black. This can
be explained by higher amount of cellulosic content and the partial removal of binding
between individual fibers after treatment, which was discussed in section 5.2.
Moreover, it was reported by Roy and co-workers that alkali treatment can be used to
increase the strength of jute fiber [147]. The combination of reinforcement effects by
fiber alkali treatment and carbon black leads to higher modulus at low strain of
composites. However, modulus at low strain region of carbon black-filled composites
with SIPALF is lower than those composites filled with APALF. This result is not
consistent with composites without carbon black, which SIPALF causes the highest
modulus at low strain. It is suggested from the reduction of chemical bonding formation
between NR and SiPALF by chemical bonding between sulfur at the surface of SIPALF
and carbon black. Sterns and Johnson reported that carbon black can react chemically
with the polymer through sulfur bonds [148]. However, the mechanism of this reaction
is not well understood due various functional groups on the surface of carbon black.
This phenomenon was further confirmed by Rivin and coworkers [149]. Ampoule
reaction was carried out by incorporation of carbon black with other curing additives
then freeze-thaw, followed by curing at high temperature. The results show that carbon
black can be chemically bonded with sulfur. However, sulfur bonding is only one tenth

when compare with normal physical adsorption with rubber. From these results, it can
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be suggested that most of the sulfur on SiPALF can react with rubber, and few of it
reacts with carbon black. The evidence of this reaction will be further confirmed
indirectly from the results of tensile properties at high deformation.

Nelson and Hancock reported that yield point on the stress-strain curve
appears when the interface between rubber and fiber is fully slipped [150]. After yield
point, the friction between rubber and fiber has taken place. Composites containing
surface-treated fibers without carbon black have no stress upturn and low tensile
strength. By incorporation of carbon black, stress at high deformation is improved and
upturn is shifted to higher ultimate strength. This is obtained from the strong interaction
between rubber and carbon black. Carbon black-filled composites containing APALF
have higher Ezo and the stress upturn occurs earlier than carbon black-filled composites
containing UPALF. This is achieved by better mechanical locking between surface of
APALF and rubber, leading to higher friction at the interface. Hybrid composites
containing SIPALF has highest modulus at Esoo and stress upturn occurs earlier due to
the better frictional force between three phases of NR, carbon black and SiPALF. NR
has strong interactions with carbon black via bound rubber and can co-crosslinking with
SIPALF via sulfidic bonds. In addition, carbon black is hypothesized to partial co-
crosslink with SiPALF. This is confirmed from the tensile results at low deformation
that most of sulfur on the fiber can react with NR, whereas few of it reacts with carbon
black. Tensile strength of hybrid composites is not changed by surface treatment of

PALF, thus, only carbon black plays a role for reinforcing composite at failure.

5.5.5 Summary

Tensile properties of PALF-reinforced NR can be improved by the surface
treatment of fiber and incorporation of carbon black. Carbon black improves the tensile
properties of composites from the strong physical adsorption of NR on carbon black.
The reinforcing effect of fiber surface treatment is changed by incorporation of carbon
black. Alkali treatment increases cellulosic content. Hence, these fibers can be used to
improve tensile properties at low strain. By incorporation of carbon black with APALF,
tensile properties at high deformation are also improved due to the better mechanical
interlocking between them. Silane treatment provides co-crosslinking between NR and

SIPALF, which results in better stress transfer between them. By incorporation of
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carbon black, tensile properties at high deformation are improved due to the co-
crosslinking of SiPALF with both NR and carbon black.

5.6 Comparison between effects of NBR and silane treatment of PALF

on mechanical properties of NR/PALF/carbon black hybrid

composites

The reinforcing effect by the incorporation of NBR or fiber surface
treatment of carbon black/PALF filled NR composites are compared. It should be noted
that the composites with the highest improvement of tensile properties, which were
studied in the sections 5.4 and 5.5, are chosen. To distinguish the difference between
composites properly, the ingredients of composites are listed in Table 5.21.

Table 5.21 Comparison of the ingredients between composites

_ Rubber Fiber Carbon
Composites '
NR | 20NBR | UPALF | APALF SiPALF black
NR10UP30CB? v - v - - v
20NBR10UP30CB? - v v - - v
NR10AP30CB?® v - - v - v
NR10SiP30CB? v - - - v v
20NBR10UP30CB-CP - v v - - v

2 composite mixed by scheme A, ®: composite mixed by scheme C

The stress-strain curves of these composites are displayed in Figure 5.77 and
their tensile properties are shown in Figure 5.78. Composites mixed by scheme A will
be first compared. The incorporation of NBR and fiber surface treatment can be used
to improve the tensile properties at low deformation of NR/PALF/carbon black hybrid
composites in term of Young’s modulus and oy. E10S of composites are improved by
about 60% by NBR or fiber surface treatment, whereas cys of composites containing
NBR is improved by 30% and those containing surface-treated PALF is improved by

20%. Young’s modulus of composites containing APALF is the highest, whereas
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composites containing SIPALF and NBR are lower. This modulus of composites
containing SIPALF is similar to composites containing NBR. oy of composites with
NBR is higher than composites with APALF or SIPALF. Onset upturn stress of hybrid
composites does not change by the incorporation of NBR. The upturn stress of
composites with APALF and SiPALF are earlier than those of composites. Tensile
strength of composites are neither changed by incorporation of NBR nor by fiber surface
treatment. Thus, for hybrid composites with the same mixing method, the surface
treatment of fibers provides higher tensile properties in term of higher Young’s modulus

and earlier onset upturn stress than the incorporation of NBR.

8

gl pren NR10UP30CB

—— 20NBR10UP30CB
—>— NR10AP30CB
15 +—— NR10SiP30CB

-

o
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Figure 5.77 Stress-strain curves of NR/PALF composite, NR/PALF/carbon black

hybrid composites with the incorporation of NBR and fiber surface treatment
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Figure 5.78 Eio, oy, onset upturn strain and tensile strength of NR/PALF composite,
NR/PALF/carbon black hybrid composites with the incorporation of NBR and fiber
surface treatment

To improve mechanical performance at high strain and optimize failure at
low deformation, the proper mixing is required. By surface treatment of PALF, modulus
at low strain and oy are improved. However, oy of those composites are still lower than
that of 20NBR10UP30CB-C. It can be suggested that NBR-encased PALF has higher
slippage resistance at the interface than the treated PALFs. Onset upturn strain of
20NBR10UP30CB-C is similar to those of carbon black/surface-treated PALF-filled
composites. Thus, the enhancement of friction between NR and PALF by NBR is
similar to surface treatment of PALF. It can be concluded that the tensile properties of
NR/PALF can be optimized by incorporation of NBR and carbon black with a proper

mixing process. Thus, E1o, oy, upturn stress and tensile strength can be improved.
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CHAPTER VI
CONCLUSIONS

Conclusions of the mechanical properties improvement of NR/PALF
composites are listed below:

1. Mechanical properties at low deformation can be improved by
incorporation of NBR. NBR is proposed to encase PALF leading to the better stress
transfer between NR and PALF. Two-step-mixed NR/NBR/PALF composites results in
earlier upturn stress, whereas single-step-mixed composites does not provide the same
level of improvement.

2. Alkali treatment can be used as a pretreatment on fiber. The cellulosic
content of PALF increased leading to the enhancement of mechanical properties of
composites. The mechanical properties of NR/PALF are further improved by silane
treatment. Silane-69 treatment provides free sulfur for crosslinking with NR during
vulcanization, which is used to enhance the interfacial stress between them. The
optimum condition is using silane-69 for treatment at concentration of 3 wt% of PALF
using washing method. Pure ethanol is used as a solvent.

3. Mechanical properties at high deformation of NR/PALF composites
could be improved by incorporation of carbon black. This is due to the strong physical
adsorption between them. By combination of PALF and carbon black, the tensile
properties at both low and high strains can be improved.

4. The incorporation of NBR into NR/PALF/carbon black hybrid
composites improves mechanical properties at low strain. To achieve the optimum
improvement, it is important that NBR encases PALF properly while carbon black
distributes mainly in NR matrix phase. To control the distribution of fillers in rubber
blends, two masterbatches of NR with carbon black and NBR with PALF are prepared
first. The two masterbatches are then diluted in NR matrix to get the required contents

for each component.
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5. Fibers surface treatment also improves the mechanical properties of
NR/PALF/carbon black hybrid composites. By incorporation of APALF, mechanical
properties are improved by the higher cellulosic content and mechanical interlocking
between carbon black-filled NR and fibers. By incorporation of SiPALF, mechanical
properties are improved by the co-crosslinking between SiPALF with both NR and

carbon black.

Suggestion for the future work

1. To achieve the opportunity in the industrial applications, composites
containing Kevlar will be produced in order to compare with composites containing
PALF. As we know that Kevlar is a para-aramid synthetic fiber, its mechanical
properties are high compared to PALF. Thus, the improvement of stress transfer by
incorporation of NBR or fiber surface treatment will be used to reach the optimum
properties of NR/PALF composites.

2. Inthis study, the mixing of NR/PALF composites cannot break all bundle
of fibers into elementary fibers. In the future work, bundle of fibers will be broken
before mixing. The homogenizer can be used in this method. If the elementary fibers
can be achieved, the L/D ratio of fibers will be higher. Thus, the mechanical properties
of composites will be improved.

3. To understand more about PALF, the geometry, biological structure,
mechanical properties of fibers will be studied. This knowledge will be used to relate

with the fibers reinforcement in this work and also in the future work.
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APPENDIX A
THE DIFFUSION OF CURATIVES BETWEEN
NR AND NBR SHEETS

Swelling test was used to study the migration of curing additives of rubber
sheet. However, the migration of curing additives should mostly occurs at the interface
of rubber sheets. The aim of this study was to try to demonstrate the appearance of a
mechanical properties gradient at the interface of two films of NR and NBR vulcanized
into contact. Low field *H-NMR spectroscopy on surface — NMR-MOUSE was used to
highlight the migration of curing additives in the view of depth-scanning from side by
side.

1.1 Samples Preparation

Pre-sheets of NR and NBR were mixed with curing additives separately and
then were attached together and cured. Samples were then detached and analyzed
separately. The structure of the interface has been the subject of investigations by
surface NMR-MOUSE.

To compare the results, two reference samples have been prepared using the
same process but a Mylar film has been introduced at the interface to avoid any
migration of additives from one rubber to a second one.

1.2 Technique of characterization:

Samples were characterized by a NMR-Mouse provided by Magritek. The resonant
frequency of the system is 27,06 MHz and the used dead time is 9 pus.

1.3 Results

First reference samples of NR and NBR sheet were analysed. After the
magnetic field is applied, magnetized spin will relax to the disordered state. T2 is
inversely proportional to crosslink density because polymer chain with lower degree of

crosslink density will take more time to be able to move.
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The relation of spin density and Taef Versus depth of both separate rubber
sheet are shown in Figure A.1. As a reference, the value 0 of the depth corresponds to

the contact zone of rubber: interfacial area between both rubbers.
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Figure A.1 left) spin density (CPMG sequence) and Tt graphs corresponding to a
single vulcanized NBR sheet; right) spin density (CPMG sequence) and Tt graphs
corresponding to a single NR sheet.

The NR and NBR films, those were vulcanized independently under press,
lead to very distinguished results in terms of spin density (CPMG sequence) and Teff as
shown in Figures A.1. T IS much lower for NBR than for NR : about 0.27 ms
compared to 9 ms indicating a higher rigidity for NBR as expected. In addition, the
values are very homogeneous along the profile of the samples.

The spin density gives also homogeneous data all through the samples. No
gradient appear along the cross-section of the rubber sheet. To explain this homogeneity
of the NMR results, NR and NBR were vulcanized under press and the interface between
both elastomers was protected by a Mylar film. Hence, this protecting film has blocked
the migration of additives, such as activator, sulfur, and accelerator from one elastomer
to the second one.

However, spin density value is slightly lower for NBR than for NR (Figure
A.1). This discrepancy can be explained by the presence of the nitrile group on the

rubber chain of the NBR that lower the density of proton in NBR compared to NR.
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Then, a similar experiment has then been carried out by contacting NR and
NBR sheets under press during vulcanization. The NMR profile analysis was displayed

in Figure A.2.

. . . 038
400 R . 11— 12
180 ] -y T L o.30 500 { sussangae®
FE PSS W h:i gaet e
_ 00+ Hf'.;»l- PR boazs 400 ettt """“-"\
5 el el / W [
g AvY) o g ] '
2 o0l e kA f L6 =
= Lots E & ] E
2 450 MER co-extruded 2 amp 3
T —=— 2pin density = 2 ‘-
E’ 100 < —a—T, 0.10 :
s 2l 'E_ 1004 " NR co-extruded
L. L o.s -.nf —=— spin density -
- —— T
0 - 04 L Lo
M - 0.00
0 ) —————— T
] - - . o o 120 200 0 200 400 600 8O0 1000 1200 1400 1800 1600
th [um
depth [um] depth [um]

Figure A.2 left) spin density (CPMG sequence) and Taefr graphs corresponding to a
vulcanized NBR sheet co-extruded with NR; right) spin density (CPMG sequence) and
Toetf graphs corresponding to a NR sheet co-extruded with NBR.

Results of both spin density and Tzt Show the presence of a gradient of
values along the cross-section of both NR and NBR sheet. However, it seems that the
spin density is more affected by the rubber contact during vulcanization.

For NBR, spin density curve increases quite rapidly from the interface to the
center of the sheet to reach a plateau value (370)- which is lower than the previous one
obtained for non-contacted NBR (420). This low value of spin density at the interface
can be due to the presence of additives that have migrated from NR to NBR. Identically,
the Toerr curve increases quite slowly from the interface to reach a plateau value of
0.25ms (value slightly lower to the Toesr of non-contacted NBR sheet). This low value
of Toesr at the interface indicates a higher rigidity of NBR at the interface compared to
the center of the sheet. This phenomenon can then be explained by an accumulation of
additives in this zone generating a higher crosslink density compared to the average
value at the center of NBR sheet.

For NR, spin density curve increases slowly from the interface to the center
of the sheet. The presence of the specific gradient can be attributed to the presence of

voids due to the loss of additives in this area. These voids also lead to a decrease of the
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number of protons available at the interfacial area. A majority of additives have migrated
from NR film to NBR, leading to the presence of nano or macrovoids.

In addition, the Tzefr curve of NR indicates a strong increase at the interface
down slowly to a slightly lower value in the center of the NR sheet. This high interfacial
value indicates the presence of a softer material on the contact zone than in the center
of the NR sheet. This decrease of crosslinking density can be explained by a migration
of additives to NBR sheet that has reinforced the crosslinking density of NBR at the
interface compared to NR one. This migration can be explained by the high affinity of
additives with the polar NBR elastomer compared to NR. During the vulcanization
process the mobile components, such as accelerator and sulfur will have different
diffusion process depending on the local temperature, but also the advancing
vulcanization front and the polarities of both rubber. This has nothing to do with the
mechanism of chain interdiffusion. As a result, this migration of the additives leads to
different ratios of these constituents locally in the thickness of the films. It is well known
that these ratios are closely related to the vulcanization state (both in the number of the
crosslinking bridges and their length) generating a crosslinking density gradient from
the interface of both elastomer o the center.

To conclude, NMR-Mouse test has allowed to highlight the possibility of
migration of additives at the interface of NR and NBR sheets. This migration and
crosslinking density analysis have been previously carried out and discussed in the
chapter by a destructive swelling test. Both destructive test and non-destructive NMR
surface characterization have led to the same phenomenon of migration of additives
from NBR to NR during vulcanization of rubber sheet in contact. This diffusion process
has induced an overcrosslink density of NBR and at the opposite a lower one for NR in
the contact interfacial zone of both elastomers.
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APPENDIX B
FTIR ANALYSIS OF NR/NBR/PALF COMPOSITES

To study the incorporation of NBR into NR/PALF composites, ATR-FTIR
spectroscopy was performed. IR spectra of pure NR (without PALF) and
NR/NBR/PALF composites with different NBR content are displayed in Figure B.1.
These spectra were first normalized in order to compare with each other spectrum. The
intensity of broad signal of hydroxyl and in NR at 3500 to 3100 cm™ increases with the
introduction of cellulose, which the signal of O-H stretching overlaps in this region. The
appearance of C-O stretching at 1050 cm™ signal is also obtained from the presence of
fiber, which contains hydroxyl functional groups as repeating units of cellulose. C=N
stretching signal at 2237 cm™ is characteristic of NBR in the blend. By plotting the
relation between NBR content and the intensity of the peak at 2237 cm, the linear
increase of intensity proportional to NBR content in the composite is observed. Ge
crystal diameter is 2 mm, thus, NBR is well-dispersed in NR in this scale.
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Figure B.1 FTIR spectra of NR without PALF and NR/PALF composites with NBR
content 0, 5, 10, 15, 20 wt% of total rubber content. Peak intensity at 2237 cm™ as a
function of NBR content
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APPENDIX C
FTIR ANALYSIS OF PALF WITH DIFFERENT
SURFACE TREATMENTS

Alkali treatment is the conventional and effective method to use
as a pretreatment for non-cellulosic substances removal. To investigate the effect of
alkali treatment of PALF, ATR-FTIR spectroscopy was utilized. The IR spectra of
untreated PALF (UPALF) and alkali-treated PALF (APALF) are shown in Figure C.1.
The signal assignment of UPALF is shown in Table C.1. The absence of the signals of
C=0 vibration at 1740 cm™ and C-O stretching at 1235 cm™ of APALF indicates that
hemicellulose is successfully removed by alkali treatment [94,137]. Silane-69
treatments, both washing (sSiPALF) and non-washing (sSiPALF-nw) methods do not

cause the difference on the FTIR spectra.
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UPALF 1740cm'1_ 1235 e’ 1740 cm \/\-
M _/\
APALF
2
.z’ '\f"\ b~ AN
9 |[sSiPAL \\
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J\'If\\/\ ]
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Figure C.1 FTIR spectra of untreated, alkali-treated and silane-treated PALFs including

zoom-in spectra between wavenumber 1800 to 1200 cm™?
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Signal position (cm™) Assignment
3300 O-H stretching
2900 C-H stretching
2850 CH2 symmetrical stretching
1740 C=0 stretching
1640 Adsorbed water
1475 CH2 scissoring
1427 CH2 asymmetric deformation
1370 CH3 symmetric deformation
1335 CH, wagging
1320 O-H vibration
1280 CH2 twisting
1235 C-OH out-of-plane bending
1200 C-OH and C-CH coupling
1160 C-O-C asymmetric stretching
1105 C-O-C asymmetric stretching
1052 C-OH (2° alcohol)
1035 C-OH (1° alcohol)
900 C-O-C in-plane stretching
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To calculate an amount of silane on the surface of fiber, high-resolution XPS

of Cls, Ols, S2p and Si2p were analyzed. The %atomic content of silane-69 as

reference was measured and then shows in Table D.1. The atomic content ratio of
(C-C)/(S-S) and (C-O)/(S-S) are calculated to use as the reference, which are 4.46 and
3.14 respectively. These values will be multiplied by (S-S), which is obtained by XPS

analysis on each fiber to calculate the amount of (C-C) and (C-O) respectively.

The amount of silane on the surface of fiber was calculated in Table D.2 for

silane treatment by washing method and in Table D.3 for silane treatment by non-

washing method.

Table D.1 Extracted high resolution XPS spectrum of silane-69

Bonding % Atomic content

C-C,C-H 27.16

C1 (C-OR) 19.10
Cls

C2 (O-C-0) -

C-Si 8.07

01 (-OH) -
O1s 02 (C-0-C) -

Si-0, C-0 (Silane) 19.37

S-S 6.08
S2p

C-S 6.08

Si(-0 -
Si2p _( i

Si(-0)s 8.05

Total 100%
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Table D.2 Calculation of the amount of silane on silane-treated PALF by washing

) %Atomic | %Amount of atoms of silane
Bonding _
content molecules on the fiber
(4.46 x 0.19) = 0.85
C-C,C-H 25.54 )
(Only C-C bond from silane)
(3.14 x 0.19) = 0.60
Cl1 (C-OR) 32.56 )
(Only C-OR bond from silane)
Cls |C2(0-c-0) 6.64 o
(Only fiber has this bond)
) 0.44
C-Si 0.44 _ _
(Only silane has this bond)
0.19
C-S 0.19 _ _
(Only silane has this bond)
01 (-OH) 19.7 o
(Only fiber has this bond)
Ols |02 (C-0-C) 13.2 o
(Only fiber has this bond)
) _ 0.88
Si-0O, C-O (Silane) 0.88 _ _
(Only silane has this bond)
0.19
S-S 0.19 _ _
(Only silane has this bond)
S2p
0.19
C-S 0.19 _ _
(Only silane has this bond)
_ ) 0.45
Si2p | Si(-0)3 0.45 . .
(Only silane has this bond)
Total 3.8%
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Table D.3 Calculation of the amount of silane on silane-treated PALF by non-washing

method
) %Atomic | %Amount of atoms of silane
Bonding _
content molecules on the fiber
(4.46 x 2.82) = 12.57
C-C,C-H 38.03 )
(Only C-C bond from silane)
(3.14 x 2.82) = 8.96
Cl1(C-OR) 20.09 )
(Only C-OR bond from silane)
Cls |C2(0-C-0) 2.64 o
(Only fiber has this bond)
) 3.89
C-Si 3.89 _ _
(Only silane has this bond)
2.82
C-S 2.82 _ _
(Only silane has this bond)
01 (-OH) 7.99 o
(Only fiber has this bond)
01ls | 02 (C-0-C) 5.35 o
(Only fiber has this bond)
) _ 9.64
Si-O, C-0O (Silane) 9.64 ) )
(Only silane has this bond)
2.82
S-S 2.82 _ _
(Only silane has this bond)
S2p
2.82
C-S 2.82 _ _
(Only silane has this bond)
3.89
Si2p | Si(-0)s 3.89 _ _
(Only silane has this bond)
Total 47.4%




Nuttapong Hariwongsanupab Appendices / 195

APPENDIX E
THERMAL DEGRADATION OF PALF

The thermal degradation of fiber was studied using thermogravimetric
analysis (TGA). Fibers 5 mg were placed into the pan and were measured the weight
loss by increasing temperature from 40 to 600 °C at heating rate 20 °C/min. The relation
between temperature and percent weight is plotted in Figure E.1. From the result, the
onset degradation temperature of fibers is observed at 210 °C. Thus, fibers are not

degraded during vulcanization of composites, which the curing temperature is 150 °C.
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Figure E.1 Thermogravimetric analysis curve of untreated PALF
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APPENDIX F
VARIATION OF STRESS-STRAIN CURVES OF COMPOSITES

The mechanical properties of 5 specimens of NR containing PALF 10 phr
with and without NBR are displayed in Figure F.1. From the results, the improvement
of mechanical properties by the incorporation of NBR can be observed with low

variation.
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Figure F.1 Stress-strain curves of NR/PALF and 15NBR/PALF composites
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APPENDIX G
EFFECT OF FIBER ORIENTATION ON MECHANICAL
PROPERTIES OF COMPOSITES

Mechanical properties of NR/PALF composites with fiber orientation in
longitudinal direction (LD) and transversal direction (TD) are displayed in Figure G.1.
The effect of fiber orientation on tensile properties of composites can be observed at
low deformation region. Yield stress can be observed only in composite with fiber
orientation in LD and Young’s modulus is higher than that of composite with fiber
orientation in TD. Thus, this reinforcement effect is originated from the orientation of
short fibers. At high deformation, the strain induced crystallization of NR results in the
similar stress at high deformation and ultimate properties.
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Figure G.1 Stress-strain curves of NR/PALF composites with fiber orientation in

longitudinal direction (LD) and transversal direction (TD)



