Design of experiments for optimizing NBR nanocomposite formulations
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ABSTRACT

Design of Experiments (DoE) is a structured statistical technique used for analyzing the behaviour of
a product, process, or simulation by changing multiple design parameters in a specific manner and
recording the response. Applications of DoE include choosing between alternatives, selecting the key
factors affecting a response, response surface modelling, regression modeling, etc. The interpretation
of results consists of determining the set of factors that are statistically significant for each response
measured in the experiment, quantifying the relationship between each measured response and the
statistically significant factors and determining the ranges of the statistically significant factors (or
“process windows” or “process set points”) that lead to certain optimal/desired ranges for the
measured responses.

In the present work we used DoE to optimize the formulation of NBR [nitrile rubber] based
nanocomposites. A Box-Benken Design with three factors and three levels was used to quantify the
relationship between mechanical properties and levels of ingredients. The variables chosen are silica
content, nanoclay loading and vulcanization system. A masterbatch of NBR and nanoclay was made
in a Haake Rheocord followed by compounding on a two roll mill. The compounds were compression
molded and evaluated for tensile strength, modulus, elongation at break and hardness. The effect of
heat ageing on mechanical properties was also studied. Based on regression analysis, data from the
experiments were used to fit mathematical models of the general form

Y = b+ byx; + bsxa + baxs+ bsxs + bex;” + bsxy” + bgxs” + boxa” + bigX X2 + bixiX3 + biaXiXg + bisxoxs
+ b14X2X4 + b15 X3X4

The sign and magnitude of the coefficients were different for different ingredients and properties.
The predictions based on the design was confirmed by verification experiment. MINITAB was used
for generating contour plots to study the interaction between the three factors. The contour plots were
overlaid to find the optimal formulation.

INTRODUCTION

Reinforcing polymer with nanosized clay particles yields materials with enhanced performance
without recourse to expensive synthesis procedures [1-3]. Among the various clays used, organoclays
of montmorillonite family have been widely used in both thermoplastic and elastomeric systems
[2,4,5]. These composites have comparatively much better mechanical properties, barrier properties
and fire and ignition resistance than conventional microcomposites. The size of the nanoclay particles
and the amount of filler used play a major role in the development of the properties of the rubber [6-
10]. Acrylonitrile-butadiene rubber (NBR) is a special purpose, oil resistant rubber and hence can be
used in applications where oil resistance is a must. The objectives of the work include varying the
properties of the composite with nanoclay content, silica loading and sulphur-accelerator ratio. In the
present work we used response surface methodology, a collection of mathematical and statistical
techniques, to model the properties of NBR nanocomposites and to optimize the mechanical and heat
ageing properties. A Box-Behnken design for three factors has been used for analysis.

EXPERIMENTAL

Materials
Nitrile rubber (JSR N230SL ) with 35% Acrylonitrile content showing a Mooney viscosity of ML (1
+ 4) at 100 °C = 42 was used. The nanoclay Cloisite 20A, a natural montmorillonite modified with



quaternary ammonium salt (organic modifier - dimethyl dehydrogenated tallow, quaternary
ammonium, modifier concentration 95 meq/100g clay and dg; =24.2A ) was procured from Southern
Clay Products, USA. Silica [Ultrasil], sulphur, dicumyl peroxide and other compounding ingredients,
were obtained from standard suppliers.

Preparation of Nanocomposites

Cloisite 20A was mixed into NBR in the ratio 1:3 using an internal mixer type Fissions Haake
Rheocord 90 at 60 rpm and at 50°C for 10 minutes. The internal mixer has an 8-shaped chamber in
which two sigmoid, counter-rotating blades turn. The NBR — nanoclay masterbatch was later
compounded with NBR and other compounding ingredients in laboratory size two roll mill (15cm x
33cm) with friction ratio 1 : 1.25 at room temperature using standard procedures. The rubber
formulations were evaluated for cure characteristics on TechPro Rheotech ODR. (ASTM D-2084)).
Curing was done at 150°C and 200 kg/cm? for the optimum cure time in a hydraulic press to make ~
2mm thick rubber sheets.

Characterization of NBR Nanocomposites.

Dumbbell specimens were punched out from the molded sheets and stress-strain characteristics were
evaluated as per ASTM D412 method on a UTM . The dumbbell specimens were subjected to heat
ageing at 100°C for 48 hours.

Design Selection for Property Optimization

A Box-Benken design was chosen for the study considering its efficiency in the number of required
runs. Also, this design does not contain any points at the vertices of the cubic region created by upper
and lower limits for each variable and hence is advantageous when these points are impossible to be
tested because of physical constraints. The three level three factor Box-Benken design employed in
this study required 15 experiments. [11 -15] with silica content (X;), Nanoclay loading (X,) and
sulphur / Accelerator ratio (X3) as the independent variables. The compositions were optimized for
mechanical properties and heat ageing properties. The coded and uncoded levels of the independent
variables are given in Table 1.

RESULTS AND DISCUSSION

The mechanical properties of NBR nanocomposites before and after heat ageing are tabulated in
Table 2. A wide range of values were observed for the different NBR compounds..

Statistical analysis
The experimental data obtained by following the above procedures were analyzed by the response
surface regressmn procedure using the followmg second-order polynomial equation:

p=fy+ zix-—-ZSf'-hz Zin

where y is the response X; and x; are the uncoded independent variables and B, Bi, Bii and B; are
intercept, linear, quadratic and interaction constant coefficients, respectively. MINITAB software
package was used for regression analysis. The regression coefficients for the various parameters are
tabulated in Table 3. The factors with positive coefficients have a positive effect on the property and
vice versa. Using the regression equation, the contour diagrams and response surface plots were
generated (fig 1 & 2).

Overlaying of Contour Plots

The contour plots for tensile strength, elongation at break, modulus at 100% elongation and
changes in tensile strength and modulus after heat ageing were overlaid to find the feasible
region (shown as white region) having desired properties [Fig 3 & 4]. The desired values of all
these properties can be obtained at any given combination within the optimized region. For the
purpose of overlaying, nanoclay and silica contents were chosen as variables keeping the
value of sulphur/accelerator ratio constant at mid point.



Verification Experiments

Confirmatory experiments were carried out to validate the equations, using combinations of
independent variables which were not part of the original experimental design but were within the
experimental region.The values are listed in table 4. The predicted and experimental values were in
good agreement. These validations confirmed the suitability of the design chosen, method of sample
preparation and property evaluation.

CONCLUSION

Silica loading, nanoclay content and sulphur / accelerator ratio of NBR compounds were optimized
using Design of Experiments approach. The nanocomposites were characterized for Tensile Strength,
Modulus and Elongation at break, both before and after heat ageing. The data obtained were used to
generate models by linear regression analysis using MINITAB package. Contour plots [a series of
curves that identified different combinations of variables for which the response was constant] for
tensile strength, elongation, modulus and change in tensile strength and modulus after heat ageing
were overlaid to provide an optimum region for a desired set of specifications. Results from
verification experiments were found to be within reasonable limits.

Table 1 Coded and Uncoded levels of Independent Variables — NBR —nanoclay systems

VARIABLE LOW (-1) MID (0) HIGH (1)
Silica Loading (X1), phr 0 10 20
Nanoclay Content (X2),
phr 0 5 10
Sulphur/Accelerator ratio
(X3) 0.3 2 3.7

Table 2 Three variable Box — Behnken design in coded units and Mechanical properties NBR
Nanocomposites

Coded Variable Properties before Heat Agein, Properties before Heat Agein
RO | Name Silica I\i‘{‘;’y" Ii/ ﬁi?l TS Eb | M100 | M300 | TS Eb | M100 | M300
N/mm? | % N/mm’ | N/mm? | N/mm? | % N/mm? | N/mm?

1 NBR201 -1 1 6.44 | 757 1.36 2.39 4.96 | 486 1.58 2.97
2 NBR202 0 7.89 | 1063 1.20 1.91 6.87 | 736 1.43 2.40
3 NBR203 0 1 -1 7.99 | 1279 1.13 1.62 6.81 | 919 1.21 1.81
4 NBR204 0 0 7.28 | 1013 1.06 1.81 7.76 | 797 1.53 2.55
5 NBR205 -1 0 507 | 556 135 2.57 4.49 | 400 1.55 3.23
6 NBR206 1 -1 0| 11.14] 1378 1.01 1.54 8.70 | 917 1.27 2.09
7 NBR207 0 -1 1 516 | 762 1.00 1.61 549 | 601 1.26 2.27
8 NBR208 0 -1 -1 4.76 | 1392 0.74 0.95 4.03 | 958 0.83 1.11
9 NBR209 1 0 -1 8.15 | 1488 0.90 1.36 7.81 | 1116 1.04 1.36
10 | NBR210 -1 -1 0 277 720 0.78 1.18 243 | 536 0.92 1.37
11 | NBR211 1 1 11.41 | 1129 1.37 246 | 1146 | 870 1.72 321
12 | NBR212 -1 0 -1 423 | 958 0.79 131 401 | 748 1.01 1.59
13 | NBR213 0 1290 | 944 1.54 298 | 11.37 | 644 2.05 4.30
14 | NBR214 0 0 8.49 | 1079 1.09 1.93 794 | 771 1.47 2.56
15 | NBR215 1 11.60 | 766 1.80 3.74 9.16 | 515 2.34 4.90




Table 3 Regression Coefficients for Properties of NBR Nanocomposites

Before heat ageing After Heat ageing
Term Stowgn | Bb [ M100 |G TED | M0
N/mm?2 % N/mm2 | N/'mm2 | % N/mm?2

Constant B0 7.89 | 1051.51 1.12 7.52 | 768.18 1.48
Silica Bl 3.13 | 243.30 0.07 293 172.23 0.13
Nanoclay B2 1.70 | -40.21 0.27 147 | -27.68 0.32
S/Accl Ratio B3 1.20 | -261.21 0.27 098 | -197.72 0.39
Silica*Silica B12 0.13 -59.37 0.00 -0.05 -43.48 -0.05
Nanoclay*Nanoclay B22 -0.08 3.84 0.02 -0.59 -22.19 -0.05
S/Accl Ratio*S/Accl Ratio 32 -0.43 -5.62 0.03 -0.56 2.35 -0.02
Silica*Nanoclay B1p2 -0.85 | -71.57 -0.05 0.06 0.66 -0.05
Silica*S/Accl Ratio B1B3 0.98 | -35.55 0.02 0.77 | -30.99 0.12
Nanoclay*S/Accl Ratio B2B3 0.80 29.22 0.10 022 | -11.78 0.18

Table 4 Comparison of the predicted and the observed values

% change from
Properties Predicted | Experimental | actual
Tensile strength,
N/mm?2 7.40 7.68 3.7
Before heat -
Ageing Elongation at Break ,
% 914 811 -12.6
M100 , N/mm?2 1.24 1.27 2.6
Tensile strength,
N/mm?2 6.62 7.53 12.1
After heat Ageing | Elongation at Break ,
% 652 602 -8.2
M100 , N/mm?2 1.56 1.64 5.0
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Fig 1. Contour Plots for Tensile Strength

Fig 2. Response Surface Plots for Tensile strength
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ABSTRACT

Effect of compositional and processing variations on the T-peel adhesion strength of rexin
specimens bonded with phosphorylated cashew nut shell liquid prepolymer (PCNSL) based pressure
sensitive adhesives (PSAS) containing natural rubber (NR) and polychloroprene rubber (CR) has been
studied. Increase in adhesion strength above that of a commercial sample of PSA has been observed
with the increase in solids content of the PCNSL based PSA from 15% to 25%. Also, considerable
increase in adhesion strength has been obtained with the increase in storage time prior to testing of the
specimens from 1 to 7 days which indicates the time dependent diffusion behavior of PCNSL based
PSA facilitating wetting and bond formation with the substrates. Irrespective of the solids content and
the type of PCNSL, a maximum in T-peel adhesion strength has been obtained at a CR dosage of 90
phr in the blend. Typical cohesive failure along-with high strength have been obtained with PSAs
based on PCNSL having a higher degree of phosphorylation / oligomerization. Uniform and almost
complete wetting of the substrate has been confirmed by the optical stereo micrographs of the failure
surfaces of the test specimens and the results on viscosity obtained from rheometry.
INTRODUCTION

Pressure sensitive adhesives (PSAs) *, popularly known as “contact adhesives’ hold a main stay in
the present consumer and industrial market. A variety of PSAs based on natural rubber (NR) and
polychloroprene rubber (CR) modified with tackifiers and other additives have been in use for various
applications such as removable tapes / labels, upholstery, carpentry and footwears.>* It has been
established by the results of previous studies that Phosphorylated Cashew Nut Shell Liquid
prepolymer (PCNSL) — an amphiphyllic derivative of cashew nut shell liquid (CNSL) could function
as an excellent multifunctional additive for rubber compounding.”” The chemical structure of PCNSL
prepolymer is given in Fig. 1. The multifunctional role of PCNSL as a plasticizer, antioxidant and
tackifier has been made use of in the design and development of a series of solvent based PSAs

containing NR and CR. A preliminary study was made on the effect of different compositional and
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processing variables on the adhesion strength of substrates bonded with these PSAs - the results of

which are reported in this paper.

HO\E/OH
|
5 (—|CH —CH2—y,
CH2)7_CH=CH_CH2_CH=CH —CH»

n=2to4
0) Prepolymer of PCNSL

Materials & Methods

Polychloroprene rubber (CR) (Skyprene Y-30H, Toyo Soda Co.) was supplied by M/s. Jeni
Polyplast, Ahmedabad, Gujarat, India. CNSL conforming to Indian Standards 1S: 840 - 1964 was
supplied by M/s. Adarsh Industrial Chemicals, Sanoor, Mangalore, India. Commercial sample of PSA
(Fevicol SR 998) was manufactured by M/s. Pidilite Industries Pvt. Ltd., Mumbai, India.

PCNSL was synthesized (at 20 kg level) by the simultaneous esterification and oligomerization of
CNSL using o-phosphoric acid at controlled temperature, time and vacuum conditions in a Multi
Purpose Reactor (Pyrodevices) supplied by M/s. Thermosystems, Veli, Thiruvananthapuram.

Blends of NR, CR and PCNSL (in various proportions) were prepared by mixing on an open two
roll mill (6” X 12”) for 5 minutes followed by homogenization and sheeting out. The sheets were cut
to small pieces and weighed amounts of the same were kept immersed in requisite amount of
dichloromethane for 24 h, stirred there-after for homogeneity and kept in air-tight containers.

The viscosity of the PSAs was measured on a rheometer (Anton Paar Physica, Austria, model
MCR-150) by parallel plate method, at 28°C over the shear rate range from 0.1 s* to 100 s*. T-peel
test specimens were prepared from rexin sheet cut to size (75 mm X 25 mm). Two coats of the PSA
were applied manually on an area of 50 mm X 25 mm from one end of the fabric surface, an open
tack time of 2 minutes was given and bonded together under hand pressure. The test specimens were
kept pressed between two flat sheets under a load of 10 kg, applied uniformly for a period of 24 h or
168 h. The T-peel adhesion strength of the specimens was measured on a Universal Tensile testing
Machine (Hounsfield, H5KS) at a cross head speed of 100 mm/min. The optical micro photographs
of the failure surfaces were obtained using a stereo microscope (Leica MZ 16A / DC Twain) at a
magnification of X 11.

RESULTS AND DISCUSSION
Effect of type of PCNSL and storage time of bonded specimens on adhesion strength
The results on T-peel strength of rexin specimens bonded with the PCNSL based PSAs are given

in Table 1. It shows a general increase in the T-peel strength with the change in type of PCNSL from



PCNSL-1 to PCNSL-3. This is expected to be due to the increase in cohesive strength of the PSA
based on it due to the increase in molecular weight / viscosity up on changing from PCNSL-1 to

PCNSL-3. Also, at higher solids contents the nature of failure changed from ‘adhesive’ to ‘cohesive’

NR /CR/PCNSL (phr) 100/0/5 0/100/5
Storage time (days) 1 | 7 1] 7
TSC (%) Mean T-peel strength (N/25mm)
PCNSL -1 15 54 9.2 13.7 16.5
20 8.8 10.4 21.5 33.7
25 9.1 11.5 34.8 41
PCNSL - 2 15 5.3 7.3 14.6 18
20 8.7 11 18.8 30
25 9.3 12.1 33.3 45.3
PCNSL -3 15 6.3 7.4 15 16.9
20 9.7 14.1 26 33.1
25 13.4 17.1 32.6 43.9

Table 1. Variation in T-peel strength of rexin / rexin bonded with PCNSL based PSAs

type similar to that of the commercial sample. The adhesion strength of rexin specimens bonded with
PCNSL based PSAs increase with storage time from 1 to 7 days. This is more prominent in the
adhesive containing higher solids content, higher proportion of CR and PCNSL having a higher
extent of oligomerization / phosphorylation. Time dependent diffusion of the PSA to the substrate
matrix aiding ‘wetting’ may be one of the reasons for the increase in adhesion strength. A similar
time dependent increase in self adhesion strength (tack) of PCNSL modified NR has been reported
earlier® which was ascribed to higher molecular diffusion of NR assisted by the plasticizing effect of
PCNSL. The T-peel strength of rexin bonded with Fevicol SR 998 showed a peak value (19N/25 mm)
after storing for five days. This may probably be facilitated by its very low value of viscosity.
However, it can be noted that the increase in adhesion strength is comparatively greater for the
PCNSL modified CR based PSAs, particularly at the higher solids contents, as shown in Table 1. The
progressively decreasing viscosity at higher shear rates of PCNSL — 1, PCNSL-2 and PCNSL-3
based PSAs may aid the flow of the adhesive and wetting of the substrates, facilitating development
of a higher bond strength over a longer period of time. This increasing adhesion strength may also be
due to possible physico-chemical interaction between CR and PCNSL as mentioned in an earlier
work " where-in the polar phosphate group of PCNSL can interact with the chloro-group of CR. Polar
— polar interaction between an additive and PSA has been reported as a factor responsible for a high
value of T- peel strength.? Table 2 shows the mean T-peel strength of rexin bonded with PSAs based
on unmodified blends of NR and CR, tested after 24 h. The lower values of adhesion strength here is

in sharp contrast to the considerably higher values for the PCNSL based PSAs shown in Table 1.



NR/CR 100/0 75/25 50/50 25/75
TSC (%)

Mean T-peel 15 2.4 3.3 4.9 3.7

strength (N/25mm) | 20 2.8 3.6 4.5 4.8

Table 2. T-peel strength of rexin / rexin bonded with unmodified NR/CR based PSAs

In the former, the lower segmental mobility of the elastomeric chains in the absence of PCNSL may
reduce the flow and wetting of the substrates, essential for development of a high value of adhesion
strength. It is expected that the plasticizing and softening effect of PCNSL in NR ° and CR ° as
reported earlier facilitates the built up of adhesive tack in the PCNSL modified PSAs.
Effect of solids content of PSA on adhesion characteristics

The optical micro-photographs of the failure surfaces of rubber specimens bonded with Fevicol
SR 998 and PCNSL based PSAs are given as Figure 2.
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Fig.2.T-peel failure surface of rubber / rubber bonded with (a) Fevicol and (b) PCNSL based PSA,
(TSC - 30%)

Figure 2(a) shows almost uniform and complete wetting of the substrate with a layer of the adhesive.
A similar morphology was observed for the PCNSL based adhesive at 30% solids content (Fig.2(b)).
This was reflected in the increase in T-peel adhesion strength from 10% to 30% solids content, as

given in Table 3. Also, the nature of adhesion failure changed from ‘adhesive’ to “cohesive’ type with

PSA TSC (%) | Mean T-peel strength (N/25mm)
Fevicol SR 998 - 39.5
NR/CR/PCNSL 10 15.8

20 25.9

30 45.5

Table 3.T-peel strength of rubber / rubber bonded with Fevicol and PCNSL based PSA

the increase in solids content.
Effect of proportion of CR and type of PCNSL on adhesion strength

Table 2 gives the T- peel adhesion strength of rexin specimens bonded with PSAs based on
blends of NR and CR at two different solids contents. It can be noted that irrespective of the content



of CR and solids content, all of the unmodified adhesives show low values of adhesion strength. The
lower adhesion strength of the unmodified adhesives may be due to the absence of a plasticizer and /
or tackifier which are known to be essential constituents of an elastomeric PSA.

Figure 3 shows that the PCNSL based PSAs show a maximum in the T-peel strength at a CR
content of 90 phr. Also, at all the different proportions of NR and CR there is a gradual increase in T-
peel strength (in the order PCNSL-1 < PCNSL-2 < PCNSL-3) with a change in the type of PCNSL.

—ma—B| PCNSL-1
—w—C| PCNSL -2

404 | —a—D| PCNSL -3
351  Tsc=20%
304  PCNSL - 5 phr b\

: A%

10 ff<!2§jz/

Mean T-peel strength (NV25mm)

o T T T T T
0 20 40 60 80 100

Dosage of CR (phr)

Fig.3. Variation in T-peel adhesion strength of rexin / rexin bonded specimens with dosage of CR
in the NR/CR/PCNSL blend and at 20% TSC of adhesives.

This can be attributed to the increase in molecular weight of the resin in that order, contributing to the
cohesive strength of the adhesive. Zosel has reported that above a minimum molecular weight of the
modifier, tendency for fibrillation increases leading to an increase in cohesive strength of PSAs.® A
similar mode of cohesive failure was observed for rexin specimens bonded with the PCNSL based
PSA containing PCNSL-3. This indicates the possibility for entanglement of the pre-polymer chains
of PCNSL with macromolecular chains of CR and NR with consequent increase in cohesive strength
and T-peel adhesion strength. Also, the small proportion of NR (10 phr) may facilitate the visco-
elastic deformation / flow characteristics of the adhesive facilitating quick and uniform wetting of the
substrates and development of a high value of adhesion strength. The comparatively lower values of
viscosity of Fevicol SR 998 at various shear rates may be one of the factors for its high value of
adhesion strength. Thus, the low viscosity of this adhesive leads to almost complete wetting of the
substrates as shown in the stereo optical micrograph of the failure surface, given as Fig.4 (a). The
optical micrograph of the failure surface of rexin bonded with PCNSL based PSA having 25% solids
content is given as Figures 4(b).This shows almost complete wetting of the substrate, accounting for



the observed high values of its T-peel strength (15.5 N/25mm as against 9.8 N/25mm for Fevicol SR
998).

Fig.4.T-peel failure surface of rexin / rexin bonded with (a) Fevicol and (b) PCNSL based PSA

CONCLUSION

Adhesion strength higher than that of Fevicol SR 998 was obtained for PCNSL based PSAs
with increases in solids content from 15% to 25% and storage time of test specimens prior to testing
from 1 to 7 days which indicates time dependent diffusion characteristics of the latter causing a
change in failure pattern from ‘adhesive’ to ‘cohesive’ type. Increase in the extent of phosphorylation
/ oligomerisation of CNSL during synthesis of PCNSL resulted in a resin having higher viscosity
which enhanced the cohesive strength of the PSA and consequently the T-peel adhesion strength with
flexible substrates. Rexin specimens bonded with the PCNSL based PSAs showed an optimum high
value of T-peel adhesion strength at a CR dosage of 90 phr, irrespective of the type of PCNSL and
solids content.
Acknowledgement: ~ Thanks are due to the Kerala State Council for Science Technology &
Environment
(KSCSTE), Thiruvanthapuram for sponsoring this work and to Prof. T.K. Chandrasekhar, Director,
NIIST, Thiruvananthapuram for providing the necessary facilities.
REFERENCES

1. Wake, W.C. Adhesion and the formulation of adhesives; 2™ Edn., Appl Sci Pub., New York, 1982,
Ch.10, pp. 220-223.

2. John, N.; Joseph, R. J Appl Polym Sci, 1998, 68, 1185.

3. Poh, B.T.; Kwo, H.K. J Appl Polym Sci, 2007,105 (2), 680.

4. Kozakiewicz, J.; Kujawa-Penczek, B.; Penczek, P.; Puton, K. J Appl Polym Sci, 1981, 26,
3699.

5. Menon, A.R.R.; Pillai, C.K.S. ; Nando, G.B. J Adhesion Sci Technol, 1995, 9(4), 443.

6. Menon, A.R.R.; Pillai, C.K.S.; Nando, G.B.; Bhattacharya, A.K.; Gupta, B.R. Kauts Gummi



Kunsts, 2000, 53(1-2), 35.
7. Menon, A.R.R.; Visconte, L.L.Y. J Appl Polym Sci, 2004, 91(3), 1619.
8. Taghizadeh, S.M.; Mirzadeh, H.; Barikani, M. ; Yousefi, M Iran Polym J, 2007, 16(4), 279.

9. Zosel, A. IntJ Adhesion & Adhesives, 1998, 18, 265.



Nondestructive testing of defects in adhesive joints

P.N. Vinod, Reji John, Shiv Kumar, K. Shajahan, C.G. Padma Kumar and RMR Vishnubhatla
Naval Physical and Oceanographic Laboratory,
Defence Research and Development Organisation,
Thrikkakara P.O, Cochin-682 021

Email: tsonpol@vsnl.com

Abstract

Rubbers are generally used for encapsulating underwater components to prevent moisture
ingress. Reliability aspects of these components are very important while considering the performance
of the sensor. The sensor is deployed in underwater for quite long period of time and has no option for
monitoring the structural health and functionality. The sub-surface defects such as micro-cracks,
voids, porosity and delamination are generally introduced during the encapsulation or damage may
create due to handling or when service stress exceeds design stresses. Nondestructive test (NDT)
techniques such as infrared thermography (IRT) and micro-focal x-ray radiography techniques have
been applied as an inspection methodology for detecting these defects in the encapsulants. The main
advantage of the NDT techniques is that reliable and quantitative information about the hidden defects
or flaws can be generated with high precision without sacrificing or damaging the entire structure of
the device or its components. The bright spots and its dimensions observed on the IR images of the
partially debonded samples correspond to the location as well as the relative size of the delamination
presents in the sample. The x-ray image of the spiced cable joints shows that the internal structure
with cracks or voids at the cable joints.

Keywords: encapsulants, NDT, infrared thermal imaging and microfocal x-ray radiography.
1. Introduction

Rubbers are generally used for encapsulating underwater components to prevent moisture
ingress. The sensor is deployed in underwater for quite long period of time and has no option for
monitoring the structural health and functionality on a regular basis. The generally observed defects of
underwater components are delamination of adhesive joints or at the cable-spliced joints, cracks in
ceramics, porosity and pin holes in transducer encapsulations and rubber moulded junction boxes,
which are seriously affecting the reliability of the sonar systems. Hence, detection and localization of
the above types of defects and monitoring the health of the components are the prime important
factors to improve the reliability of the device and in predicting the life of the components, thereby
eliminating the possibility of catastrophic failure of sonar. These defects are so tiny that visual
inspection is not practically feasible. Consequently, there exists an increasing demand for reliable and
effective non-destructive evaluation (NDE) for the wet-end components of the encapsulants. A
number of different nondestructive test (NDT) techniques have also been developed as an inspection
methodology and applied successfully to identify and characterize the defects [1-2]. No single
method can detect all forms of flaws in all materials. Hence, suitable NDT inspection methods have to
appropriately select for each case. In the present study, the delamination and cracks in the
encapsulants of the wet-end components of the underwater sensors have been detected and
characterized using the NDT technique such as micro-focal x-ray radiography and IR thermal imaging
techniques. These techniques are applied due to their reliability and high sensitivity in detecting the
defects [3].

1. (a) The principle of Infrared thermography
Infrared thermography is a non-contact sensing method concerned with the measurement of

radiated thermal or infrared radiation from a surface in the infrared region. This involves the use of an
IR camera to capture the evolution of surface temperature profiles of the test object after being
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subjected to thermal perturbation from a high-energy uniform light source. It detects heat signatures
via infrared imaging and uses this heat signature to detect leaks, cracks, debonding, corrosion etc. The
spectrum and intensity of the radiation emitted by the object depends on its absolute temperature and
emissivity of the surface [3]. The basic principle of this approach is that when a materials present
defects; it introduces areas of locally high temperature because of the reduced heat flux in the areas
immediately surrounding the defects. This results thermal gradients. This thermal transient flux can be
picked up or recorded by an infrared camera operating in the infrared wavelength range 4 to 9um. The
analysis of the IR images provides qualitative information about the hidden defects or internal flaws
in the material.

1. (b) The principle of X-ray radiography measurement

The radiography measurement is based on the differential absorption of x-ray radiation on its
transmission through the structure of the tested specimen. This indicates that the intensity of the
incident radiation on the tested structure is attenuated more or less due to the presence of any flaws or
discontinuities in the specimen. Thickness alterations and the presence of discontinuities are
visualized by differences in contrast (radiographic density) of the obtained images [ 3].

2. Experimental

For detecting the various defects-like thin line cracks, voids or sub-surface defects on the
spliced neoprene cable, both IR thermal imaging and x-ray micro-focal radiography measurements
were carried out. The tested samples were adhesively bonded aluminum disc with neoprene rubber
used for encapsulating underwater acoustic sensors having delamination introduced deliberately. The
Al disc had a thorough central hole to connect the rode for sensor assembling. The delamination was
suitably created at the upper portion of the sample by not applying any adhesives and adhesive was
applied at the lower portion of the samples. It serves as a delamination of one half of the 4” dia
circular disc. The thermal imaging was carried out on adhesive joints to examine the delamination.
The Thermovision 550 IR camera was used for the experimental works. The IR thermal imaging was
performed in reflection mode in which both the heating source and the IR camera were positioned at
the same side and infrared images were captured using the IR camera in the wavelength range 3-5um.
The test samples were heated using a hot air-gun for a few minutes. Then, the samples were allowed
to cool for one minute. The IR thermal imaging system operated on the reflection mode in which both
the heating source and the camera are positioned on the same side. The transient infrared images were
acquired and analyzed. The micro-focal x-ray radiography measurements were carried out (using a
Feinfocus FXE 225.20 unit which has a focal spot size of about 15pum with a geometric magnification
of 3X) on the spliced cable joint to monitor the flaws/defects. Using this technique, the finer details of
the cable joints such as delamination, voids, and quality of crimp, ingress of water, etc can be
monitored. The radiography exposure parameters were suitably adjusted to obtain a radiographic
density of about 2.0 to 2.5 at the region of interest (ROI). These films were processed manually under
standard conditions to identify the fine-scale detailed of the damage or defects. A 3mm thick lead
sheet was used at the entire area except the ROI for masking around the tube to control the scattering
of the x-rays.

3. Results and Discussion

Fig 1 shows the IR thermal image of the tested structure consisting of neoprene rubber encapsulants
glued to the Al housing of the sensor assemblies. Left side shows the schematic drawing of the 4” dia
circular end cap of the sensor (test specimen) with upper portion is completely debonded and lower
portion is completely bonded. From the thermal image given, a defect like non-bonded area can be
detected with bright portion indicates the delamination. The presence of this bright area corresponds
to the delamination indicating its shape and location of the delamination. The delamination of the
encapsulants with the Al housing or ceramic rings is resulted due to the poor bonding practices
employed or due to inadequate bonding of the adhesives [2]. For thin laminates, damage or defects is
usually occurs at the subsurface and hence not readily detected visually (this is known as the barely



visible impact damage (BVID). The cracks, inclusions, void or delamination that transfers heat at
different rates causes these thermal gradients. The temperature of the material changes rapidly after
the initial thermal pulse because the thermal wave front propagates by diffusion process. The presence
of delamination reduces the diffusion rate so that temperature gradient originates at or near around the
defected area as the thermal wave propagates. Hence, it acts as an insulator and possesses a higher
temperature with respect to the surrounding area. The large distribution of the temperature mapping at
the non bonded area indicates that complete debonded condition of the encapsulants with the Al
metal. The uniform distribution of temperature in the lower portion of the IR image shows that no
delamination is present between the neoprene rubber encapsulants and Al housing of the sensor.
Hence, it provides quantitative information about the hidden defects or internal flaws in the material.

A junction between two similar or dissimilar materials represents generally a weak structural
joint and so it requires an appropriate choice of the most adequate joining technique to make good
adhesion between the materials. An effective and reliable adhesive bond between dissimilar substrates
is extremely important for transducer applications. Figure 2 shows the radiographic image of the
spliced rubber cable. Fine details at the cable joints can be clearly seen in the image. Though there is
contact at some locations (two strands), there was finite gap between the other strands. The gap is
approximately 1 mm. The arrows indicate the transverse micro-cracks observed in the core strands.
Figure 3(a) shows the photography of the tested cable splice. Fig 3(b-d) shows the micro-focal
radiography images of the neoprene cable splice having a geometrical magnification of X3. In Fig 3b,
the circled portion shows the large discontinuity in the copper conductor in the cable. The gap
between the joints is indicated by a circle. Figure 4 shows the radiographic image of the spliced cable
joints and it shows the splice in non-defective.

4. Conclusion

The sub-surface defects such as micro-cracks, voids, porosity and delamination are generally
observed in the rubber encapsulants of the wet-end components. NDT tools like microfocal X ray
radiography and IR thermal imaging techniques are useful to detect these defects. It was shown that
with these techniques, finer details of the defects such as size and dimensions of delamination or
cracks can be effectively detected and monitored. However, each of these NDT tools is sensitive to
the type of defects present and hence can provide a quantitative account on the hidden flaws or faults
in the encapsulants.
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Fig 2. Photograph of the spliced neoprene cable and (b) Radiography image (3X) of the spliced cable.
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Fig 3(a) photograph of the tested cable and (b&d) represents radiography images.



Fig 4. X-ray microfocal radiograph of spliced neoprene cable. The splice is no defective.
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Abstract:

Vacuum deposition of metals on softened polymers offers a technique to prepare subsurface
particulate films. Morphology of such films depends on deposition as well as thermodynamic
parameters. In addition, the polymer metal interaction plays an important role in deciding the
morphology. The electrical properties of particulate films are strongly dependent on their
morphology. Blending of polymers can be used to control the morphology of such films and thereby,
tailor their electrical properties. Blends of Polystyrene (PS) and Poly (4-vinylpyridine) (P4VP)
prepared by mixing in common solvent, Di-methyl Formamide (DMF), are solution cast on to clean
glass substrates. The substrates were held at 457 K, much above the glass transition temperature of
both the polymers, to ensure sufficient polymer fluidity during deposition, to obtain a subsurface
particulate film. A constant deposition rate of 0.4 nm/s was used throughout the study. The particle
sizes were estimated from the line width broadening of the X-ray Diffraction (XRD) peaks and the
mean particle sizes are in the range 30-50 nm. Films on softened PS give rise to a very high room
temperature resistance due to the formation of a highly agglomerated structure. On the other hand,
films on softened P4VP gives rise to a room temperature resistance in the range of a few tens to a few
hundred MQ/T], which is desirable for device applications. Blends of PS and P4VP show room
temperature resistances in the desirable range, even at a PS/ P4VP ratio of 75:25. The film resistances
in the desired range could be obtained on PS by blending it with P4VP.

Introduction

Organised small metal particles with an average inter-particle separation of a couple of nm would
exhibit interesting optical and electrical properties which can be exploited for device applications. An
interesting sub-surface particulate structure formation was reported when certain inorganic materials
are vacuum deposited on to softened polymer substrates [1-4] and the morphology and formation of
such structures depend on thermodynamic as well as deposition parameters [4, 3]. The morphology of

sub-surface particulate structures also depends upon polymer metal interaction [5, 6].

Silver deposited on softened inert polymers like polystyrene (PS) substrates formed highly
agglomerated structures with their room temperature resistances equalling that of the substrate,

irrespective of the thickness deposited. On the other hand, silver deposited on an interacting polymers
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like poly (2-vinylpyridine) (P2VP) or poly (4-vinylpyridine) (P4VP) resulted in the formation of
smaller particles (~ a few tens of nm) with smaller inter-particle separations [6]. Such structures
showed electrical resistance in the range desirable for device applications. However, P2VP and P4VP
are hygroscopic while PS is a stable polymer. Therefore, it would be interesting to study the electrical
properties of sub-surface particulate structures formed on PS/P4VP blends. This article reports the
results of the studies taken up on the electrical properties of silver island films deposited on softened
PS/P4V/P blends.

Experimental technique

Poly (4-vinylpyridine) and silver (purity better than 99.99+ %) used in this study were procured from
Sigma-Aldrich Chemicals Pvt. Ltd. Polystyrene was procured from Alfa-Aesar (A Johnson Mattey
company). The molecular weight of P4VP and PS are 60,000 and 100,000, respectively. Polymer
blends were prepared through solution blending by mixing in a common solvent, Die-methyl
Formamide (DMF). 2 g of the total polymers at different ratios were dissolved in 20 ml of DMF at
room temperature and solution cast on a glass slide pre-coated with silver contacts with a gap of 1 cm
X 1 cm for electrical studies. Silver films of various thicknesses were deposited on these substrates
held at 457 K in a vacuum better than 8 x 10° torr. A chromel-alumel thermocouple was used to
measure the substrate temperature. A Telemark quartz crystal monitor (Model 850) was used to
measure the deposition rate, as well as the overall film thickness. The deposition rate was 0.4 nm/s
for all the films. Resistance measurements were carried out in-situ, using a Keithley electrometer
model 617. The films were annealed at the deposition temperature for 1 hour before cooling them to
room temperature. X-ray diffraction (XRD) studies were carried out for particle size measurements

using a Bruker D8 Advance powder x-ray diffractometer with Cu K., radiation.

Results and Discussion

Figure 1 shows the variation of the logarithm of resistance against inverse of temperature for silver
films of different thicknesses deposited on polymers and blends at a temperature of 457 K, during
cooling to room temperature. It is interesting to note that while some of the films show only negative
temperature coefficient of resistance (TCR) some show almost zero TCR. Some of the films show
negative TCR at higher temperatures and almost zero TCR at lower temperatures. The 50 nm thick
silver films on pure PS and 75:25 blend of PS/P4VP show negative TCR. Silver on PS showed similar
behaviour in our earlier studies resulting in room temperature resistance same as that of the substrate
with the formation of large silver particles separated by large distances [7]. Blending the inert
polymer PS with an interacting polymer like P4VP to the extent of 25% does not seem to alter the
morphology of the particulate film as indicated by the electrical behaviour. When the P4VP content is

increased to 50%, a negative TCR at high temperature followed by almost zero TCR at lower



temperatures exhibited by the 50 nm thick film is similar to the behaviour observed earlier for pure
P4VP [8] indicating that the film consists of small particles separated by small distances. With

further increase in P4VP content, the negative TCR part diminishes, giving rise to a near zero TCR.

It is also interesting to note that even at 50% P4VP, with an increase of silver deposited, films show
electrical characteristics as that of the films on pure P4VP [8]. Further, when 150 nm thick silver is
deposited on a polymer blend with only 25% of P4VP, the films show desirable electrical
characteristics in contrast with the very high room temperature resistance observed for films on pure
PS even at 300 nm of silver [7].This indicates blending has positive effect on electrical properties on
silver films deposited on PS. It was shown through X-ray photoelectron spectroscopy (XPS) studies at
various electron take off angles (ETOA) that silver clusters are formed at a depth of a couple of nm
from the polymer surface [7,8]. It is known that the formation of subsurface particulate structure is
subject to certain thermodynamic [4] and deposition conditions [3]. While the thermodynamic
conditions are met for the deposition of metals on most of the polymer substrates, deposition
conditions used in the present study are similar to those used in our earlier studies. Therefore, it is
reasonable to assume that the particles are formed just a couple of nm below the polymer surface.
Table 1 gives the resistance data and particle size estimated from the X-ray line width measurements

for the silver films of different thicknesses deposited on the PS/P4VP blends of various compositions.

It is seen that the resistance of silver films at room temperature lie at a few tens of MQ/[J, at certain
thicknesses even for the PS content of 50-75%, in contrast with the behaviour of silver on pure PS.
The particle size increases with increase in PS content at a fixed silver thickness, as expected. It is
seen that as the P4VP concentration increases there is a regular decrease of resistance at a fixed silver
thickness. The plot of logarithm of these resistances with blend concentration gives linear fit as shown
in figure 2. Through this fit, one can estimate the resistance of the film at a particular blend and for

the given conditions and thickness.

Conclusions:

1. Deposition of silver on polymer blends coated substrate held at 457 K provides an approach to
produce stable island films with reasonable control over their electrical resistance.

2. Higher thickness films show almost zero TCR near room temperature, a desirable property for most
of the devices. Low thickness films show a negative TCR, characteristic of island films.

3. Silver particulate films deposited on PS/P4VP blends show better electrical properties compared to
those on pure PS, even at a P4VP content of 25%. The blends PS/ P4VP (50:50, 25:75) seem to be

better with regard to their electrical behaviour.
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Table 1: Resistances at substrate temperature (Ry), after one hour of aging ( Ryn), at Room
temperature (Ry) and particle size for silver films deposited on PS/P4VP blends held at 457 K.

Polymer Silver film Resistances (MQ/[) Particle size

PS:P4VP  thickness XRD (nm)
Rst Rl hra th

0:100 50 nm 19 26.8 27.1 30

25:75 50 nm 6.2 42.2 47.1 46.6

25:75 85 nm 3.2 14.7 14.2 53

50:50 50 nm 15.9 119.5 159.4 49.1

50:50 95 nm 2.9 29.9 30.1 47.5

75:25 50 nm 214 325 - 51.8

75:25 150 nm 14.8 98.2 248.9 46.4

100:0 50 nm 302 491 - 53.3
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Abstract

Morphological investigation was carried out for melt mixed ternary polymer blends of polyamide
6(PAG6)/ polypropylene (PP)/ acrylonitrile butadiene styrene (ABS) in order to understand the role
of compatibilizer in morphological developments. Uncompatibilized 80/10/10 PA6/PP/ABS
blends exhibited matrix- dispersed droplet type morphology in which the dispersed phases (PP &
ABS) were found to exhibit core-shell type of morphology. The difference in morphology type
may be due to the difference in surface free energy between the matrix and one of the dispersed
phases. Eventually it was found that “core-shell” type of morphology changed to “co-continuous”
type on increasing the concentration of PP and ABS in the ternary blends. In this context, styrene
maleic anhydride co-polymer was found to act as a compatibilizer in PA6/PP/ABS ternary blends,
manifesting in finer domain size of the dispersed phase.

Introduction

Multicomponent polymer blends consist of three or more immiscible polymers are a new
interesting area in the field of polymer blends. A variety of phase morphology has been observed
which directly influence the whole set of properties [1-2]. Three factors have been found to
influence the morphological developments in immiscible multicomponent polymer blends viz.
thermodynamic properties of the blends such as interfacial tensions of the constituent polymers
[3], melt viscosity of the constituent polymers [4] and elasticity of the constituent polymers [5].
Hobbs et al. [6] explained the morphological phenomenon in ternary polymer blends on the basis
of spreading co-efficient by modifying Harkin’s equation, in which two dissimilar phases were
dispersed in the third phase (matrix). If p, q and r are the three polymers of a ternary blend system
and if p is the matrix, then the spreading co-efficient, A is given as

Aig = Ogp — Orp = Ogr (1)

where A;; is defined as the spreading co-efficient for i and j and o; is the interfacial tension
between i and j. If A, is positive then q becomes the core encapsulated by r. Both r and q will
disperse separately when both A, and A are negative. Based on the spreading co-efficient sign
four types of morphologies can be observed [7].

In the present work the morphological investigation has been carried out for PA6/PP/ABS blends
and the influence of a reactive compatibilizer on the morphological developments has been
investigated. Core-shell type of morphological observation in 80/10/10 PA6/PP/ABS has been
analyzed with the help of spreading co-efficient and interfacial energy. 40/30/30 PA6/PP/ABS
blends show co-continuous morphology. In this context morphological investigation has also
been carried out for these blends in presence of styrene maleic anhydride copolymer (SMA) in
order to understand the role of SMA as a compatibilizer.
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Experimental

Polyamide6 (PA6 with zero shear viscosity = 180 Pa s at 260°C) was obtained from GSFC,
Gujarat, India (Gujlon M28RC, relative viscosity 2.8, Mv is 38642 in 85% formic acid).
Polypropylene (H200MA) was obtained from Reliance Industries Ltd with melt flow index (MFI)
of 23. Acrylonitrile-butadiene-styrene (ABS) copolymer (Absolac-120, with composition as:
acrylonitrile 24 wt %, styrene 59.5 wt % and rubber content 16.5 wt %) was obtained from Bayer
India Ltd. Styrene-maleic anhydride copolymer (SMA) with 8% MA content (Dylark 232) was
supplied by Nova Chemicals, USA. The ternary blends of PA6/PP/ABS were prepared by melt
mixing in a conical twin-screw microcompounder (Micro 5, DSM Research, Netherlands) at
260°C with a rotational speed of 150 rpm for 15 min.

Morphological investigation was carried out by scanning electron microscopy (SEM, Hitachi
S3400N).

Results and discussion

Depending on the composition two different types of morphologies have been observed
in PA6/PP/ABS ternary blends viz. core-shell and co-continuous morphology for the
compositions having 80/10/10 and 40/30/30 PA6/PP/ABS respectively.

The phase morphology of melt-mixed 80/10/10 PA6/PP/ABS blends has been investigated
through SEM and can be found in Figurel. Core-shell type morphology has been observed in
cryofractured etched surface of the extruded strands of the blends. By selective extraction of PP
(by hot xylene) and ABS (by THF) it is revealed from the SEM micrographs that ABS is found to
encapsulate the PP phase i.e. PP phase forming the core and ABS phase becomes the shell.

In case of 80/10/10 PA6/PP/ABS ternary blends system PA6 forms matrix and PP along with
ABS form dispersed phases or more specifically core-shell type of morphology is observed from
the SEM micrographs (Figure 1).The formation of this kind of morphology can better be
understood from the spreading co-efficients of the respective polymer pairs [9]. The spreading
coefficient App/aps of PP phase over ABS phase can be described as:

A pp/ABS = O pAG/ABS — O PAG/PP — O ABS/PP (2)

where 6 j; is the interfacial tension between i and j components.
If A pp/ags 1s >0 then PP phase becomes shell and ABS phase core. Similarly, if A apspp (Eq. 3) is
>0 then ABS forms shell and PP core.

A ABS/PP = O pA6/PP — O PA6/ABS — O PP/ABS (3)

If both A pp/aps and A apgpp are negative, the PP and the ABS phases will disperse separately in
the PA6 matrix.

To determine the spreading co-efficient value, Interfacial tension (o ;) data were calculated for
the three polymer-polymer interfaces present in the blends, i.e. PA6/ABS, PA6/PP and PPABS
using the harmonic mean equation [8]:

d _d d d
C)p =01 +0, - 40162/61+02 -4Gp10p2/0p1+0p2 ------------------- (4)

where 6 j; 1is the interfacial tension between the components i and j. 6 ; is the surface tension of
component i, 6 % is the dispersive fraction of the surface tension of component i and o *; is the
polar fraction of the surface tension of component i.



Incorporating the values in equation (3 and 4), it has been found that the spreading co-efficient
values in all the cases were <0 manifesting the fact that both the minor phases (PP and ABS) will
disperse separately in the PA6 matrix. But the observed phase morphology (Figure 1b) reveals
that PP phase is encapsulated by ABS.

Figure2 shows the SEM micrograph for ternary polymer blends with varying
concentration of SMAS (2 to 6 wt %). It is well evident that from this micrograph that
addition of compatibilizer has led to significant reduction in droplet size of the dispersed
phase. Interestingly this reduction in the dispersed phase has been observed up to 2 wt %
SMAS. Further it has been observed that with increase in concentration of SMAS, the
domain size of the dispersed phase is found to be larger.

In case of 40/30/30 PA6/PP/ABS ternary blends, co-continuous morphology has been
observed from the SEM micrograph (Figure3). This has been confirmed by selective
extraction of the respective phases. In this context, it is worth pointing out that the
extruded strand (after selective extraction of two phases viz. PP and ABS) has been found
(Figure3d) to be self supporting, manifesting the co-continuous structure of the PA6
phase

Conclusions

Ternary polymer blends of PA6/PP/ABS without or with SMAS have been successfully
prepared by melt-mixing using a conical twin-screw microcompounder. The phase
morphology was found to depend on the composition of the blends. 80/10/10
PA6/PP/ABS blends showed core-shell type morphology and 40/30/30 PA6/PP/ABS
blends showed co-continuous type of morphology. Interestingly, on addition of SMAS
(up to 2 wt %) dispersed phase size was found to be finer indicating the compatibilizing
action of SMAS copolymer.
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Table 1: Sample code and compositions of PA6/PP/ABS ternary blends

Sample code PAG6 (wt %) PP (wt %) ABS (wt %) SMAS8 (wt %)
SNIPIA 80 10 [
8N1P1A2S 78.4 9.8 9.8 2
8NI1P1A4S 76.8 9.6 9.6 4
SN1P1A6S 75.2 9.4 9.4 6
4N3P3A 40 30 30 | -

Figure 1: Core-shell morphology in 80/10/10 PA6/PP/ABS ternary blends in which (a) PP
phase extracted by hot Xylene and (b) ABS phase extracted by THF
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Figure2. 80/10/10 PA6/PP/ABS ternary phase morphology with (a
and (d) 6 wt% SMAS8
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Fig.3 Co-continuous morphology of 40/30/30 PA6/PP/ABS ternary blends in which (a) ABS
phase, (b) PP phase, (c) PA6 phase and (d) PP and ABS phases have been extracted
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ABSTRACT

Unsaturated polyester resin is widely used in the fibre reinforced plastic industry.
The fracture toughness and impact resistance of rigid unsaturated polyester can be improved by
the incorporation of functional elastomers like hydroxy terminated polybutadiene (HTPB). HTPB
is further funtionalised by maleic anhydride grafting. The maleated HTPB is then blended with
polyester resin. Maleic anhydride graft HTPB is found to increase toughness substantially without
seriously affecting tensile and flexural properties.

INTRODUCTION

Unsaturated polyester resin (UPR) is used extensively as a matrix for fibre- reinforced plastic
(FRP). The wide spread use of the resin is due to its low cost, ease of processing, its ease of
combination with reinforcements, rapid cure, excellent dimensional stability and ease of
colouring and modification for special purpose. Carothers was the first to prepare UPR®.

When cross-linking is initiated with the help of a catalyst and an accelerator styrene
facilitates cross-linking at the sites of unsaturation in the polyester chains. The saturated acid
reduces the number of cross-linking sites and consequently the cross-link density and brittleness
of the cured resin. Since cross-linking occurs via free radical addition mechanism across the
double bonds in the polyester chain and the reactive diluent, no volatiles are given off during
cure. When cross-linking is initiated with the help of a catalyst and an accelerator, styrene forms
polystyrene chains, which cross-link the polyester chains at the sites of unsaturation.

The broad objective of the work is (i) to study the effect of addition of hydroxy
terminated polybutadiene (HTPB) and maleic anhydride graft hydroxy terminated polybutadiene
(MA-g-HTPB) on the properties of polyester resin (ii) to investigate the optimum concentration
of functional rubbers and (iii) to identify the functional rubber, which give optimum properties.

EXPERIMENTAL
Materials

GP grade UPR (Bakelite Hylam resin HSR 8113 M), styrene, methyl ethyl ketone peroxide
(MEKP) and cobalt naphthenate were supplied by Sharon Engineering Enterprises, Cochin.
HTPB (Mn=2620) was obtained from Vikram Sarabhai Space Centre, Thiruvananthapuram. MA
and benzoyl peroxide were supplied by E. Merck India Ltd, Bombay.

Modification of UPR with HTPB
Unmodified resin was first cured at room temperature by the catalyst MEKP and
by the accelerator cobalt naphthenate. These were used in concentrations of 0.5 % and 1 % of the
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weight of the resin respectively to obtain a reasonable gel time. The resin was then poured into
the tensile mould. Samples for impact test and flexural strength were cast separately in
appropriate moulds. Curing was done at room temperature for 24 hrs, followed by post curing at
80°C for 3 hrs

The blends were prepared by the following procedure. Varying amounts (0-5 wt %) of the HTPB
were added to the resin. The mixture was stirred well using a mechanical stirrer to give a
homogeneous liquid. Curing of the blend was done as per the procedure employed for UPR.
Thereafter, post curing was done at 80°C for 3 hrs.

The samples after post curing were tested for tensile strength, elongation at break,
modulus, flexural strength and flexural modulus taking six trials in each case. The tensile and
flexural properties were tested on a universal testing machine (ASTM D 638-89).

Modification of UPR with MA grafted HTPB

Maleated HTPB is prepared by mixing HTPB with 5% MA and 0.5% benzoyl
peroxide in a Brabender at 100°C and 50 RPM speed for 10 min. The reaction of MA with HTPB
was confirmed by FTIR spectroscopy and titration. The amount of maleic anhydride reacted is
determined by refluxing a solution of maleated HTPB in xylene saturated with water for 1 hr and
then titrating with a solution of 0.05N ethanolic KOH using 1 % thymol blue as an indicator.

Varying amounts of MA modified HTPB containing 0-5 weight percentage of
elastomers were blended and cast with the UPR by the same procedure adopted earlier. The
tensile and flexural properties and water absorption were determined in accordance with ASTM
standards.

Test methods
Tensile testing
Tensile tests were carried out according to ASTM D 638-89 using a universal testing
machine.
Flexural properties (ASTM D 790-99)
Flexural strength is a measure of the load required to break a material
when it is subjected to bending Flexural modulus is the ratio of stress to corresponding strain

and is expressed in MPa. It is calculated by drawing a tangent to the steepest initial straight line
portion of the load- deflection curve

Water absorption
Water absorption of the sample was measured according to ASTM 570-81.

RESULTS AND DISCUSSIONS
Mechanical Properties of UP resin modified by Functional elastomers
Tensile Properties

Referring to Fig.l, tensile strength values obtained by adding HTPB were
significantly higher than that obtained by adding maleated HTPB. Tensile strength values reached
a maximum on adding progressively larger amounts of HTPB, but addition of more rubber
beyond this point resulted in a reduction of tensile strength. The improvement in tensile strength,



in comparison to that of the base resin was due to the high degree of compatibility arising from
the polar groups of HTPB and UPR. The tensile strength of maleated HTPB blends gradually
decreases on adding progressively larger amounts of rubber due to the higher flexibility of
maleated HTPB.

The elongation at break increases with increase in elastomer concentration as shown in Fig.3.
The addition of MA-g-HTPB produced the greatest increase in elongation at break compared to
HTPB due to the higher flexibility and compatibility of maleated HTPB. The elongation at break
of MA-g-HTPB/UPR is about 219 % of UPR

The energy absorption of the cured resin as a function of rubber concentration is
shown in Fig.4. At 3-wt % MA-g-HTPB concentration, the energy absorption of the blend was at
a maximum (about 305 % of the energy absorption of UPR). The energy absorption is related to
the toughness of the sample. Higher elongation at break values increases the toughness of MA-g-
HTPB. The performance of MA-g-HTPB was far superior to HTPB, due to better dispersion of
the rubber phase as particles in the continuous polyester phase.

Flexural properties

Fig. 5 shows the variation of flexural strength with rubber content. The flexural strength of
MA-g-HTPB/UPR blend decreases with elastomer concentration due to the higher flexibility and
compatibility of maleated HTPB.

Water absorption

Water absorption of HTPB and maleated HTPB maodified resins is shown by Fig.6.
The maleated HTPB has slightly higher water absorption compared to HTPB due to the higher
functionalisation.

CONCLUSIONS

The study reveals the effect of incorporating functional elastomers into UPR at low
concentrations by a physical method. Toughness and tensile/flexural properties show maximum
improvement at about 2-3 wt % HTPB concentrations. Interestingly, the increase in toughness (76
% of the energy absorption of UPR) has been observed with simultaneous increase in tensile and
flexural properties for HTPB.

Maleation increases the toughness and elongation at break of HTPB. At 3-wt % MA-g-
HTPB concentration, the energy absorption of the blend was at a maximum (about 305 % of the
energy absorption of UPR) with marginal lowering of tensile and flexural properties.
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Fig. 1 Tensile strength of rubber modified
resin as a function of rubber concentration
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Fig. 3 Elongation at break of rubber modified
resin as a function of rubber concentration
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Fig. 5 Flexural strength of rubber modified

resin as a function of rubber concentration
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Fig. 2 Modulus of rubber modified resin
as a function of rubber concentration
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Fig. 4 Energy absorbed by rubber modified
resin as a function of rubber concentration
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Abstract

Poly (Trimethylene Terephthalate)(PTT) and Metallocene Linear Low density Polyethylene (m-LLDPE)
Blends and its Nanocomposites were prepared using melt blending technique in a batch mixer.
Organically modified nanoclays; Cloisite 20A(C20A), Cloisite 30B(C30B) and Bentone 109(B109) have
been used as nanoscale reinforcement to prepare blend nanocomposites. The blend composition of
PTT/m-LLDPE of 70:30 has been optimized based on the mechanical performance. Further,
characterization studies such as DMA, DSC/TGA, TEM and WAXD have been investigated to evaluate
the effect of incorporation of nanoclays into the blend matrix. WAXD studies revealed a significant
increase in of dg; spacing of clay galleries in the blend nanocomposites indicating intercalated
morphology. From DSC, it was observed that Cloisite 30B with 5 wt. % shows higher crystallization
temperature as compared with PTT Virgin and other modified clay systems. Further with the increase in
the scanning rate, Crystallization temperature of PTT virgin polymer as well as Nanocomposites
decreases. TGA thermograms indicated that the thermal stability of the blend increases with the
incorporation of Cloisite 20A. DMA measurements reveal that the Cloisite 30B nanocomposite has
maximum modulus as compared to other nanocomposites. It is interpreted from DMA results that PTT/m-
LLDPE blend is immiscible blend due to observation of two peaks and shifting of Tg outward.
Nanocomposites show higher tensile strength and modulus as well as flexural strength and modulus as
compared to optimized blend. The Effect of m-LLDPE content on the mechanical properties of PTT has
also been investigated. It is found that m-LLDPE functions as impact modifier to enhance the impact
properties of neat PTT and prepare rubber-toughened blend.

Keywords-: Poly (Trimethylene Terephthalate), Polymer Blend and Nanocomposites

Introduction

Poly (Trimethylene Terephthalate) (PTT), aromatic polyester prepared by polycondensation reaction
between propane 1, 3 diol and terephthalic acid or dimethyl Terephthalate, has gained commercialization
over the last years. PTT has become a potential competitor of PET and PBT for various emerging
applications in fibers, packaging, and films and as engineering thermoplastic [16]. PTT combines the
mechanical properties of PET and processing characteristics of PBT, thus possessing the desired attributes
of thermoplastic polyester, wherein the properties such as dimensional stability, solvent and abrasion
resistance are pre-requisite. The polymer has very good tensile strength, elastic recovery and surface
properties; together with relatively low melt temperature, good chemical resistance and rapid
crystallization rate. However, certain impediments such as low toughness, low heat distortion
temperature, low viscosity, poor optical properties and pronounced low temperature brittleness have
restricted the optimum use of PTT, as engineering plastic in many applications. Several attempts have
already been made by various researchers to increase the toughness of PTT by blending it with ABS [25],
EPDM [26] and EOC [27]. In the present investigation, mechanical, thermal and morphological



characterization of PTT/m-LLDPE blend nanocomposites at variable weight percentages of organically
modified nanoclay have been studied.

Experimental

Materials

PTT (Futura CPTT®) was purchased from M/s Futura Polymers Ltd., India, having density 1.3 g/cm® and
intrinsic viscosity 0.915 dL/g (Phenol/Carbon Tetracholride, 60/40). m-LLDPE (Relene®) was obtained
from M/s Reliance Industries Ltd., India having MFI 1.0 g/10 min. The clay minerals used were:
Cloisite®20A (C20A) Cloisite®30B, (C30B), obtained from M/s Southern Clay Products Inc, USA, and
Bentone®109 (B109) from M/s Elementis Ltd. UK. Prior to blending, PTT was dried at 110°C for 24
hours and all the nanoclays were dried at 80°C for 4 hrs.

Preparation of blend and blend nanocomposites

PTT/m-LLDPE blend of various composition (90/10, 80/20, 70/30, 50/50 by weight) were prepared using
a Torque Rheocord-9000 (HAAKE®, Germany), at a screw speed of 70 rpm and temperature of 250 °C
for a duration of 6 minutes. m-LLDPE was added to the molten PTT after 3 minutes. The blend
composition was optimized at 70: 30 ratio of PTT : m-LLDPE. This blend composition was maintained
for preparation of polymer blend nanocomposites using various nanoclays C20A, C30B and B109 at
variable weight percent (1-5 wt. %). Specimens were prepared using mini Injection molding machine
(HAAKE® Minijet) at 245°C barrel temperature, 840-870 bar injection pressure and mold temperature of
110 °C as per ASTM standard.

X-ray Diffraction Analysis

The interlayer gallery spacing of nanoclays in the nanocomposites was studied by wide angle Philips
X’Pert MPD (Japan)X-ray diffraction at ambient temperature.

Transmission Electron Microscopy (TEM)

For TEM observation, the samples were stained with OsO,4 vapor and microtomed at low temperature (-
55°C) and examined using a Transmission Electron Microscope (Philips CM12, The Netherlands) an
acceleration voltage of 100 kv at 100nm scale.

Mechanical Properties

Tensile & Flexural Properties were determined using Universal Testing Machine (UTM), LR-100K
(Lloyd Instruments Ltd. U.K as per ASTM-D 638 & ASTM-D 790. Izod impact strength was determined
as per ASTM D 256.

Dynamic mechanical Analysis

The dynamic mechanical analysis of was investigated using DMA242 analyzer (NETZSCH, Germany). at
fixed frequency of 1Hz, heating rate of 10K/min, under N2 atmosphere over a temperature range of -
150°C to 200°C in three point bending mode.

Thermal analysis

DSC & TGA measurements were performed on a diamond DSC (Perkin Elmer Inc., USA) Pyris — 7 TGA
equipment (Perkin Elmer Inc., USA).

Results and Discussion

X-Ray diffraction analysis

The state of dispersion of the silicate layers in the blend matrix have been investigated using X-ray
diffraction patterns represented in the figure-1. The mean interlayer spacing of plane (dg;) of C30B was
4.01nm.In case of the 70PTT/30m-LLDPE/5C30B hybrid, the characteristic peak shifted to a smaller
angle corresponding to do; spacing of 4.01 nm, because of intercalation of both polymer chains into
silicate galleries [37]. A similar shifting of angles was also observed in PTT/m-LLDPE/B109 to 4.02 nm
and PTT/m-LLDPE/C20A to 4.06° nm nanocomposites system respectively revealing the formation of
intercalated structure. Furthermore, it was also noticed that the X-ray diffractograms in all the blend
nanocomposites system reveals diffraction peak in the similar range of 2.205°. However, peak intensity of



original C30B, C20A increased significantly that probably due to more parallel stacking of the
organoclays in the blend matrix.
Transmission electron microscopy (TEM)
To elucidate the dispersion of clay in the blend nanocomposites in detail, figure-2 illustrates the TEM
micrographs of PTT/m-LLDPE/C20A, PTT/m-LLDPE/B109 and PTT/m-LLDPE/C30B. The dark lines
represent the thickness of individual clay layers or agglomerates. Thick darker lines represent stacked
silicate layers due to clustering or agglomeration. It was observed from the micrographs that clay particles
preferentially resided in the PTT phase rather than m-LLDPE phase. In case C30B blend nanocomposites,
it was found that stacked and intercalated silicate layers are well dispersed within the blend matrix
especially in polar phase due to similar solubility parameter. It was interesting to note that the organoclay
has a strong tendency to be located in the PTT phase and the domain size of dispersed particle effectively
reduced, due to obstacle created by exfoliated clay, as shown in figure: 2(b) and(c). However, a mixed
nanomorphology was obtained in both PTT/m-LLDPE/C20A as well as PTT/m-LLDPE/B109
nanocomposites due to presence of regions of ordered /disordered intercalation.
Mechanical Properties of Polymer Blend and Blend nanocomposites
The mechanical properties of PTT/m-LLDPE blend at variable weight percent (1-5 wt%) of m-LLDPE
are depicted in table-1. It is evident that the tensile & flexural properties of PTT decreases with the
increase in m-LLDPE content. This behavior is probably because m-LLDPE is inherently weak and soft
with elastomeric properties due to linearity in its structure with 5-10% branching. 1zod impact strength of
PTT was observed to be 26.80 J/m. Incorporation of m-LLDPE to the tune of 10-30% results in an
increase in the impact properties of PTT matrix in the blends. The blend prepared at PTT: m-LLDPE ratio
of 70:30 exhibits maximum impact strength of 33.76 J/m, which subsequently reduces with the increase
in PTT content to 50-wt%. This indicates that m-LLDPE acts as impact modifier due to presence of
metallocene and butene in its structure, at lower concentrations. The blend prepared at 70:30 ratio of PTT:
m-LLDPE has been optimized based on optimum impact performance and has been considered for
fabrication of blend nanocomposites using various organically modified nanoclays.
The mechanical properties of PTT/m-LLDPE blend nanocomposites at various wt.% of organically
modified is also depicted in table-1. It is evident that a tensile property of blend increases with addition of
5 wt% of C20A, B109 and C30B nanoclays. Tensile strength of blend matrix increases from 37.92 MPa
to 50.86 MPa in PTT/m-LLDPE/C20A, 53.24 MPa in PTT/m-LLDPE/C30B and 51.36 MPa in PTT/m-
LLDPE/B109 blend nanocomposites respectively at 5 wt. % of nanoclay loading, which indicates
stiffening effect of nanoclay layers. A similar linear increase in tensile modulus to the tune of 52.1 % in
C20A, 61.5 % in C30B and 57.4 % in B109 respectively was also obtained as compared with the blend
matrix. According to Via and co-workers [38], the interlayer structure of the organically modified layered
silicate should be optimized to attain maximum configurational freedom of the functionalzing chains
upon layer separation and increase the potential reaction sites at the interlayer surface. In the present
context, the methyl tallow bis-2 hydroxy ethyl quaternary ammonium intercalant in C30B has two —OH
groups in its structure, which might have interacted with the carboxylic group of PTT resulting in
enhanced polar-polar interactions of the silicate layer within PTT phase which further contributes to an
increase in tensile properties. A similar increase in the flexural & impact strength of blend
nanocomposites was also obtained. The mechanical performance of the blend matrix varies in the
following order:

PTT/m-LLDPE/C30B > PTT/m-LLDPE/B109 > PTT/m-LLDPE/C20A >

PTT/m-LLDPE.

This further indicates improved interactions in C30B system as compared with C20A and predominant
role of PTT base matrix.
Dynamic mechanical properties (DMA)
The dynamic storage modulus (E’) versus temperature of PTT, PTT /m-LLDPE blend and blend
nanocomposites are shown in the figure-3. A gradual decrease in E’ with increasing temperature from -
150 to 200°C was observed. It was noted that incorporation of m-LLDPE decreased the storage modulus
of PTT matrix due to softening of diluting effect of the soft elastomeric phase. Conversely, addition of



organoclay into the blend matrix results in a remarkable increase in the storage modulus over the entire
investigated temperature range. The blend nanocomposites prepared using C30B organoclay displays
optimum E’ as compared with the other blend nanocomposites

Differential Scanning Calorimetry (DSC)

The DSC thermogram of virgin PTT, virgin m-LLDPE, 70PTT/30m-LLDPE blend and the blend
nanocomposites is depicted in figure-4. Virgin PTT depicts a melting transition around 247.59°C with m-
LLDPE at 127°C.The DSC scan of the blend reveals two distinct T,, which indicates phase-separated
morphology. Similar to the blend, the DSC curves of the blend nanocomposites also exhibited two
distinct Ty’s confirming presence of a phase-separated morphology. However, incorporation of
organically modified nanoclays increases the Tm of the PTT phase in blend matrix, while reducing the
Tm of the m-LLDPE phase. This indicates improved compatibility of nanoclay in the PTT matrix. The
crystallization exotherms of virgin PTT, PTT/m-LLDPE blend and blend nanocomposite system is shown
in figure-5. It is evident that the T, of PTT matrix decreases from 175.47°C to 170.40°C with
incorporation of m-LLDPE indicating elastomeric effect due to amorphous nature and low spherulitic
growth of m-LLDPE. However incorporation of nanoclay increases the T, of PTT phase in the blend
matrix considerably indicating heterogeneous nucleating effect.

Thermo gravimetric analysis (TGA)

Virgin PTT exhibits an initial degradation temperature (Tiq) of 352.12°C with final degradation
temperature (Trg) 503.47 °C (Figure 6).Incorporation of m-LLDPE decreases Tiq of matrix from 352.12°C
to 345.97 °C and Tfd of matrix from 503.47 °C to 495.90 °C.This is predominantly attributed to lower
degradation temperature of ethylene linkage due to weak bonding between them and presence of side
chain branching (5-10%) in m-LLDPE. Further addition of organoclays substantially increases the
thermal stability (Tiy, Trg) of the blend matrix. Blend nanocomposites with C20A organoclay has highest
thermal stability due to higher modifier concentration and gallery spacing.

Conclusion

The mechanical, thermal, crystallization and morphological characteristics of PTT/m-LLDPE blend and
its nanocomposites prepared through batch mixing process were investigated. The impact strength of PTT
increased up to 30 wt% loading of m-LLDPE. The blend nanocomposites prepared using C30B shown
maximum mechanical performance. XRD results showed intercalated structure in the elastomer modified
PTT organoclay nanocomposites DSC & DMA analysis revealed two phase morphology in the blend
system. TGA thermograms indicated increased thermal stability of PTT matrix in the blends with the
addition of nanoclays.
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Table 1: Mechanical properties of PPT/m-LLDPE blends and its Nanocomposites

Tensile Tensile Flexural Flexural Impact
Compositions Strength (MPa) | Modulus (MPa) | Strength (MPa) | Modulus (MPa) | Strength (J/m)
PTT Virgin 48.20 1420 58.80 2670 26.80
PTT/m-LLDPE (90/10) 45.32 1092.3 55.92 2342 31.22
PTT/m-LLDPE (80/20) 41.08 984.33 52.70 2180 31.22
PTT/m-LLDPE (70/30) 37.92 933.41 49.81 2028 33.76
PTT/m-LLDPE (50/50) 32.27 866.52 43.61 1816 31.11
PTT/m- 50.86 1422 61.73 2695 37.23
LLDPE(70/30)/C20A5%
PTT/m-LLDPE 53.24 1507 63.77 2810 39.88
70/30)/C30B5%
PTT/m- 51.36 1470 62.12 2752 33.76
LLDPE(70/30)/B109 5%
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Figure: 1- XRD pattern of (a) PTT/m-
LLDPE/C30B5 %( b) PTT/m-LLDPE/B109,
5 %( c) PTT/m-LLDPE/C20A5%

Figure: 2 TEM micrographs of (a) PTT/m-
LLDPE/C30B 5% (b) PTT/m-LLDPE/C20A 5% (c)
PTT/m-LLDPE/B109, 5%
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Abstract

Technologically compatible binary blends of polypropylene (PP) and ethylene octene
copolymer (EOC) were dynamically vulcanized by coagent assisted peroxide crosslinking
system. Addition of peroxide in PP/EOC blend involves two major competing reactions: EOC
cross-linking and PP degradation by B-scission. Final product properties are thus dependent on
the balance among those two competing reactions. As the concentration of peroxide increases,
particle size decreases. However, mechanical properties of these TPVs are not good enough,
which is due to severe degradation in the PP phase in the presence of peroxide. Principally,
coagent incorporation increases the crosslinking efficiency in the EOC phase and decreases the
degradation in the PP phase. Present study focus on the influence of the three structurally
different coagents namely triallyl cyanurate (TAC), trimethyol propane triacrylate(TMPTA) and
N,N’-m-phenylene dimaleimide(HVA-2) on the mechanical and rheological properties of the
PP/EOC thermoplastic vulcanizates (TPVs). Depending on the structure and reactivity, different
coagents show different performance. All the compositions were prepared by melt mixing method
in the Haake rheomix at 180°C and rheological properties also have been evaluated at the same
temperature. Viscoelastic behaviors of the TPVs prepared were analyzed by a dynamic oscillatory
rheometer in the melt state in Rubber Process Analyzer (RPA 2000). Morphologically TPVs
consist of dense crosslinked rubber domains in the thermoplastic phase and their rheological
behavior can be compared to that of highly filled polymers. The crosslinked particles tend to
agglomerate and build local cluster which tends to disintegrate by shearing. A variety of
rheological observations such as Payne effect, modulus recovery and shear rate sensitivity were
studied by carrying frequency sweep and strain sweep.

Introduction

Thermoplastic vulcanizates (TPVs) are prepared by dynamic vulcanization process,
where crosslinking of the elastomeric material takes place during its melt mixing with a
thermoplastic material under high shear and temperature. Temperature should be high enough to
activate and complete the process of vulcanization. The resulting morphology consists of micron
sized finely dispersed cross-linked rubbery particles in a continuous thermoplastic matrix
although the rubber content is higher than the thermoplastic component. The rheological behavior
can be compared with that of highly filled polymers. TPVs have proven themselves to perform in
a wide range of demanding engineering requirements mainly in automobile sectors. Several
crosslinking agents are used in the preparation of TPVs such as phenolic resin, peroxide and
silane crosslinking system. Phenolic resin gained considerable commercial importance but still
the formation of black specks motivates the development of other potential crosslinking system.
In this particular polypropylene (PP)/ ethylene octene copolymer (EOC) blend system; phenolic
resin is ineffective, since the latter needs the presence of double bond to form a crosslinked
network structure. Peroxides can crosslink both saturated and unsaturated polymers without any
reversion characteristics. The formation of strong C-C bonds provides substantial heat resistance
and good compression set property without any discoloration. It has been well established that



polypropylene exhibits B-chain scission reaction (degradation) with the addition of peroxide.
Hence the use of only peroxide is limited to the preparation of PP based TPVs. An alternative
approach is to use coagent together with peroxide curing system. Generally coagents are
multifunctional vinyl monomers which are highly reactive towards free radicals either by addition
reaction and/or by hydrogen abstraction. Chain scission also could be retarded by stabilizing the
PP macroradicals by addition reaction across the double bond in the vinyl monomer (coagent).
Hence addition of coagent in the PP/EOC blend increases the crosslinking efficiency in the EOC
phase and decreases the extent of degradation in the PP phase. Different coagents have different
reactivity and efficiency in terms of increasing the degree of crosslinking and decreasing the
extent of degradation. The main objective of the present investigation is to study the influence of
three structurally different coagents as a function of concentration on the dicumyl peroxide cured
PP/EOC TPVs in terms of mechanical and rheological characteristics.

Experimental

Materials - The general purpose polyolefin elastomer Exact 5371 (specific gravity,0.870 g/cc at
23 °C; co-monomer octene content 13 %; melt flow index,5.0 @190 °C/2.16 Kg), was
commercialized by Exxon Mobil Chemical company, USA. Polypropylene (Specific gravity,

0.9 g/cc at 23 °C; melt flow index, 3.0 @ 230 °C/2.16 Kg) was obtained from IPCL, India.
Dicumyl peroxide (DCP) (Perkadox-BC-40B-PD) having active peroxide content of 40 %;
temperature at which half life time (t;,) is 1 hour at 138°C; specific gravity of 1.53 g/cm’ at 23
°C) was used as the crosslinking agent obtained from Akzo Nobel Chemical Company, The
Netherlands. Three different types of coagents, Triallylcyanurate (TAC), Trimethylol propane
triacrylate (TMPTA), N,N’-m-phenylene dimaleimide (HVA-2) were used as boosters for DCP-
cured TPVs, were obtained from Sartomer Company, USA.

Preparation of PP/EOC TPVs - The TPV compositions employed are shown in Table 1. The
experimental variables are the type and concentration of different coagents. All TPVs were mixed
by a batch process in a Haake Rheomix 600 OS internal mixer, having a mixing chamber volume
of 85 cm’ with a rotor speed of 80 rpm at180°C. Immediately after mixing, passed once through a
cold two-roll mill to achieve a sheet of about 2 mm thickness. The sheet was cut and pressed in a
compression molding machine (Moore Press, Birmingham, UK) at 200°C, 4 min and 5 MPa
pressure. The sheet was then cooled down to room temperature under pressure. Different
coagents not only differ in molecular weight but they also have different relative functionality.
Hence in order to compare different coagents, concentration employed should be in terms of
milliequivalents.

Testing Procedure - Tensile tests were carried out according to ASTM D412-98 on dumb-bell
shaped specimens using a universal tensile testing machine Hounsfield H10KS at a constant
cross-head speed of 500 mm/min. Tear strength were carried out according to ASTM D-624-81
test method using un-nicked 90° angle test piece. Phase morphology of the cryo- fractured and
etched samples was investigated by a JEOL JSM 5800 Digital Scanning Electron Microscope
(SEM). Melt rheology of the blend components were studied in Rubber Process Analyzer (RPA
2000, USA). Each samples underwent the following test in sequence and in this order: frequency
sweep (FS), strain sweep (SS) followed by relaxation period of 5 mins, frequency sweep, and
strain amplitude sweep. Frequency sweep was logarithmically increased from 0.05 to 32 Hz at
6.95 % strain, which was selected to ensure that the dynamic moduli are measured in the linear
viscoelastic region. For the strain sweep, amplitude ranges from 1 — 1250 % at 180°C with a
constant frequency of 0.5 Hz. The sample relaxation was monitored by observing the decrease in
shear rate with time.



Results and discussion

Mechanical properties

In order to understand the effectiveness of various coagents in the PP/EOC TPVs, it is
necessary to understand the performance of different coagents only in the EOC compound
(without PP). The reactivity and efficiency of different coagents were characterized by cure study
on gum EOC vulcanizates. Figure 1 shows the rheographs of peroxide cured EOC vulcanizates
containing various coagents at 20 meq concentration and compared with the control sample
(without addition of any coagent). Irrespective of different coagents taken for the investigation, a
considerable improvement in the maximum torque (Max S) and delta torque (Max S - Min S)
values were inferred upon addition of coagent. This is mainly due to the improved crosslinking
efficiency of DCP in presence of coagent. It is clear from the Figure-1 that, TAC shows the
higher torque values followed by HVA-2 and TMPTA. Mechanical properties of the TPVs
prepared by three different coagents with varying concentration were summarized in the Table 1.
Mechanical properties are considerably improved by the dynamic vulcanization process. It is
clear from the result that blend properties are sensitive to the type of coagents. Among the
coagents used, HVA-2 shows the best overall balance of mechanical properties. TPVs prepared
using HVA-2 as coagent, exhibit gradual increase and provide superior tensile strength, modulus,
and tear strength values relative to the other coagents used. It is expected that HVA-2 can act as a
reactive compatibiliser as well as crosslinking agent in this particular blend system. It has been
previously reported that HVA-2 can act as a reactive compatibiliser in the NR-PP blend system. It
generates a low degree of crosslinking in the NR phase and forms a block or graft copolymer in
the NR-PP interface. It is clearly seen that, TMPTA shows lower delta torque value and there by
exhibiting higher elongation at break. TAC shows the lowest value and HVA-2 shows the
intermediate value of elongation in TPVs. It was generally accepted that a low crosslink density
compound is indeed accompanied with the higher elongation at break. Since HVA-2 can act as a
crosslinking agent as well as a compatibilising agent, where crosslinking decreases the elongation
and compatibilisation increases the same. In this case both the effects are very sensitive in
determining the final elongation at break.

Morphology

A SEM photomicrograph of the PP/EOC TPVs, in which PP phase was preferentially
extracted by etching with hot xylene, is given in Figure 2. Qualitatively it shows crosslinked EOC
particles are dispersed throughout the PP matrix (droplet and matrix morphology). Since EOC
content is more than PP, the particle-particle association is strong to form aggregates and these
aggregates can agglomerate. The crosslinked rubber aggregates are embedded in the PP
macromolecules via joint shell mechanism and/or segmental interdiffusion mechanism.

Rheological properties

In the solid state, the properties of the TPVs are determined by the matrix molecular
weight (which has a direct consequence on the percent crystallinity and entanglements density),
extent of crosslinking, degree of dispersion, size and deformability of dispersed phase as well as
morphology persist. In the melt state, changes in the morphology originating from matrix
molecular weight (crystallinity) can be excluded and the influence of other factors can be studied.
The rheological properties of 50/100 PP/EOC TPVs prepared by three different coagents are
represented in Figures 3 to 6. Dynamic vulcanization blends show improved dynamic modulus
and viscosity values (dynamic functions) than uncured blends. As expected, addition of coagent
further improved the dynamic functions than the control one. Among the coagents, HVA-2 shows
better dynamic functions and more nonlinear behavior followed by TAC and TMPTA. At equal
formulation volume fraction, smaller particles can impart greater viscosity and more nonlinear



behavior. Here two possible effects can account: particle size reduction by improvement in
interfacial tension cause rise in viscosity and these small particles have higher tendency to
agglomerate or aggregate, which results in more nonlinear behavior. In other words, presence of
secondary clusters increases the viscosity and enhances the viscoelastic nonlinearity.

Payne effect: For a constant frequency, with increasing the strain amplitude dynamic storage
modulus decreases. In general, the decrease in dynamic functions (nonlinearity) is related to the
disintegration of secondary structures. Indeed it may also relate to the bonding and debonding of
dispersed phase from the matrix phase. TPVs show more progressive nonlinear behavior i.e,
decrease of dynamic functions with increasing strain amplitude is observed (Figure 3). In TPVs
the secondary structure corresponds to the agglomeration or aggregates of crosslinked EOC
particles dispersed in PP matrix. In simple blends the nonlinearity at high strain is due to both the
disintegration of entanglement network and debonding of molecules of PP anchored in EOC
matrix phase.

Modulus recovery: Another important aspect in the mechanism of nonlinearity in TPVs is
restoration of moduli following the large strain amplitude effects. Figure 4 shows the effect of
complex modulus on the subsequent strain sweep experiment results. It is clear that only minor
effects occurred in modulus values. Furthermore, the critical strain amplitude (where the
nonlinearity effect occurs) is slightly moved towards lower amplitude region in the subsequent
strain sweep test. It is anticipated that interfacial slippage between crosslinked EOC domains and
PP matrix, cause to reduce the linear viscoelastic region.

Frequency dependence of viscoelastic behavior: Dynamic frequency sweep tests were conducted
in linear viscoelastic region to further study on network formation and microstructural changes in
detail. Figure 5 shows that the frequency (®) depends of storage modulus (G’) in unvulcanized
and dynamically vulcanized blends. It is well established that dynamical vulcanization increase
storage modulus values especially at low frequency region. As the frequency increases the curves
become close to each other. HVA-2 based TPVs show higher values in the entire range of
frequency studied. Low frequency improvement in G’ indicates strong interaction between
crosslinked EOC phase and PP matrix. Polymers are non Newtonian liquids and their viscosity
decrease with increasing shear rate. Figure 6 shows the log complex viscosity (1) vs log . It can
be seen that the viscosity is highly sensitive with significant drop at higher shear rate, so the
related structure are of pseudoplastic nature. Formation of agglomeration and aggregated
structure of dispersed phase may be responsible for the high initial value of complex viscosity.
The frequency dependence after the strain amplitude sweep was reproducible confirming that the
strain sweep does not significantly deform microstructure and the deformation induced is
reversible.

Conclusion
Comparative studies of the mechanical, microstructure and rheological properties were
carried out in PP/EOC TPVs prepared by three different coagents. Among the various coagents
taken for the investigation, most interesting properties were observed for HVA-2 containing
TPVs. It is found to give better solid and melt state properties, which may be attributed to the
strengthening of interfacial adhesion between blend components. HVA-2 is shown to effectively
behave as a crosslinking agent and compatibilizer for the PP/EOC blend system and thereby
improvement is significant.
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Table-1 Comparitive physical properties of TPVs prepared by three different coagents

Compound Name | DC0 | DC10 | DC20 | DC30 | DA10 | DA20 | DA30 | DMI10 | DM20 | DM30
EOC 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100
PP 50 | 50 | 50 | 50 | 50 | 50 | 50 | 50 | 50 | 50
DCP* 338 | 338 | 338 | 338 | 338 | 338 | 338 | 338 | 338 | 338
TAC/TMPTA/HVA-2® | - | 10 | 20 | 30 | 10 | 20 | 30 | 10 | 20 | 30
Physical properties DCO | DC10 | DC20 | DC30 | DA10 | DA20 | DA30 | DM10 | DM20 | DM30
Tensile strength (MPa) | 5 ¢ | 97 | 93 | 82 | 105 | 10 | 112 | 106 | 109 | 114
Elongation atbreak (%) | 55¢ | 544 | 180 | 142 | 300 | 300 | 277 | 280 | 254 | 234
100% Modulus (MPa) | ¢ ¢ | 53 | 77 | 75 | 72 | 72 | 77 | 75 | 79 | 384
Tear strength (N/mm) s | 6o | 705 | 63 | 805 | 82 | 64 | 763 | 872 | 88.1

*Peroxide concentration has been optimized in the previous work at 3.38 phr of DCP corresponds to 5 milliequivalent concentration.
#Coagent concentration are in milliequivalent
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Abstract:

The effect of nano-silica on the thermal degradation behaviors of LDPE-EVA based
thermoplastic elastomeric blends were monitored in nitrogen as well as in oxygen atmospheres
using thermo gravimetric analyses (TGA). The pristine silica nano-particles were melt-blended
with the LDPE-EVA system at 1.5, 3 and 5 wt% loadings, respectively, by varying the sequence
of addition. In one of the compositions, coupling agent Bis-[3-(triethoxysilyl)propyl]
tetrasulphide (Si-69) was used to improve the interaction of hydrophilic silica fillers with polymer
matrices. In anaerobic condition, no significant changes were observed in terms of thermal
stability of such blend systems. However, in oxygen atmosphere, the TGA plots reflected a
dramatic change. A two staged degradation were observed for most of the filled samples but in
some cases a three staged process were also followed. The changes in the decomposition onset
(T;) and maximum degradation temperatures (T..x) were correlated well with the morphology of
the filled TPE systems as observed by transmission and scanning electron microscopes. The
kinetic rate constants and activation energies were calculated using non-isothermal kinetic
analysis. On the whole, it was observed that the thermal stability of TPE blends was a strong
function of morphology which in turn was decided by the sequence of addition of ingredients
during blend preparation, amount of silica nano-fillers addition and presence of coupling agent.

Introduction

Polymer characterization using the tools of thermal analysis is a useful method in analytical
polymer laboratories. The study of degradation and stabilization of polymers is an extremely
important area from the scientific and industrial view points. Thermo gravimetric analysis (TGA)
is an excellent tool for studying the kinetics of thermal degradation. It is now widely used
because of its experimental simplicity and the wealth of information obtained from a simple
thermogram [1].

Low density polyethylene (LDPE) and poly (ethylene-co-vinyl acetate) (EVA) and their blends
are widely used in the wire and cable industry as insulation sheath or jacket. Recently, several
papers have been published dealing with the thermal analysis and thermo-oxidative degradation
of different polymer, blends and polymer- nanocomposites. Early studies on the degradation of
EVA [2] have been reported that the initial step in the degradation involves the formation of
acetic acid and which is enhanced with increasing vinyl acetate content. The second step involves
degradation of the main chains with little evidence of interaction between the ethylene and vinyl
acetate units. Studies on thermal degradation behavior of EVA/LDPE blend has been studied by
Ray et al [3] where pure EVA and its blends similarly show two staged decomposition and
the blends exhibit better thermal stability compared to pristine polymers. The thermal
degradation behavior of EVA has been studied by several researchers [4-6]. Marcilla [7] has
reported that the oxidative pyrolysis of EVA involves four main decomposition steps, and each of
them also involves different types of reactions. A study of the degradation of LDPE and an EVA
copolymer under air atmosphere, in the presence and absence of mesoporous silicates (MCM-41),



has been carried out using thermogravimetric analysis (TGA) by Marcilla et al [8] focusing on the
degradation behavior of EVA.

The thermal degradation mechanisms of poly(vinyl acetate) (PVAc) and EVA copolymers have
been investigated by Rimez et al [9]. Thermal properties and flammability of
EVA/LLDPE/montmorillonite nanocomposites have been studied by Chuang et al [10].

In this present investigation, an attempt has been made to study the thermal and thermo-oxidative
degradation characteristics of this particular nano-silica filled blend system by thermal analysis
and to correlate the thermal properties with nano- and micro-scale morphology.

Experimental

Materials

The plastic used for the present work was LDPE - Indothene MA 400 supplied by IPCL,
Vadodera, India (0.918 g/cm’ density, MFI as per ASTM D1238 @ 190°C using 2.16 kg load 30
g/10min melt index). The elastomer used was EVA containing 40% vinyl acetate (EVA-40)
(MFTI: 3) purchased from Bayer Co., Ltd. (Leverkusen, Germany). Silicon dioxide nano-powder
was procured from Aldrich Chemical Co. Ltd., USA. Bis-[3-(triethoxysilyl) propyl] tetrasulphide
(Si- 69) was purchased from Degussa, Germany.

Sample Preparation

Melt blending was carried out with EVA and LDPE with various loading of silicon dioxide nano-
powder (1.5, 3 and 5 wt%, respectively) in a Brabender Plasticorder (PLE-330) at 130°C and 80
rpm rotor speed by varying two different sequence of additions of ingredients. The total mixing
time was 10 minutes. Then they were remixed for another 2 minutes. The sheets were
compression molded between two Teflon sheets for 3 minutes at 150°C with a pre-heat time of 1
minute and with a load of 5 Tons in an electrically heated hydraulic press to obtain films of 0.03
~ 0.04 cm thickness. The moldings were cooled under compression to maintain the overall
dimensional stability. The details of the samples and their appropriate designations are given in
Table-1.

Characterization

Thermogravimetric measurements of the composites were conducted using TGA Q50 of TA
Instruments-Waters LLC, USA operated in the dynamic mode. The conversion values 5,8,11,4,17
and 20% were used for computing the non-isothermal kinetic parameters using the Flynn-Wall-
Ozawa method.

For the transmission electron microscopic (TEM) observations, a high resolution transmission
electron microscope (HRTEM) (JEOL JEM 2100, Japan) operated was used at an accelerating
voltage of 200 kV.

The bulk morphology of the blends was observed with field emission scanning electron
microscope (FESEM) (Leo 1530, Carl Zeiss, Oberkochen, Germany).

Results and discussion

Effect of pristine nano silica filler on thermal degradation characteristics of EVA/LDPE blends
under N, atmosphere

All thermograms showed two-staged decomposition (not shown here) with well defined initial
and final degradation temperatures. No drastic improvement in thermal stability was observed for
the filled systems. A modest improvement in thermal stability was found only in case of
ELS6/4/3-2. Thus in inert atmosphere, silica particles did not have a major role to influence the
thermal stability of the blend systems.



Effect of pristine nano silica filler on oxidative degradation characteristics of
EVA/LDPE blends

The control blend (EL6/4) exhibited greater thermal stability than the pure EVA and LDPE
[Figure 1(a)]. Also, EVA was also found to be thermally more stable than LDPE. Thus in
presence of EVA, LDPE was stabilized. In all silica filled blends there were two distinct and well
separated steps in the thermogravimetric curves (TG) (corresponding weight loss peaks in
derivative thermgravimetric, DTG) curves as represented in Figure 1 (b) and (c). The first step
(309-315°C) for all samples (unfilled and filled) was possibly due to de-acetylation of vinyl
acetate group of EVA with the elimination of acetic acid. As a result, double bonds were formed
[10] in the main chain. The second step (413-418°C) might be assigned to the further degradation
of polyacetylene-ethylene chains formed in the first step accompanied with the degradation of
LDPE [10].

As compared to inert atmosphere, it was observed that the initial stages of degradation for
all samples were accelerated in the presence of oxygen [Fig. 2(a)]. Thus the rate of reaction might
be controlled by O, diffusion in the polymeric matrix. There was also an initial gain in weight
prior to deacetylation in the presence of oxygen. This suggested a rapid initial oxidation of the
blends. Due to the presence of SiO, particles, the onsets of degradation of filled blends were
shifted towards higher temperatures as compared to the unfilled one. Therefore, the filled systems
were thermally more stable than the pure blend. But interestingly, at very high temperature (~
above 425°C) the presence of nano silica accelerated degradation of filled blends. This might be
due to the fact that at these temperatures silica acted as an acid catalyst. The outcomes from TGA
are represented in Table 2. As compared to samples prepared following sequence-2,
ELS6/4/3-1 exhibited higher thermal stability at lower temperature ranges. This indicated
the occurrence of intermixing of LDPE and EVA in ELS6/4/3-1. In TEM observations
also silica particles were found to be dispersed in both phases as well as in the interface
for this system. Si69 increased the compatibility between two phases (in ELS6/4/3-2-
Si69) and made silica well dispersed in the polymeric matrix. Hence, ELS6/4/3-1 and
ELS6/4/3-2-S169 exhibited greater thermal stability than the rest of the samples. The
degradation behavior was well correlated with the morphology analyzed by TEM and
FESEM. The details of the analysis are not given in this brief article. It will be mentioned
during the presentation.

The iso-conversional integral method named Flynn-Wall-Ozawa method suggested independently
by Ozawa [11] and Flynn and Wall [12] uses Doyle’s approximation [13] of the temperature
integral. From Eq. (1) and using Doyle’s approximation, the result of the integration after taking
logarithms is:

log B =1log (AE/g (@)R) - 2.315 - 0.457 E/RT......ccecvruenneen. (1)
where B is the heating rate, A is the pre-exponential factor, E is the activation energy, a is the
degree of conversion and T is the temperature. Thus, for o = constant, the plot of log B versus
1000/T obtained at several heating rates should yield a straight line whose slope can be used to
evaluate the activation energy.
All the filled samples showed higher activation energy of degradation than the control sample.
This implied that the thermal stability of the silica filled nanocomposites was higher than the neat
control blend. From plots (not shown in text) it can be observed that the best fitted straight lines
(with at least 90% correlation) were nearly parallel to each other and thus confirmed the
applicability of this method with in the conversion range studied. Interestingly, mean activation
energy of ELS6/4/3-2 was higher than that of ELS6/4/3-1. The kinetic analysis was performed by
both dynamic and static methods and the results were well correlated. However, the details of
kinetic analysis will be discussed during presentation.



Weight (%)

Table 1. Sample designation

Sample ID* LDPE (wt %) | EVA (wt%) Si0, (wt %) Sequence of
addition
EL 6/4 40 60 0 -
ELS 6/4/1.5 40 60 1.5 2
ELS 6/4/3-1 40 60 3 1
ELS 6/4/3-2 40 60 3 2
ELS 6/4/3-2-Si69 40 60 3 +10% Si 69 2
w.r.t. silica

ELS 6/4/5 40 60 5 2

*E :- EVA, L:- LDPE, S:- Silica

Table 2. Percentage of degradation for various blend systems at a heating rate (q) of

10°C/min.
Conversion EL6/4 ELS6/4/1.5 | ELS6/4/3-1 | ELS6/4/3-2 | ELS6/4/3- | ELS6/4/5
(%) °C) °C) °C) °C) 2-8169 °C)
€9
5 228 230 258 247 278 244
8 235 241 278 271 289 270
11 242 255 290 289 296 288
14 249 271 298 301 300 297
17 256 284 305 308 302 305
20 265 292 309 313 308 310
| E— ——EL6l4
A 3l —— ELS6/4/1.5
80-] o 80 - —— ELS6M4/3-2
§ ——EL6/4 %
: e T
04
200 300 400 500 ° 200 300 400 200 300 400
Temperature (°C) Temperature (°C) Temperature ('C)
(@) (b) (c)

Figure 1. (a) TG curve of pure EVA, pure LDPE and EL6/4 in O, atmosphere at 10°C per

minute.

(b) TG curve of silica filled EVA/LDPE blends at different loadings in O,
atmosphere at 5°C per minute.

(c) DTG curve of silica filled EVA/LDPE blends at different loadings in O, atmosphere

at 5°C per minute.



Conclusions

In anaerobic condition, no significant changes were observed in terms of thermal stability of such
blend systems. However, in oxygen atmosphere, the TGA plots reflected a dramatic change. The
initial part of degradation was probably controlled by oxygen diffusion, decomposition of LDPE
and acetic acid elimination from EVA. The next stage of degradation was found to be a strong
function of mutual interactions between EVA and nano-silica. Si-69 provided a significant
thermal stabilization. On the whole, it was observed that the thermal stability of TPE blends was a
strong function of morphology which in turn was decided by the sequence of addition of
ingredients during blend preparation, amount of silica nano-fillers addition and presence of
coupling agent. The mutual interaction of the polymer matrices with nano-silica fillers strongly
influenced the kinetic parameters.
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ABSTRACT

Natural rubber(NR) can be sensitized for quick coagulation by addition of suitable fatty
acid salts as stabilizers. A portion of the fatty acids formed remains on rubber after coagulation
Fatty acids play a major role on cure characteristics and mechanical properties of recovered
rubber. Use of this rubber in blends with polybutadiene rubber (BR) can alleviate some of the
problems of rubber blends like cure mismatch and unequal filler distribution. In this paper an
investigation on the preparation, cure characteristics and mechanical properties of NR/BR blends
prepared using fatty acid incorporated NR is carried out.

Natural rubber latex is treated with a required quantity of fatty acid soap and then
coagulated by addition of suitable acids. The coagulum is washed well to remove acids and then
dried at 70 ° C in an air oven to get dry rubber. Rubber compounds based on pure NR, 80/20 and
60/40 NR/BR blends are prepared using conventional mixing methods. The compounds are
vulcanized and tested as per standard test methods. The fatty acid soaps added to latex get
adsorbed or rubber particles and get converted to the corresponding fatty acids by reaction with
acids during the process of coagulation. Due to presence of fatty acids, the pure and NR/BR
blends show better cure characteristics as revealed from a higher level of vulcanization. Due to
the higher level of crosslinking and better filler dispersion, pure and blend vulcanizates show a
higher modulus, tensile strength, and hardness along with comparable dynamic properties like
heat build-up and compression set in relation to conventional rubber vulcanizates. The presence
of fatty acids also helps in a better dispersion of filler in pure rubbers as revealed from scanning
electron microscopy (SEM) studies. A noticeably higher ageing resistance is also observed for
NR/BR blends prepared by the new process due to the presence of better interaction of filler with
rubber.

INTRODUCTION

Blends based on natural rubber and polybutadiene rubber are extensively used in tire
sector due to the enhanced mechanical properties like low heat build-up, and abrasion resistance
realized in the vulcanizates. The basic problems with such rubber blends are the inherent
incompatibility, unequal filler distribution and uneven crossslinking. In general elaostomer blends
are microheterogenious, the continuous phase being either the polymer in highest concentration
or polymer of lowest viscosity. Filler distribution is influenced by the point of addition of filler,
mixing method, surface polarity of filler and other factors like unsaturatiion , viscosity and
polarity of blend components. The incorporation of 50/50 elastomer preblends indicated that
black affinity decreased in the order, SBR, CR, NBR, NR, EPDM, 1IR.[1,2] Curative distribution
is influenced by the level of unsaturation , viscosity and polarity of blend constituents. The type
and nature of colloidal stabilizers retained on rubber during the coagulation process also affect the
cure characteristics and filler dispersion.

Both  natural and synthetic rubber latices, (depending on the polymerization technique)
have fatty acid salts as stabilizers. In the case of fresh NR latex the colloidal stability is afforded
by protein anions and to a small extent by fatty acid anions. In NR latex , the sensitivity to
coagulation by acids is controlled by the type of colloidal stabilizers and the fatty acid anions
have more sensitivity to coagulation by acids. [3] By using suitable fatty acid soaps the
coagulation characteristics and non rubber constituents retained in rubber can be adjusted. By this
process the cure characteristics, along with filler dispersion can be controlled so as to have
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enhancement in mechanical properties. There are no systematic reports on use of in situ
formation of fatty acids that can affect cure characteristics, filler dispersion and hence
mechanical properties of rubber blends.

In this paper an investigation on the preparation, cure characteristics and mechanical
properties of NR/BR blends prepared using fatty acid incorporated NR is carried out.

EXPERIMENTAL

Fresh Natural rubber (NR) latex used in this study was obtained from Rubber Research
Institute of India. Poly butadiene rubber (CISAMER ) was obtained from Indian Petrochemicals
Corporation Ltd, Vadodara , Other ingredients used were rubber grade chemicals .

Preparation of rubber by fatty acid sensitized coagulation of NR latex

NR latex was mixed with the quantity of fatty acid soap required for sensitization to
quick coagulation as reported earlier [4]. The latex was then diluted to a dry rubber content of
20% and coagulated by addition of 10% acetic acid. The coagulum was washed free of acid and
dried at 70°C in a laboratory oven. The control NR was prepared as per the conventional method
of sheet preparation. .The NR prepared by the two methods were blended with BR in 80/20 and
60/40 proportions by conventional mixing method as per formulation in Table 1.

Cure behaviour, mechanical properties and SEM evaluation

The wvulcanization characteristics were determined using moving die rheometer
(RheoTech MD ) Test samples for determination of mechanical properties were vulcanized to
optimum cure time in a hydraulic press at 150 ° C. Filler dispersion in rubber was assessed using
a JOEL model scanning electron microscope. Tensile fracture and abraded surfaces of
vulcanizates were coated with gold to conduct SEM study
SEM was carried out using a scanning electron microscope model using sputter coated samples.
Analysis was conducted on fractured surfaces and abraded surfaces.

The mechanical properties were determined from relevant ASTM standards.The
ageing tests were carried out as per ASTM method after ageing the samples at 100 ° C /3days.

RESULTS AND DISCUSSION
1. Effect of fatty acid soaps on coagulation of latex

Fatty acid sensitized fresh NR latex coagulated immediately on addition of acids. On
addition of fatty acid soaps to latex they cause displacement of proteins and gets strongly
absorbed on rubber particles. In this way the protein stabilized latex gets transformed into a soap
stabilized system. On addition of acids to soap treated latex the adsorbed soap anions react with
acid to form  un-dissociated fatty acid, and deprive the latex particles of stabilizers. As a
consequence, latex coagulates immediately. [3,5]

2. Vulcanization characteristics

The cure characteristics of the blend mixes along with pure NR mixes are given in Figure
1.The rubber recovered from soap-sensitized coagulation showed better overall cure
characteristics as compared to conventional mix. It had a higher level of cross slinking and a
faster onset of cure which is attributed to the fatty acids retained on rubber. There was
enhancement of level of vulcanization in 80/20 and 60 /40 NR/BR blends.

As an activator of vulcanization ZnO requires sufficient amount of fatty acids which
converte it into rubber soluble form . Though NR contains a certain amount of these acids it is
usually insufficient. Therefore their contents are adjusted to the required level by addition of
commercial stearic acid which can be replaced by lauric acid that is more soluble in rubber[6]
Hence it is inferred that when fatty acid is added as soap to latex it disperses uniformly in latex



due to adsorption on rubber particles and convert into fatty acid during coagulation. This
uniformly dispersed fatty acids help in activating cure characteristics of rubber.
3. Mechanical properties

Soap coagulated rubber recorded a higher modulus, tensile strength, and hardness. Heat -
build up and compression set were comparable to that of control (Table 2) .The NR/BR 80/20
and 60/40 blends also showed a higher modulus tear strength and hardness in comparison with
blends prepared using conventionally obtained NR.
Improvement in mechanical properties is attributed to the formation of higher level of crosslinks
and other interactions involving filler and rubber. Oxygen containing groups present in rubber
have a considerable effect on vulcanization kinetics and have a role in interaction with rubbers. It
is expected that there is better polymer filler interaction involving uniformly dispersed fatty acid
soaps though the actual mechanism is not clear from this study. There are reports that use of
higher dosage of stearic acid in tread formulation enhanced in abrasion resistance. In this study it
is inferred that fatty acids soaps are formed during vulcanization from added surfactant and it acts
as lubricant, reducing the abrasion loss [7]
SEM photographs of tensile fracture and abraded surfaces of NR vulcanizates are shown in
Figures 2 and 3. The tensile fracture surface of NR prepared from soap sensitized coagulation has
a more uniform surface and less matrix removal, as compared to conventional NR fillerwhich
shows enhanced filler dispersion in presence of in situ formed fatty acids. The abraded surface of
the sample from soap coagulation shows fine ridges while the conventional mix has bigger ridges
and foldings. It is known that wear occurs as a result of two processes; local mechanical rupture
(tearing) and general decomposition of the molecular network to a low molecular weight material
(smearing). [8, 9] It is known that molecular rupture under frictional forces followed by
stabilization of the newly formed polymeric radicles by reaction with oxygen or with other
polymer molecules or with other macroradicals take place during the abrasion process. In rubber
obtained by soap sensitized coagulation mainly due to higher levels of crosslinking there is lower
crack growth and removal of the matrix The ageing characteristics are shown in Table 3. The
blends prepared from in situ formed fatty acid has a higher retention of tensile strength and less
variation in modulus and elongation at break as compared to blends prepared from conventional
sheet rubber. The enhancement is attributed to higher level of vulcanization and better filer
dispersion.
CONCLUSION

The carboxylic acid soaps added to latex get adsorbed on rubber particles and are retained in
rubber after coagulation. The fatty acids retained on rubber activate the vulcanization and
improve the mechanical and ageing characteristics of recovered rubber. NR/BR blends prepared
from fatty acid incorporated rubber have higher level of vulcanization, and better mechanical
and ageing properties as compared to blends prepared from conventional rubber.
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Ingredients

parts

Natural Rubber/BR 100/0 80/20 60/40
ZnO 5 5 5
Stearic acid 1 1.25 15
Antioxidant TDQ * 1 1 1
HAF black 40 40 40
Aromatic oil 2 2 2
CBS? 0.75 0.75 0.75
Sulphur 2.5 2.5 2.5

Table 2. Mechanical properties of carbon black filled pure and blend vulcanizates

Parameter NR NR/BR 60/40 NR/BR 60/40
Sample | Control | Sample | Control | Sample | Control

Modulus 100%, MPa 2.53 1.66 2.16 1.78 2.71 2.63
Modulus 200%, MPa 511 3.11 4.2 3.34 5.38 5.15
Modulus 300%, MPa 8.44 5.05 6.78 55 8.55 8.28
Tensile strength, MPa 24.217. 24.40 19.98 21.1 11.72 11.12
Elongation at break, % 670 690 690 700 400 390
Tear strength, KN/m 58 82 66 51 39 30
Hardness, Shore A 67 66 66 65 68 67
Heat build-up, AT,°C 21 20 19 20 20 20
Din abrasion loss, cc 88 100 79 80 74 75

Table 3 Ageing resistance of carbon black filled pure and blend vulcanizates (aged at

100° C/3d).
Parameter NR NR/BR 60/40 NR/BR 60/40
Sample Control Sample Control Sample Control

Modulus 100%, MPa 3.64 3.25 2.71 3.36 3.55 4.05
Modulus 200%, MPa 7.98 7.08 5.57 - - -
Tensile strength, MPa 8.82 8.87 6.78 5.47 6.82 5.69
Elongation at break, % 215 240 230 150 180 140
Percent change of 43.87 95.78 25.46 88.76 30.99 53.99
modulus 100%,
Percent retention of tensile 36.34 36.35 33.93 25.92 58.19 51.16

strength
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Abstract

Major complications of cardiovascular lesions are often accompanied by inflammatory
reactions and smooth muscle cell proliferation. Curcumin has been shown to possess anti-
inflammatory and anti-proliferative properties. As a solution to above cardiovascular problems,
sustained drug delivery system releasing curcumin from ethylene-co-vinyl acetate (EVA) matrices is
proposed. Various grades of EVA having 40%, 28%, 18% and 12% vinyl acetate content were
evaluated for the selection of a suitable grade. The EVA grades were characterized by Fourier
Transform Infrared (FT-IR) Spectroscopy, dynamic mechanical analysis (DMA), testing solubility in
organic solvents and determining mechanical properties. Curcumin is incorporated into the matrices
by dissolving both matrix and curcumin separately in solvents, mixing together and later evaporating
the solvent from the system. Curcumin loaded systems were characterized by FT-IR, contact angle
measurements, water absorption, mechanical testing and checking the drug release profile from the
matrix. FT-IR data confirms that there was no chemical reaction between EVA and the drug.
Increased drug content in the matrices results significant increase in tensile strength and modulus
where as fracture strain records substantial decrease. The results of contact angle indicated that
loading curcumin in EVA does not alter surface properties of the matrix significantly. DMA revealed
that addition of curcumin does not alter glass transition temperature either. It also shows that when the
vinyl acetate content increases the storage modulus decreases. Water absorption studies show an
increase in water uptake by matrices with increase in drug loading. From the results obtained EVA
with 40% vinyl acetate content was found to be the most suitable system as a matrix. The selection
was based on the low modulus, high elongation, solubility in the organic solvents and film forming
properties. Drug elution profiles up to a period 15 days were monitored. From the results it is
expected that curcumin loaded EVA-40 system would be suitable for drug release applications in
cardiovascular system.

1. Introduction

Cardiovascular disease (CVD) is not only the biggest cause of death worldwide, but also
responsible for a significant proportion of health complications requiring long-term management.
According to World Health Organization (WHO) estimates, in 2003, 16.7 million people around the
globe die of CVD each year [1]. This is over 29% of all deaths globally. In India in the past five
decades, rates of coronary disease among urban populations have risen from 4 % to 11% [2]. In 1998
the annual death rate for India was 840 per 100,000 populations. Cardiovascular diseases contribute to
27% of these deaths and its crude mortality rate was 227 per 100,000 [3]. The WHO estimates that
60% of the world's cardiac patients will be Indian by 2010 [2].

Literature reveals that major complications of cardiovascular lesions are often accompanied
by inflammatory reactions and smooth muscle cell proliferation [4]. Curcumin (diferuloyl methane)
possesses a wide range of pharmacological activities including low intrinsic toxicity, anti-thrombus,
anti-oxidation and antiproliferation properties [5, 6] and may be suitable for treating above
complications.



Sustained release of the above drugs to the affected area may be possible by loading these
drugs into suitable matrices. Ethylene vinyl acetate (EVA) copolymer, a heat processable, flexible
and stable material [7] is commercially available with vinyl acetate (VAc) content varying from 3 to
50%. The properties of EVA vary with VAc content. Vinyl acetate content up to 10% is more
transparent, flexible and tougher than LDPE. Between 15 and 30% VAc content copolymers are soft
and flexible. Compounds with 30-40% VAc are soft, elastic and their strength and adhesion
properties are desirable for coatings and adhesives [8]. Between 40 and 50% VAc content in EVA
produce rubber like properties [8]. In this study curcumin is incorporated in EVA copolymers by
casting method and sustained release of curcumin is evaluated.

2. Experimental
2.1. Materials

Polymer matrices used for this study are: (a) EVA grades of vinyl acetate content 12%
(NOCIL, India), 18% (Aldrich, USA), 28% (NOCIL, India) & 40% (Aldrich, USA). Curcumin (trade-
named Biocurcumax) was obtained from M/s Arjuna natural extracts Ltd., Aluva, Kerala. Solvents
used in the study were of 99.5% purity and were obtained from s.d. fine chemicals, Mumbai.

2.2. Differential scanning calorimetry

DSC analysis of curcumin was done based on the ASTM E 1356-03 standard using DSC 2920
by TA Instruments Inc., USA. The test was done in nitrogen atmosphere (99.99% N, and 1 ppm
moisture, 1 ppm O,) using an empty aluminum pan as the reference material. The scan temperature
ranged from -50°C to 200°C at a heating rate of 10°C/min.

2.3. FT-IR analysis

FT-IR spectra of the curcumin were recorded on a Thermo Nicolet 5700 spectrometer with a
diffused reflectance sample holder (Thermo Scientific, Germany).

2.4. Dynamic Mechanical Analysis

Dynamic Mechanical Analysis (DMA) was performed using a Tritec 2000B DMA (Triton
Technology Limited, UK). Storage modulus and damping characteristics of EVA grades and
curcumin loaded matrices were determined as a function of temperature. Temperature scan was done
from (-) 150°C to (+) 100°C at a frequency of 1 Hz. The heating rate used was of 1°C/min.

2.5. Tensile properties

The tensile properties of EVA grades and curcumin loaded EVA were measured by using an
Instron (model 3345) Universal Testing Machine equipped with a 100N load cell. Dumbbell shaped
test samples were cut from cast films. The samples were conditioned at 23+1°C and at 50% relative
humidity, and the test was performed at a crosshead speed of 100 mm/minute.

2.6. Solubility test
About 0.1 gm of polymer was taken in a 50ml beaker and 10ml solvent was added to it. This

was kept on a hot plate stirrer (Schott Instrument, Germany) and slightly heated along with
continuous stirring to dissolve the polymer.



2.7. Fabrication of curcumin eluting polymer films and its structure

Curcumin loading in EVA grades was achieved by preparing solutions of polymer and
curcumin and cast on glass plates. Cast films were washed with de-ionized water and air-dried. FT-IR
spectra of the curcumin loaded EVA grades were recorded on a Thermo Nicolet 5700 spectrometer
(Thermo Scientific, Germany).

2.8. Contact angle measurement

Contact angle of the films are measured at room temperature (~23°C) using the sessile drop
method by a video based contact angle measuring device (Data Physics OCA 15 plus, Germany) and
imaging software (SCA 20). Five independent measurements were performed on different region of
the sample surface.

2.9. Curcumin release profile

Samples of 1 cm? surface area were cut from the curcumin loaded polymer films and
suspended in 5ml phosphate buffered saline (PBS) at 37°C and placed in a shaking water bath (Julabo,
SW22, Germany) at 60rpm. At definite time intervals whole quantity of PBS was withdrawn and fresh
PBS was added. Elution kinetics was monitored using UV spectroscopy at a wavelength of 420nm for
a period of 15 days.

3. Results and discussion

3.1. Physico-chemical characterization of Curcumin, EVA grades and Curcumin loaded
EVA

Solubility of EVA grades tends to increase with increase in vinyl acetate content in the
polymer. EVA-40 was found to be soluble in a number of organic solvents such as tetrahydrofuran,
toluene, dichloromethane, cyclohexane, etc. FTIR spectra of EVA, Curcumin and Curcumin-loaded
EVA matrices are shown in the Figure 1. Spectra of EVA shows characteristic absorption peaks at
1735.9 cm™ due to the stretching vibrations of C = O. A peak in the region 2872 and 2956 cm™
corresponds to symmetric and asymmetric stretching vibration of C-H bond. A peak was observed in
the region 1143cm-1 corresponding to C-O-C stretch. The spectrum of Curcumin shows characteristic
aromatic absorption peaks in the range 1600.1 to 1504.9 cm™. A broad peak in the region from 3223.6
to 3508.6 cm™ indicates the presence of OH. A feeble peak was observed at 1624.8cm™ corresponding
to C=0, C-O-C peak was obtained at 1272.7 cm™, benzoate trans-CH in CH=CH obtained at 959.2
cm™, cis CH in aromatic at 713 cm™. The spectra of polymer matrix incorporated with Curcumin
(10wt%) does not exhibit any shift in peaks with respect to the characteristic peaks discussed above.
From these results it is clear that curcumin incorporated in the EVA matrix does not undergo any
reaction or complexation with the matrix.

The storage modulus and tan delta of EVA grades and curcumin loaded EVA are given as a
function of temperature in figure 2. It may be seen that the two grades of EVA, i.e., EVA 12 and EVA
18 have higher modulus compared to EVA 28 and EVA 40. All the EVA grades show glass transition
in the range -15°C to -19°C. EVA 40 shows lower modulus because it has maximum vinyl acetate
content which increases the flexibility of the polymer and hence increased the damping. Incorporation
of Curcumin on to EVA matrices does not alter the characteristic glass transition temperature of the
matrices. However, substantial increase in storage modulus is evident.

Mechanical properties of EVA grades are given in Table 1. Depending upon the vinyl acetate
content and source of EVA grades properties tends to vary. Effect of addition of curcumin in EVA-40
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is shown in table 2. Curcumin addition substantially increased the tensile strength and modulus of the
resultant system. A considerable decrease in the fracture strain is observed with curcumin loading.
Results indicate that curcumin acts as a reinforcing agent in EVA matrix. Effect of tensile strength on
short term ageing of EVA and curcumin loaded EVA in PBS is shown in figure 3. The system tends
to be stable during ageing except for that containing 10wt% curcumin. Contact angle data obtained for
EVA and curcumin loaded EVA shows no significant changes in contact angle data with curcumin
loading (figure 4). Matrices exhibited increase in water uptake with higher curcumin loadings. Water
uptake behavior is shown in figure 5 with respect to curcumin content in the EVA matrix. Increases in
curcumin content increased water uptake by the polymer matrix.

3.2. Elution profile of curcumin

Cumulative release of curcumin from EVA40 is shown in figure 6. Different concentrations
of curcumin were loaded in the matrix and release was monitored upto 15days. The quantity of
curcumin released is a function of curcumin loaded in the matrix.

Conclusion

EVA copolymer is found to be a suitable system for the sustained release of curcumin.
Curcumin released from the matrix depended on the quantity of curcumin loaded in it.
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Table 1. Mechanical Properties of EVA grades

Polymer grade Tensile strength Elongation at Modulus
(MPa) break (%) (MPa)
EVA -12 11.97 £0.99 2790 £ 207 5.28 £ 0.61
EVA -18 8.44 + 0.54 1183+ 92 19.97 £2.19
EVA -28 13.50 +1.19 1723 £129 5.00+£1.37
EVA -40 8.81 £ 0.20 2610 £ 97 0.56 £ 0.05
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Table 2. Effect of curcumin content on

the mechanical properties of EVA-40

Curcumin Tensile strength Elongation at Modulus
content, (wt %) (MPa) break (%) (MPa)
0 06.73£0.45 1450 £ 567 01.54 £0.32
1 11.17 + 1.58 1130 + 656 02.50 + 0.33
2 12.56 + 3.06 1429 + 523 03.14 £ 0.64
5 12.58 £ 0.92 1094 + 544 10.02 +1.79
10 15.09 + 1.59 676 + 360 26.11 +10.87
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Abstract:

Bio-nanocomposite hybrids based on poly (butylene adipate-co-terephthalate) (PBAT) and layered
silicates were prepared by melt interaction technique using co-rotating twin-screw extruder having blown
film unit. Sodium montmorillonite (Na*"MMT) along with three different commercially available
nanoclays i,e, Cloisite30B (C30B), Cloisite20A (C20A), Bentonite (B109) have been used. Wide Angle
X-Ray Diffraction (WAXD) studies indicated an increase in d-spacing of the nanoclays in the bio-
nanocomposite hybrids revealing formation of intercalated morphology. Morphological studies using
Transmission electron microscopy (TEM) also confirmed that nanoclays were finely dispersed in the
PBAT matrix and there was presence of partially exfoliated clay galleries along with intercalated
structures in the bio-nanocomposite hybrids. Mechanical tests showed that the bio-nanocomposite
hybrids prepared using Bentonite (B109) nanoclay exhibited higher tensile modulus. Functionalization of
PBAT matrix upon grafting with maleic anhydride (MA) resulted in further improvement in mechanical
properties. The existence of interfacial bonds in grafted bio-nanocomposite hybrids are substantiated
using FTIR spectroscopy. Thermal properties of bio-nanocomposite hybrids employing DSC, TGA also
revealed improved Tg, Tc and thermal stability over the virgin polymer. Dynamic Mechanical Analysis
(DMA) indicated an increase of storage modulus(E’) of PBAT biopolymer with incorporation of
nanofiller. Key words: Poly(butylene adipate-co-terephthalate), TEM, DMA, MA-g-PBAT

Introduction

Polymer layered silicate nanocomposites have received considerable attention in the recent years. At
minimal concentration of nanofiller to the tune of 1%, there has been a concurrent improvement of
mechanical thermal, optical and physico chemical properties as compared with a conventional
micro/macro composite [1]. The layered silicates with a thickness of 1 nm have a very high aspect ratio,
ranging between 10 to 1000 that creates an effective surface area for polymer filler interaction leading to
property enhancements in the virgin matrix [2]. Tailoring composites with a perspective of sustainable
development and ecofriendly characteristics have resulted in renewed interest in natural renewable
resource based and compostable materials. Research effects in the areas of natural fiber based plastics;
biodegradable polymers, starch based plastics etc. have already been undertaken with a primary focus
on development of biodegradable composites with environmentally safe characteristics and desired
attributes. Despite several advantages in the development of biodegradable plastics, its introduction to
the market as a viable alternative to petrochemical thermoplastics has been prevented. Some of the
major impediments are fragility, thermal degradability at temperature not far above the melting point
and high price [3]. However, incorporation of nanoscale fillers can significantly enhance the
mechanical, thermal, dimensional and barrier performance in the biodegradable polymers [4].
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Biodegradable nanocomposites can be prepared using various methods such as solution intercalation,
melt intercalation, in-situ intercalative polymerization and template synthesis [5]. Polymer melt
intercalation has been proved to be a versatile technique in the fabrication of biodegradable
nanocomposites because of its environmental friendly characteristics and compatibility with the
nanofillers [6].The present article summarizes an extensive investigation on physico-mechanical and
thermal characterization of PBAT bio-nanocomposites.

Experimental

Materials

PBAT (Ecoflex) MFR (190°C; 2.16 Kg)=3.3 to 6.6g/10min; Mass Density = 1.25 to 1.27g/cm3; Melting
point = 110°C to 115°C was supplied by BASF Japan Ltd. Commercially available Cloisite 30B (C30B),
Cloisite 20A (C20A), Bentone 109 (B109) have been used as nanoclays. The organoclays and PBAT
pellets were dried under vacuum at 80°C for 5hrs and 40°C for 30minutes respectively.

Preparation of PBAT Nanocomposite

The bio-nanocomposite hybrids of PBAT with various organically modified nanoclays at different weight
percentage (1, 3, 5 wt%) was prepared using melt blending technique in a co-rotating twin screw extruder
(Haake Rheocord 9000, Germany) at a temperature difference from feed to die zone between 165° -
180°C and screw speed of 60-70 rpm. Maleic anhydride grafted PBAT (MA-g-PBAT) bio-nanocomposite
hybrids were prepared through a two steps reactive extrusion process employing free radical grafting of
PBAT using MA at a temperature of 165°C-180°C and screw speed of 60-80 rpm. In the second step,
MA-g-PBAT was melt blended with various organically modified nanoclays using the same optimized
temperature and speed. Subsequently the extrudate was pelletized to granules.

Wide Angle X-Ray Diffraction (WAXD): XRD Analysis was performed at ambient temperature
using Phillips X’Pert MPD(JAPAN) at a scanning rate of 2°C/min with CuKoc radiation(A=0.154 nm) at
40KV and 14mA.

Mechanical Tests: Specimens of dimension 130mm x 25mm were prepared for Tensile testing as per
ASTM D882 in Universal Testing Machine (UTM) at a gauge length of 50mm. Tear test for the prepared
samples were performed as per ASTM D1922 in Pendulum Tear tester (ATSFAAR, VignateMl, ltaly)
with maximum load of 3920 grams. The samples were conditioned at 23 + 5°C and 55% RH prior to
testing and five replicate were used for each test. The data reported are the averages from five tests.
Differential Scanning Calorimetry (DSC):DSC was performed on a Perkin-Elmer Pyris equipment
(USA). 5-10mg samples were scanned at a heating rate of 10°C/min from -80°C to 200°C in nitrogen
atmosphere. The crystallization temperature (Tc), Glass transition Temperature (Tg) and Melting
temperature(Tm) of the virgin PBAT, Nanocomposites and its blend were determined.

Thermo Gravimetric Analysis (TGA):TGA performed using Perkin-Elmer Pyris (USA). 5-10mg
samples were heated at 20°C/min from 50°C to 600°C. The degradation temperature was determined.
Dynamic Mechanical Analysis (DMA): The samples were studied using Dynamic Mechanical Thermal
Analyzer (NETZSCH DMA 242, Germany), at fixed frequency of 1Hz and heating rate of 10°C/min.

Results & Discussion

The bio-nanocomposite structure characterized using WAXD patterns (Fig 1b) reveal characteristics
peaks, shifted to smaller diffraction angles at 2.175, 2.145 and 2.03° respectively due to intercalation of
PBAT chains into the silicate galleries. The interlamellar dgo;-spacing follows the following order B109
(nm)> C20A (nm)> C30Bnm, confirming highly intercalated structure, due to strong interaction between
carbonyl groups (>C=0) of PBAT with -OH groups of organoclay. In case of MA-g-samples absence of
deflection peak within the experimental range, indicates exfoliation of clay galleries. Further, the TEM
micrographs (Figure 2) confirm intercalated clay galleries as well as stacks of agglomerated clays
galleries noticed within the PBAT matrix in case of PBAT/C20A, PBAT/B109 and PBAT/30B bio-



nanocomposites respectively. However, grafting of PBAT with MA results in improved dispersion
characteristics of organically modified clays within MA-g-PBAT matrix with a smaller amount of stack
platelets in broad and obscure regions & regions of exfoliated clay galleries along with intercalated
stacks.

The mechanical properties of bio-nancomposite hybrid is depicted in Table-1 It is evident that
incorporation of nanoclays results in an increase in the tensile modulus of matrix polymer in both
transverse and as well as in machine direction respectively. In case of the nanocomposite prepared using
C30B nanoclay an increase of Young’s modulus to the tune of 30.59% and 31.99% respectively was
observed. A similar increase in Young’s modulus of PBAT/B109, PBAT/C20A nanocomposite hybrids
was also noticed to the tune of 38.88% 46.94%, and 14.50% 7.22% in transverse and machine direction
respectively as compared with the virgin matrix. The increase in Young’s modulus of virgin PBAT matrix
follows the following order PBAT/B109>PBAT/C30B>PBAT/C20A> PBAT/Na'MMT. The
nanocomposite hybrid with B109 exhibited optimum performance as compared with the other
nanocomposite hybrids. This behavior is probably due to the homogeneous distribution and micro
dispersion of nanoclay facilitating separation of tactoids and platelets in partial exfoliation and
intercalations accomplished through shear stress during melt compounding. In all the cases, the
nanocomposite hybrids exhibited higher performance in the machine direction, which is probably due to
the uniform alignment and improved interfacial adhesion of the nanoscale reinforcement within the PBAT
matrix. However, addition of nanoclays leads to a decrease in tensile strength as well as elongation at
break. The MA-g-PBAT bio-nanocomposite hybrids exhibited improved tensile modulus as compared
with the ungrafted bio-nanocomposite hybrids. This is probably due to the formation of inter molecular
hydrogen bonding between hydrogenated tallow groups of B109 and C20A and MA-g-PBAT matrix. The
bio-nanocomposite hybrid prepared using B109 clay exhibited maximum Young’s modulus, which can be
explained due to similar cause that B109 provides increased clay platelets per surface area of contact with
virgin matrix.

The tear resistance of PBAT matrix and the bio-nanocomposite hybrids also exhibits a linear increase
with the addition of nanoclays and MA. Nearly 19% increase in the tear strength of PBAT matrix was
observed in PBAT/B109 bio-nanocomposite hybrid. PBAT/C30B as well as PBAT/C20A bio-
nanocomposite hybrid also exhibited an increase in tear strength of PBAT from 335.3 g/mm to 343.17
g/mm and 283.00 g/mm respectively. Further, functionalization of PBAT matrix with MA through
reactive extrusion results in modification of the interfacial region between PBAT and nanoclays through
formation of covalent bonds/hydrogen bonds with suitable chemical/pendent groups [24]. The bio-
nanocomposite hybrid of MA-g-PBAT/B109 exhibited a tear resistance of 445.39 g/mm where as MA-g-
PBAT/C30B exhibited a tear resistance of 375.05 g/mm respectively.

The storage modulus verses temperature of the virgin matrix and nanocomposite hybrid is represented in
fig 3. It is evident that storage modulus of PBAT biopolymer increases with incorporation of nanofiller
which is probably due to the efficient stress transfer from the filler to matrix. Further the grafted sample
exhibited improved modulus as compared with the ungrafted nanocomposite hybrids. This further
confirms improved interface between the nanofiller and the biopolymer matrix upon functionalisation
with MA. MA-g-PBAT/B109 sample exhibited optimum storage modulus as compared with MA-g-
PBAT/C30B nanocomposite hybrid which is probably due to better exfoliated structure.

The melting temperature of PBAT matrix depicted in DSC Thermograms (fig.4)also showed a substantial
increase from 109.2°C to 125°C in PBAT/C30B, 126.72°C in PBAT/B109, 138.25°C in MA-g-
PBAT/C30B and 139.02°C in MA-g-PBAT/B109 nanocomposite hybrids respectively.

The variation of crystallization temperature (Tc) of virgin matrix and nanocomposite hybrids is presented
fig 5. The virgin matrix exhibits a crystallization peak around 66.14°C which increased substantially with
the incorporation of nanoclays as well as functionalization of PBAT with MA. PBAT/C30B bio-
nanocomposite hybrid exhibits optimum crystallization peak around 96.45°C. This is primarily due to
heterogeneous nucleation effect in presence of nanoclay which increase the nucleation sites in the
polymer matrix. However, grafting of virgin matrix does not show any appreciable increase in the



crystallization temperature of PBAT in the bio-nanocomposites as compared with the ungrafted bio-
nanocomposites.

The thermal stability of virgin PBAT, PBAT bio-nanocomposite hybrids and MA-g-PBAT bio-
nanocomposites are assessed employing TGA showed that incorporation of organically modified
nanoclays substantially increases the thermal stability of the biopolymer. PBAT/C30B nanocomposite
hybrid exhibits the initial degradation temperature around 322.58°C and final degradation temperature
around 469.58°C which is comparatively higher than that of virgin matrix. The grafted bio-
nanocomposite hybrids exhibited a further increase in the degradation temperature. MA-g-PBAT/B109
showed maximum initial and final degradation temperature of 339.59°C and 505.82°C. The bio-
nanocomoposite hybrid samples prepared using B109 nanoclay exhibited optimum thermal performance
owing to its higher surface area and smaller platelets (fig 6).

Conclusion

Nanocomposites based on PBAT and layered silicate (C30B, C20A and B109) was prepared using melt
intercalation and subsequently blown films were prepared. Morphological observation from TEM and
WAXD revealed that PBAT/C30B and PBAT/B109 exhibits intercalated structure whereas MA-g-
PBAT/B109 showed few layers of exfoliated clay galleries as well as intercalated structure. Mechanical
tests showed an increase in the tensile modulus of PBAT nanocomposites hybrid in the grafted samples.
Thermal stability of the virgin biopolymer also increased with the incorporation of organically modified
nanoclays. Future research will be primarily focused in the development of nanocomposite hybrid with
improved mechanical performance.
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Table 1: Mechanical Properties of PBAT & bio-nanocomposites

Samples Tensile Modulus Tensile Strength  Elongation at break Tear Strength
(MPa) (N/mm?) (%) g/mm

PBAT 26.20(T) 20.814(T) 602.33 (T) 335.3
30.17(M) 14.328(M) 766.44 (M)

PBAT/C30B3% 34.215(T) 6.883(T) 552.84 (T) 343.17
39.824(M) 10.78(M) 601.66 (M)

PBAT/C20A3% 30.03(T) 3.513(T) 544.08 (T) 283.00
32.35M) 4.193(M) 550.33 (M)

PBAT/B1093% 36.389(T) 5.490(T) 595.41 (T) 348.98
44.333(M) 17.370(M) 740.30 (M)

PBAT-g- 52.489(T) 8.353(T) 605.39(T) 375.05

MA/C30B 56.213(M) 12.314(M) 684.32(M)

PBAT-g- 43.467(T) 3.221(T) 560.93(T) 290.03

MA/C20A 52.597(M) 6.391(M) 590.39(M)

PBAT-g- 73.123(T) 7.7952(T) 695.35(T) 445.39

MA/B109 81.854(M) 8.627(M) 760.39(M)
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Abstract

In the present paper we report biomimetic synthesis of nanohybrids based on
carboxymethyl cellulose (CMC) and hydroxyapatite (HA) nanoparticles by a co-
precipitation method. The physico-chemical characterizations were done before and after
calcination using Fourier transform infrared spectroscopy, solid state *'P nuclear magnetic
resonance (NMR) spectroscopy and thermogravimetric analysis (TGA). The formation of
nanohybrid was observed by wide angle X-ray diffraction (WAXD), scanning electron
microscopy (SEM) with energy dispersive X-ray analysis (EDX) and transmission electron
microscopy (TEM). The nanohybrid was formed as aggregates of nanoparticles adsorbed
on CMC. With increasing content of CMC, the crystallite size of hydroxyapatite particles
decreased (with 2 wt. % 18+3 nm). The morphological aspects of calcined samples have
shown the sintering ability of HA nanoparticles. The possible mechanism for interaction
between CMC and HA, nucleation and growth of nanocrystals of HA is discussed. It is
summarized that nanohybrids of hydroxyapatite nanoparticles can be prepared for
mimicking the process of nucleation and growth in nature using biodegradable and
biocompatible macromolecules like CMC.

1. Introduction

Over the past decade, the main goal of bone tissue engineering has been to develop
biodegradable materials as bone graft substitutes for filling large bone defects. Bone and
teeth consist of a small amount of organic matrix, which manipulates the formation of
apatite into distinct microstructures suitable for the mechanical forces which they
encounter in-vivo [1, 2]. There has been widespread use of calcium phosphate bioceramics,
such as hydroxyapatite (HA) and tricalcium phosphate (TCP), for bone regeneration
applications. Their biocompatibilities are thought to be due to their chemical and structural
similarity to the mineral phase of native bone [3]. Biomineralized tissues are often found to
contain polymorphs and individual minerals whose crystal morphology, size, and
orientation are often controlled by local conditions and, in particular, by organic
macromolecules such as proteins and polysaccharides [1, 4]. Owing to their small size and
high surface area, HA nanoparticles, which are similar to that in bone tissue, can
effectively interact with living cells [8, 9]. The drawbacks of HA nanoparticles are their
instability, associated with migration of nanoparticles to surrounding tissues under the
action of blood flow, and their low solubility [10]. To overcome these, a new development
in this field is the biomimetic synthesis of nanosized calcium phosphates (mainly HA) in
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polymer-matrices to produce composites that can initiate osteogenesis when implanted in
bony sites [11]. In biomedical applications, cellulose, a polysaccharide, is used either as
regenerated films, fibers or as derivatives (esters, ethers) [14-16]. Considering, the
biodegradability, biocompatibility, non-toxicity, muco-adhesive nature and the carboxyl
groups on structure of carboxymethyl cellulose, we expect that CMC can interact with
precursors and direct the nucleation and growth of hydroxyapatite to produce bioactive
ceramics. Thus, the present study is to prepare nanohybrids of carboxymethyl cellulose
(CMC) and hydroxyapatite (HA) nanoparticles and to study the effect of CMC on size,
structure and morphology of HA.

2. Experimental

Keeping the molar ratio of calcium / phosphate as constant ~1.67, the CMC content was
varied from 0 to 2 wt. % of total weight formulations were calculated as represented in
Table 1. The weighed amounts of polymer and calcium reagent (CaCl,) were dissolved in
aqueous ammonia at room temperature (~27 °C). After 15 min, the phosphate reagent,
diammonium hydrogenphosphate (NH4);HPO,) was added to this solution and stirred for
2 weeks at room temperature (~27 °C). During the reaction, the pH was monitored and
adjusted at 10 by addition of ammonia solution. After reaction, precipitate was washed
with deionized water and dried in a vacuum oven at 40 °C for 12 h. Portions of the
prepared samples were calcined at 1000 °C for 1.5-2 h. The physico-chemical
characterizations were done before and after calcination using Fourier transform infrared
spectroscopy, solid state °'P nuclear magnetic resonance (NMR) spectroscopy and
thermogravimetric analysis (TGA). The formation of nanohybrid was observed by wide
angle X-ray diffraction (WAXD), scanning electron microscopy (SEM) with energy
dispersive X-ray analysis (EDX) and transmission electron microscopy (TEM).

3. Results and Discussion

3.1.  FTIR spectroscopy

In Figure 1, the characteristic peaks at 2800-3000 cm ™', 3100-3500 cm ™', 1650-1700 cm™,
and 1100 cm’, which are assignable for C-H, hydroxyl, carboxylate and C-O- group
regions, respectively, indicate the presence of CMC. The absorption bands at 3571 cm'and
631 cm’', arise from stretching and bending modes of OH ions, respectively. The
absorbance at 1040 and 1090cm™ is attributed to (v3) phosphate PO,>". The other bands at
962 cm™ (for vy), 601 and 574 cm™ (for v4), and 472 cm™ (for v,) are also attributed to
unique characteristic vibrations of PO,. The weak intensity of bands in 2200 -1950 cm™
region derives from overtones of bands and combinations of v; and v; phosphate modes.
The sharpness of bands, especially at 631, 601 and 574 cm™ indicate a well crystallized
HA [22]. The 1037 cm™' and 1096 cm ™' bands in Figure la and b are PO,>~ v3 mode and
asymmetric HA, respectively.

3.2. *'P-NMR Spectroscopy

Figure 2 Shows the solid state *'P NMR Spectra of as-synthesized and calcined calcium
hydroxyapatite. The peak at 2.3 - 2.5 ppm, which is typical for hydroxyapatite, can be
observed for all the samples. They, however, differ in the line width, and the broadening of
peak at foot is also observed for the as-synthesized nanohybrids. The broadening of peak is
attributed to nanoscale crystalline particles [25].



3.3. Thermogravimetric analysis (TGA)

In TGA thermograms of as-synthesized nanohybrids (Figure 3), The observed weight loss
in the temperature range from 75 °C to 550 °C under nitrogen atmosphere can be attributed
to dehydration of water molecules present / adsorbed in the crystals, carbon dioxide
evolution from carbonate defects of calcium phosphates and decomposition of
carboxymethyl cellulose. Since the nanohybrids were thoroughly washed with deionized
water for several times while filtration, only the strongly adsorbed / bound CMC molecules
can contribute to the additional weight loss.

3.4. Wide angle X-ray diffraction (WAXD)

Figure 4 shows the WAXD patterns of as-synthesized and calcined nanohybrids. The
characteristic peaks at 26 ~10.8, 18.8, 25.8, 31.7 (with maximum intensity), 32.9, 34.0,
39.8, 46.83, 49.4, and 53.1° are attributed to hydroxyapatite. The broadening at foot of
peak at 26 ~31.7° for as-synthesized samples can be correlated to nanocrystal formation.
For the calcined samples, these peaks are narrow and sharp. The effect of CMC content on
the crystallite size D (nm) of HA in both as-synthesized and calcined samples was
calculated using Scherer formula. With increasing content of CMC, the crystallite size
decreases. After calcination, regardless of CMC content the crystallite size is increased
upto 48 = 4nm, which can be attributed to the sintering and densification phenomena at a
constant and higher temperature [31]. The consistency in crystallite size can be attributed
to the constant calcination temperature and conditions in which the coalescence of finer
particles is expected to be in similar rate [33, 34].

3.5. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Analysis (EDX)
SEM images of the as-synthesized and calcined samples are shown in Figure 5 (HA-05 and
Figure 5 (HA-1). In the as-synthesized samples, the nanoparticles are embedded /
surrounded by CMC molecules, to form agglomerates whose size is about 100 — 300 nm.
These agglomerates show rough and interconnected porous surface. As FTIR spectra
results suggest the presence of CMC in as-synthesized nanohybrids, the agglomeration of
nanoparticles might be due to CMC molecules. After calcination, particles are bigger in
size and smoother on the surface than that of as-synthesized ones. As mentioned above, the
increase in particle size can be attributed to the sintering of HA nanoparticles at higher
temperature. Figure 7 shows the EDX graph of the as synthesized and calcined sample of
HA-05. The Ca/P ratios for as-synthesized and calcined sample were about 1.45 and 1.67,
respectively. This also confirms the formation of hydroxyapatite precipitates.

3.6. Transmission Electron Microscopy (TEM)

The bright field TEM images of as-synthesized and calcined samples are shown in Figure
6. The as-synthesized nanohybrids can be seen as agglomerates of nanoparticles grown on
the CMC matrix. The size of agglomerates can be found about 100 to 300nm. After
calcination, the HA particles are found to be bigger. In the as-synthesized samples, the
agglomeration of HA nanoparticles can be explained by interactions between
carboxymethyl cellulose, HA and its precursors with each other.



4. Conclusion

In the present study, we have prepared nanohybrids of carboxymethyl cellulose (CMC) and
hydroxyapatite (HA) nanoparticle by co-precipitation method at room temperature. The
FTIR, *'P-NMR spectroscopy and wide-angle X-ray diffraction measurements have shown
the formation CMC-nanohybrids. TG analysis revealed that content of CMC in
nanohybrids is linear with initial input. The SEM and TEM images shown that
nanohybrids are formed as aggregates of HA nanoparticles embedded in CMC matrix. The
morphological aspects of calcined samples have shown the sintering capacity of HA
nanoparticles. Possible mechanism for interaction between HA and CMC, nucleation and
growth is discussed. Thus, we can summarize that the nanohybrids of hydroxyapatite
nanoparticles can be prepared for mimicking the process of nucleation and growth in

nature using biodegradable and biocompatible polymer like CMC.
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Abstract

Skim rubber is the rubber recovered from skim latex, which is obtained as a by-product
during the centrifugal concentration of natural rubber (NR) latex. Blending skim rubber with natural
rubber is a method of taking advantage of the relatively low price of skim rubber while minimizing its
disadvantages. In addition, it seems possible that in such blends the fast curing characteristics of the
skim can be utilized. We have examined the cure behaviour and technological properties on adding 20
p-h.r (parts per hundred rubber) each of deproteinized skim rubber (DPSR) and normal skim rubber to
ISNR 20 without further addition of curatives and comparing the properties to that of a similar ISNR
20 mix. Two cure systems, one which contain usual dosage of accelerator and antioxidant and the
other system which contain comparatively lower level of accelerator without any antioxidant were
studied. In the former case, the cure characteristics showed that there is attainment of good level of
cure and cure rate even after addition of 20 p.h.r skim rubber or DPSR to ISNR 20 with no extra
curatives, compared to the conventional ISNR 20 mix. Also the ISNR 20 vulcanizate and the
vulcanizate containing additional 20 parts of skim rubber showed comparable values of moduli,
tensile strength, tear strength and abrasion resistance and these values were higher than that observed
for ISNR 20 vulcanizate containing 20 parts DPSR. Skim rubber incorporated mix showed a slightly
higher resistance to crack initiation and crack failure when compared to ISNR 20 mix. Blend which
contain 20 parts DPSR showed slightly better dynamic properties and improved air ageing
characteristics as compared to normal skim rubber. For the mixes which contain lower level of
curatives, cure characteristics were comparable but the values were lower than that which contain the
usual dosage. Same trend was observed for the mechanical properties and ageing characteristics. The
study has shown that incorporation of 20 parts skim rubber or deproteinized skim rubber to ISNR 20
imparts cure characteristics and mechanical properties similar to that attained by ISNR 20 without the
incorporation of additional curatives.

Introduction

Skim rubber is obtained by the coagulation of skim latex, the secondary fraction of natural
rubber latex, from the centrifugal concentration process. The processing of skim latex has many
associated problems due to the peculiar physical and chemical characteristics of the same and is an
issue of environmental concern. Skim latex has very low dry rubber content (4-8%) and rubber
particles are smaller in size with high specific surface area "2 It has higher proportion of non-rubber
solids which is mostly proteinaceous in nature. It is difficult to coagulate skim latex ° and there is
considerable loss in skim rubber during processing. Acid coagulation and auto coagulation are used to
recover rubber from skim latex *. To improve the raw rubber properties of skim rubber, attempts have
been made by deproteinization using certain enzymes > and subsequent creaming © of skim latex. The
proteolytic enzyme stabilized liquid papain used for deproteinization followed by creaming results in
quick and easy coagulation of skim latex ’. The type and high level of non-rubbers present in the skim
rubber give rise to scorchy cure and generally give vulcanizates of high modulus. The latter can be
considered to arise at least in part due to the protein present in the rubber acting as a reinforcing filler
and participation in the curing process. Despite these adverse features, skim rubber has low dirt
content, often accompanied by light colour and relatively low cost. Blending skim rubber with natural
rubber is a method of taking advantage of the relatively low price of skim rubber while minimizing its
disadvantages. In addition, it seems possible that in such blends the fast curing characteristics of the
skim can be utilized ®.
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In this work we have examined the cure behaviour and technological properties on adding 20
phr (parts per hundred rubber) each of deproteinized skim rubber (DPSR) and skim rubber to ISNR 20
mix without further addition of curatives and comparing the properties to that of a similar ISNR 20
mix. Two cure systems, one which contain usual dosage of accelerator and antioxidant and the other
system which contain comparatively lower level of accelerator without any antioxidant were studied.

Experimental

ISNR 20 - From the Pilot Crumb Rubber Factory, Rubber Board

DPSR - Prepared at the Rubber Technology Division, RRII

Skim rubber - From the Central Experiment Station, Chethackal, Rubber Board
The other ingredients used were of commercial grade

Preparation of deproteinized skim rubber

Liquid papain of 0.25 phr as 5% solution was initially treated with 0.5 phr potassium oleate.
This was then mixed with the skim latex, stored for 48 h at room temperature, treated with potassium
oleate (0.01% w/v on latex as 10% solution) and stored for further 24 h. It was then subjected to
creaming with ammonium alginate (0.3% w/v on latex as 3% solution), coagulated the cream with 5%
H,SO,, the coagulum soaked for 24 h in oxalic acid solution and dried ’. The fatty acids present in
both DPSR and skim rubber were determined using gel permeation chromatograph (GPC — Waters
510) attached to a 410 diffraction refractometer. The solvent used was THF/water/acetonitrile in the
ratio 25/35/45 (v/v) at a flow rate of 2ml/min. Raw rubber properties of ISNR 20, DPSR and skim
rubber were determined and are given in Table 1.
Preparation of mixes

In order to study the cure behaviour and technological properties, two cure systems were
selected. Mixes were prepared as per the formulations given in Table 2 using a laboratory model two
roll mixing mill. Cure characteristics of the samples were determined using Tech Pro Rheo Tech MD
+ at 150°C. Vucanizates were moulded using an electrically heated hydraulic press to their respective
optimum cure. Properties of the vulcanizates were determined as per the relevant ASTM standards.
Ageing of the vulcanizates was carried out at 70°C for 7 days in an air oven as per ASTM standards.

Results and discussion
Fatty acids

Fig.1 shows the chromatogram of the fatty acids present in the skim rubber prepared by
conventional method and that obtained after deproteinization and creaming. The fatty acids present
include linoleic, oleic, stearic, linolenic and lauric. There is a reduction in the quantity of fatty acids
after deproteinization and creaming. Higher quantity of fatty acids retained in skim rubber adversely
affects the ageing characteristics.

Raw rubber properties

Results in Table 1 show that ISNR 20 has nitrogen content of 0.37 % where as skim rubber
has nitrogen content of 2.3 %. DPSR prepared by using the protelytic enzyme papain has reduced the
nitrogen content to 0.62 %. Being a protease, this enzyme catalysis the hydrolysis of proteins which
are bound to the latex particles in to water soluble polypeptides and amino acids, which get removed
during the creaming process °. Ash content was more for the skim rubber than ISNR 20. During
deproteinization and creaming some of these mineral materials were removed and hence the value for
the ash content of DPSR was lower than skim rubber but higher than ISNR 20. Initial plasticity, Po
for the three samples were within the limit specified by Bureau of Indian Standards (BIS).
Comparatively low PRI was recorded by the skim rubber while DPSR recorded a PRI comparable to
that of ISNR 20. The low PRI of skim rubber could be attributed to the presence of high proportion of
copper and unsaturated fatty acids that accelerate the oxidation of rubber '. It is reported that the PRI
can be improved by immersion of the coagulum in 1% oxalic acid solution and the improvement
observed for the enzyme treated sample may be due to the extraction of free copper from the rubber



", Skim rubber and DPSR differed most obviously from ISNR 20 in the high levels of fatty acid and
protein content and hence the acetone extractable of skim rubber and DPSR were higher than that of
ISNR 20. Mooney viscosity of the three samples was within the processable limit.

Cure characteristics and mechanical properties

Cure characteristics and mechanical properties of mixes 1, 2 and 3 are given in Table 3. The
results showed that there is attainment of good level of cure and cure rate even after addition of 20 phr
skim rubber or DPSR to ISNR 20 with no extra curatives, compared to the conventional ISNR 20 mix.
This shows that both in skim rubber and DPSR there is sufficient quantity of amines and proteins that
have an accelerating effect on vulcanization. ISNR 20 vulcanizate and the vulcanizate containing
additional 20 parts of skim rubber showed comparable values of moduli, tensile strength, tear strength
and abrasion resistance and these values were higher than that observed for ISNR 20 vulcanizate
containing 20 parts DPSR. Skim rubber incorporated mix showed slightly higher resistance to crack
initiation and crack failure when compared to ISNR 20 mix. However, comparable flex resistance was
obtained for ISNR 20 mix and DPSR (20 parts) incorporated mix. It is reported that the proteins
present in skim rubber can improve the modulus and resistance to flex cracking of rubber vulcanizate
owing to its reinforcing characteristics'? - Comparatively lower values of resilience, higher heat build-
up and compression set were recorded for the mix containing 20 parts of skim rubber. The proteins
present in skim rubber are known to adversely affect dynamic properties like compression set,
resilience and heat build-up. Blend which contains 20 parts of DPSR showed slightly better dynamic
properties compared to normal skim rubber. The improvement may be attributed to the reduction of
protein content and partial removal of unsaturated fatty acids. The above results showed that
incorporation of 20 parts of skim rubber or deproteinized skim rubber to ISNR 20 imparts cure
characteristics and mechanical properties similar to that attained by ISNR 20 without the
incorporation of additional curatives.

Cure characteristics and mechanical properties of mixes 4, 5 and 6 are also given in Table 3.
Cure characteristics were comparable but the values were lower than that which contains the usual
dosage, i.e. for mixes 1, 2 and 3. Same trend was observed for the mechanical properties.

The ageing resistance in modulus and tensile strength of the vulcanizates after ageing at 70°C
for 7 days are given in Figs. 2 and 3. For mixes 1, 2 and 3, retention of modulus and strength for the
blend which contain DPSR were better than ISNR 20 mix and the blend containing skim rubber. The
improvement in ageing characteristics may be attributed to the partial removal of unsaturated fatty
acids and metal ions that are pro-oxidants during deproteinization and creaming process. For mixes 4,
5 and 6 retention of modulus and strength were comparable but the values were lower than that
obtained for the mixes 1, 2 and 3.

Conclusions

Incorporation of 20 parts of skim rubber or deproteinized skim rubber to ISNR 20 imparts
cure characteristics and mechanical properties similar to that attained by ISNR 20 without the
incorporation of additional curatives. Skim rubber incorporated mix showed a slightly higher
resistance to crack initiation and crack failure when compared to ISNR 20 mix. Blend which contains
20 parts DPSR showed slightly better dynamic properties as compared to normal skim rubber. For the
system which contains the normal dosage of curatives, retention of modulus and strength for the blend
which contain DPSR were better than ISNR 20 mix and the blend containing skim rubber.
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Table 1. Raw rubber properties

Parameter ISNR 20 DPSR Skim rubber
Nitrogen content, %w/w 0.37 0.62 2.30

Ash content, % w/w 0.36 0.40 0.53
Initial plasticity, P, 51 38 39
Plasticity retention index, PRI 49 56 17
Acetone extractable, % 2.64 6.78 6.24
Mooney viscosity, [ML(1+4)100°C] 86 76 70
Copper content, ppm 6.0 10.0 18.0

Table 2. Formulation of mixes

Ingredient Mix Nos

1 2 3 4 5 6
ISNR 20 100 100 100 100 100 100
Deproteinized skim rubber - 20 - - 20 -
Skim rubber - - 20 - - 20
Zinc oxide 5 5 5 5 5 5
Stearic acid 2 2 2 2 2 2
HAF black (N300) 30 30 30 30 30 30
Naphthenic oil 1.5 1.5 1.5 1.5 1.5 1.5
Antioxidant TDQ' 1 1 1 - - -
CBS’ 0.7 0.7 0.7 0.5 0.5 0.5
Sulphur 2.5 2.5 2.5 2.5 2.5 2.5

12,2 4-trimethyl 1,2-dihydroquinoline
*N-cyclohexyl-2-benzthiazil sulphenamide
Table 3. Cure characteristics and mechanical properties

Parameter Mix Nos

1 2 3 4 o) 6
Minimum torque, dN.m 0.39 0.35 0.40 0.24 0.40 0.37
Maximum torque, dN.m 9.43 8.09 8.81 5.97 5.07 5.25

A, Rheometric torque, dN.m 9.04 7.74 8.41 5.73 4.67 4.88
Optimum cure time (to) at

150°C, min 7.33 8.88 7.08 9.17 10.58 9.54
Scorch time (typ) at 150°C,

min 2.17 3.09 2.35 3.07 491 4.07
Cure rate, dN.m/min 1.47 1.08 1.16 0.48 0.41 0.43
100 % Modulus, MPa 1.1 0.9 1.1 1.2 1.2 1.2

200 % Modulus, MPa 2.1 1.6 2.0 2.4 2.4 2.5

300 % Modulus, MPa 3.5 2.5 3.3 4.9 4.8 5.1

Tensile strength, MPa 28.1 25.1 27.0 23.6 24.7 24.9




Elongation at break, % 707 748 720 644 648 649
Tear strength, N/mm 71.2 67.3 70.5 57 50 52
Hardness, Shore A 50 49 50 41 41 41
Abrasion loss, mm® 125 130 126 132 140 141
Rebound resilience, % 68.5 68.8 67.3 65.2 65.2 65.2
Heat build-up, AT °C 11 11 12 12 12 12
Compression set, % 22.8 24.2 259 24.3 25.8 26.3
Demattia flexing
Crack initiation, K/cycles 74.4 74.4 86.9 22.4 19.4 28.1
Crack failure, K/cycles 132.5 135.9 181.6 36.0 35.1 40.8
350.0
300.0 1 — - — Skim rubber
250.0 1 Deproteinized skim rubber
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Fig.1. Chromatogram showing the fatty acids in skim rubbers
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Abstract

The filler surface chemistry is a crucial factor for the level of dispersion and filler-
polymer interaction in rubber, thus determining the vulcanizate properties. Plasma-
polymerization allows tailoring the surface chemistry without influence on the bulk properties.
Thiophene was used as monomer in this study for its sulfur moiety, and the plasma-thiophene
(PTh) coated silica was blended with EPDM, SBR and NBR, as these polymers differ in polarity
and unsaturation. As reference, untreated and silanized silica were used.

In EPDM, plasma-polymerization onto silica results in a lowering of the filler-filler
interaction compared to untreated silica due to a better match of the surface energy between filler
and polymer. The PTh-silica shows the best dispersion compared to untreated and silanized silica.
The final properties of the PTh-silica reinforced material are improved compared to untreated
silica reinforced EPDM.

In SBR and NBR, the plasma-treatment again results in a better dispersion as well as a
higher bound rubber content. In terms of mechanical properties, the PTh-silica results in a better
performance compared to untreated and even to silanized silica.

This study shows that thiophene plasma-polymerized silica can act as a replacement for
the silica-silane system; and in some cases it performs even better than the silanized silica.

Introduction

The reinforcing effect of fillers depends on the nature of filler-rubber interactions as well
as the filler dispersion in the elastomeric matrix. Both processes are linked and controlled by the
primary particle size and its distribution, the shape, structure and site energy distribution as well
as functional groups on the filler surface'”. Silica has been recognized as an important filler for
rubber reinforcement and is used as a partial or even complete replacement for carbon black.
However, silica has a high density of hydrophilic silanol groups on its surface, resulting in a
strong filler-filler interaction and a poor filler-polymer interaction. Therefore, silica tends to form
agglomerates as a secondary structure by hydrogen bonds between silanol groups on the silica
surface. To produce silica-filled rubber compounds with high performance, the compatibility

between silica and rubber has to be enhanced. For this purpose, a silane coupling agent is
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commonly used to chemically modify silica surfaces and promote interactions between
hydrophilic silica surfaces and the hydrophobic rubber phase®. In the conventional technology,
the reaction between silica and the silane coupling agent takes place in the rubber-filler blend
during mixing. This in-situ modification requires a number of precautions regarding the mixing
sequence and the mixing temperature, as well as careful adjustment of mixing conditions for
every silane containing compound.

Recently, plasma polymerization has emerged as a surface modification technique for

polymers, metals and powders. Van Ooij et al.® have reported plasma modification of silica,
which changes the surface chemistry of the filler.
In the previous work”™®, the effect of plasma-acetylene coated silica on the properties of S-SBR,
EPDM, NBR compounds and their blends have been studied. In this study, the silica is modified
with plasma-thiophene, which has a sulphur moiety in its cyclic structure. The effect on
processing behavior and properties of EPDM, SBR and NBR compounds containing plasma-
thiophene (PTh) coated silica will be evaluated.

Experimental

For the surface modification of silica powders, a radiofrequency (13.56 MHz)
electrodeless tumbler plasma reactor is used, based on a horizontally mixing principle and with a
capacity of 350 g/batch. The plasma polymerization was carried out after charging 100 g of dried
silica (Ultrasil VN3) into the reactor, evacuating the reactor to 13 Pa and introducing thiophene
gas. The operating pressure, which was determined by the thiophene vapour flow, was 20 Pa. The
power and treatment time were 100 Watts and 90 minutes.

The general characterization techniques used for treated silica powders are an immersion
test, water penetration measurements’, Thermo-Gravimetric Analysis (TGA), Time-of-Flight
Secondary Ion Mass Spectroscopy (ToF-SIMS) and Energy Dispersive X-ray Spectrometry
(EDX).

Mixing of the filler-rubber compounds was done in an internal mixer; the curatives were
added on a two roll mill. The compounds were characterized by measuring the Payne effect (RPA
2000) and bound rubber content'®'!. The cure characteristics (RPA 2000) were measured, and the
reinforcement parameter (ar)'? as well as the mechanical properties (ISO-37) were determined.

As references, untreated and silane-treated silica were used.



Results and Discussion

Immersion and water penetration tests show a change in the surface energy after the
plasma treatment of the silica filler: The polythiophene (PTh)-film coated aggregates are more
hydrophobic and show a lower surface energy.

The weight-loss measured by TGA was higher for silica after plasma-thiophene treatment

as shown in Fig. 1: this indicates film deposition on the surface of the silica.

100
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Fig. 1: TGA analysis of untreated and plasma-polymerized-polythiphene coated silica

Positive ToF-SIMS spectra of the untreated silica sample showed no specific peaks in the
low mass region such as C,H;", CioHyo" and no cluster peaks in the higher mass region. In the
negative spectra, no specific peak of sulphur at 32 amu is found. However, the thiophene
monomer treated sample (PTh) shows the specific plasma-polymerized hydrocarbon peaks in the
low mass region and strong polythiophene cluster peaks in the higher mass region, indicating a
good polythiophene surface coating on the silica powders. The presence of sulphur at 32 amu in
the negative spectra also confirms the deposition of PTh-film on the surface of silica.

Elemental analysis by EDX also confirms the deposition of a PTh-film on the silica
surface, as the elemental carbon and sulphur content increased.

The PTh- and silane-modified silica filled EPDM, SBR and NBR showed a lower Payne
effect compared to the unmodified silica filled rubbers, indicating a lower filler-filler interaction.

The reinforcement parameter'> was lowered for the PTh-silica filled matrices; this
indicates a better dispersion compared to untreated as well as silane modified silica filled
samples. The PTh-silica filled EPDM shows the lowest value of the reinforcement parameter

compared to both other silica’s. The PTh-silica filled SBR and NBR show a higher bound rubber



content due to higher filler-polymer interactions compared to untreated and silane-treated silica.
PTh- and untreated-silica filled EPDM show similar levels of bound rubber content, lower than
the silane-treated silica.

PTh-silica filled EPDM (EPTh), SBR (SPTh), and NBR (NPTh) show self-curing
behavior as shown in Fig. 2. This self-curing behaviour is due to the presence of sulphur moieties

in the deposited PTh-film on the silica surface.
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Fig. 2: Self-curing behaviour of PTh-silica filled SBR, EPDM and NBR

For all three polymers, tensile strength is increased significantly due to the PTh-
treatment. However, for SBR (SPTh) the addition of PTh-coated silica results in higher tensile
strength as well as a higher modulus at 300% elongation and lower elongation at break values as
shown in Fig. 3. This can be explained by a better dispersion and filler-polymer interaction as

well as a higher crosslink density.
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Fig. 3: Tensile properties of untreated, PTh- and silane-treated silica filled SBR

In a PTh-silica filled EPDM, the material shows higher tensile strength and elongation at
break values due to a better dispersion and compatibilization with the polymer. However,
lowering of the modulus in EPDM shows the formation of a less dense network due to a lower
number of unsaturation sites in the polymer chain structure. In NBR, the PTh-treated silica
showed improved tensile properties resulting from an improved morphology and stronger

network compared to untreated and silane-treated silica.

Conclusions

Silica as reinforcing filler for elastomers can be plasma-coated under vacuum conditions.
As a consequence, it shows a significant decrease in surface energy due to film deposition.

It is possible to improve the dispersion of the filler in different polymers by matching the
surface energies. The properties of the silica surface can be tailored by depositing different
functional groups by plasma-polymerization, which leads to an improvement of the final

properties of filled polymers.
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Abstract

Polyurethane elastomers are developed using different types of isocyanate terminated polyether
based prepolymers (A, B and C) with four types of multifunctional hydroxy derivated curatives (X1, X2,
X3 and X4) and selected processing additives namely plasticizer and filler. The polyurethane elastomers
are developed with a view to utilize them in high performance print roller applications, with improved
strength and solvent resistant characteristics. The properties like pot life, hardness, tensile strength,
modulus, tear strength, compression set, density and solvent resistance of these polyurethane elastomers
are studied in the absence of additives and also in the presence of additives. Among the polyurethane
elastomers prepared, the product obtained from prepolymer C with curative X3 exhibits better strength
properties and solvent resistant characteristics than those from other products. Incorporation of additives
(plasticizer and filler) improves the performance characteristics of polyurethane elastomers. However, the
degree of improvement varies based on the nature of reactants involved.

Keywords : Polyurethane elastomers, Plasticizers and Solvent swell
Introduction

Polyurethanes are available as rigid, flexible and structural foams, elastomers, coatings,
adhesives, casting resins and fibres'. These can be manufactured in the wide range of varying densities
from 6 kg/m’ to 1220 kg/m’ and polymer stiffness from very flexible elastomers to rigid hard plastics.
Polyurethane has high porosity, low weight to volume ratio, good thermal and acoustic properties, good
resilience, abrasion resistance and oil resistance. This material finds wide industrial and engineering
applications. Polyurethane is a product® of the poly addition of an isocynate and an alcohol. Reaction is an
exothermic.

nR -~ NCO +n HO -R’ — R — [NHCOO], - R’

There are many kinds of poly isocynates and polyols of different molecular weights and
functionalities are used and each one has its one particular property to give a different product for definite
end use. Polyurethane elastomers are used in many fields like automobile, textile, oil, mining, electronic,
and other engineering industries. There is a very good future of polyurethane elastomers. They are
versatile engineering materials designed to provide properties that are not obtained from conventional
rubbers, metals, and plastics. They have higher oil and solvent resistance and better aging properties than
most general purpose rubbers and plastics. They have greater abrasion and tear resistance than neoprene
or natural rubber, greater load bearing capacity; extensibility and impact character of polyurethane
elastomer are also greater than those of most plastics. They have a wide range of hardness from soft
rubbers to rigid plastics®'’. The objective of the present study is to prepare polyurethane elastomer and to
study the performance characteristics.
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Experimental Procedure
Liquid Castable Polyurethane Elastomer

Cast elastomers are usually slightly cross linked thermoset polymers. In the production of
urethane elastomer the heated prepolymer is mixed with a selected curative in specific proportion.
Prepolymers contain terminal isocyanate (NCO) groups, which react chemically with hydroxyl (OH) or
amine (NH;) groups in the curative. The mixture is poured into a heated mould where the components
rapidly react to form a solid elastomeric article.

Reaction
HO-A-OH + OCN-R;-NCO
Polyol Diisocyanate

!

OCN —R; —HNCOO — A — OCONH - R; -NCO + (n-1)HO — R, - OH
Prepolymer l Alcohol

-+0 - A -OCONH - RNHCO «0O — R, — OCONH - R; — NHCO-}-,.1}
Polyurethane Elastomer

The flexibility is imparted by the long chain glycols, whereas the rigidity is obtained by short
chain glycols. There are two types of polyurethane elastomers, depending upon the polyol used. These are
called polyether based polyurethane elastomers and polyester based polyurethane elastomer. Polyether
based polyurethane elastomers give lower densities and better hydrolytic stability, fungus resistance and
electrical properties. Polyester based polyurethane elastomers result in higher densities — better tear and
abrasion resistance and less oil and solvent absorption. Polyesters are also less easily oxidized and resist
higher temperatures than polyethers.

PROCESSING

Process Conditions

Reaction Temperature 70 —80°C

Stoichiometry 95%

Mixing Time 3 min

Oven Temperature 120°C

Cure Condition 16 hours at 120°C

Post-cure condition Two weeks at room temperature
Procedure

The desired amount of prepolymer is weighed into a suitable container and the prepolymer is
heated to 70 — 80°C. The over heating should be avoided. The required amount of plasticizer and filler are
added in the case of filled products. The reaction is carried out in vacuum and with suitable amount of
curatives. The mixed reactants are degassed and poured into a preheated (120°C) mould and is allowed
for 16 hours to complete the reaction (curing). Further, the product is kept for two weeks time at room
temperature for post curing before being tested.



Results and Discussion
Properties of Unplasticized and Unfilled Polyrethane Elastomer

The curing efficiency of four types (X1, X2, X3, and X4) of hydroxyl terminated curatives have
been tested on three types of polyether based isocyanate terminated prepolymer (A,B and C) with
different functional additives. Among the curatives, the curative X1 imparts highest pot life (working
time) towards the polyether prepolymers (A, B and C) tested in this investigation, whereas the curative
X4 imparts shortest pot life and other two curatives X2 and X3 lie between these two extremes. This
behavior may be attributed to the reactive nature and the percentage of isocyanate groups and hydroxyl
groups present in the polyether prepolymers and curatives respectively. The pot life for prepolymer A
obtained, when mixed with curatives X1, X2, X3, and X4 are 75, 62, 47 and 29 minutes at 100°C
respectively.

Hardness of the cured polyurethane elastomers is determined using the durometer and the results
are obtained for different combi