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ABSTRACT: This study presents a new approach to toughen Polyamide 6 (PA6) by using a low-molecular weight liquid natural rubber
(LNR). The LNR is prepared by mastication of pale latex crepe in the presence of 0.5 phr Peptizol 7. The PA6/LNR blend samples
are characterized in terms melt flow index, hardness, abrasion resistance, impact strength, flexural strength, tensile strength, and ther-
mal properties. The impact strength of PA6 increases by about 67% upon addition of 10% LNR. The percolation model is applied to
study of brittle to ductile transition. The percolation threshold for the brittle to ductile transition of the blend was found to be 14.5
wt % LNR, corresponding to the critical volume fraction of the stress volume, Vi = 0.58, which is consistent with the calculated
value of ~ 7m/6. The PA6/LNR blends exhibit cavitation and matrix shear yielding, which would be the main contribution to the

increases impact strength. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 39750.
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INTRODUCTION

Polyamides are considered as high strength engineering thermo-
plastics which find extensive applications in high impact stress
parts such as gears, lightly loaded slider pads, hammer heads,
pneumatic brake liners, underwater flexible pipes for offshore
drilling, industrial pneumatic and hydraulic hose applications,
sports items, electrical and electronics devices, and other engi-
neering fields. Although polyamides are ductile at room temper-
ature, they become brittle under severe conditions such as high
strain rates and/or low temperatures. This is due to the low
crack propagation resistance of polyamides. Polyamide 6 (PA6)
is well known for its processibility, high tensile properties, abra-
sion resistance and chemical resistance. However, poor impact
strength of PA6 is the major limitation of its usage in some
application in the automotive industry. To overcome this prob-
lem, several approaches have been employed to improve the
toughness of PA6 which include the addition of tougheners
such as different types of rubbers. An appropriate range of rub-
ber particle size, interparticle distance and uniform distribution
of the rubber particles plays an important role to achieve the
desired extent of toughening. Use of modified rubbers such as
styrene ethylene butylene styrene-g-maleic anhydride (SEBS-g-
MAH), polyolefin elastomer-g-maleic anhydride (POE-g-MAH)
in the preparation of binary polyamide/rubber blends has been
widely studied to further endow it with advanced and balanced
properties.”> PA6/acrylonitrile butadiene styrene (ABS) blends
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compatibilized using imidized acrylic polymer,’ styrene/maleic
anhydride copolymer,* styrene/acrylonitrile/maleic anhydride
terpolymer,” maleated poly (methyl methacrylate)® have shown
improved impact properties. Ethylene propylene diene mono-
mer (EPDM), ethylene propylene rubber (EPM) and polyethyl-
ene functionalized with maleic anhydride can be used as an
impact modifier for PA6.”° The effect of the maleic anhydride
coupling agent on impact behavior of nylon-rubber blends and
the brittle-tough transition has been investigated by these
authors.

Interest in developing new applications of natural rubber (NR)
is intense in natural rubber producing countries. Several reports
on the use of NR as an impact modifier can be seen in the liter-
ature. Graft copolymer NR-g-PA6 prepared in situ by the addi-
tion of maleic anhydride to NR at room temperature, prior to
blending with PA6 has been reported to be very effective in
reducing particle size dramatically.'® Liquid natural rubber
(LNR) has been used as an impact modifier for PVC,!! PE,1*Y
and epoxy resin.'® The elastomeric nature of rubber acts as
energy dissipating center to cause the ductile fracture for the
rubber modified epoxy.'® The addition of LNR has significantly
improved the tensile properties, hardness and degree of cross
linking of the blends. Impact modification of PA6 using LNR
was reported by Axtell et al.*® They observed that the dispersion
of NR in PA6 was dependent on the viscosity ratio of blends.
Shamsuri et al.>' have prepared PA6/LNR blends via emulsion
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technique and confirmed the compatibility of blend based on a
single T, of the blend. Thus LNR has a potential to be a good
compatibilizer in thermoplastic natural rubber (TPNR) blends.

LNR can be prepared by mastication of block rubber. Mastica-
tion is a thermo mechanical process wherein long chain elasto-
mer molecules are split to form shorter chains with terminal
free radicals. If mastication is carried out in a nitrogen or any
other inert gas atmosphere, these short chains recombine into
long-chain molecules, whereas if stabilized with radical acceptor
or peptizer such as thiophenols or aromatic disulfides, the short
ones remain. Because of the high effectiveness of peptizing
agents, their dosages are kept very low (0.05-0.15 phr). The
peptizers decrease the viscosity of rubbers, promote rapid and
good dispersion of fillers and chemicals and increase compound
plasticity. Low molecular weight natural rubber (20,000 g/mol)
obtained by the above process is commonly known as LNR.
The LNR can flow at room temperature and hence mixing pro-
cess becomes easy.”> Different strategies are reported in litera-
ture to prepare LNR having wide range of molecular weight.
Among these, the most common techniques are mastication
and reaction with phenyl hydrazine,”® depolymerization of natu-
ral rubber latex using nitrobenzene,” thermal degradation of
natural rubber latex®* and depolymerization of NR by the com-
bined action of mechanical and thermal energies aided by a
peptizer activated pentachlorothiophenol.”” Alternatively, LNR
can be prepared by irradiating NR solution in toluene with visi-
ble light for 10 days.”!

This study was taken up with an aim to optimize the conditions
for preparing LNR of desired molecular weight by masticating
pale latex crepe (PLC) in the presence of a commercially avail-
able peptizer, Peptizol 7. Blends of PA6 and LNR of different
composition (95/05, 90/10, 85/15, and 80/20, all wt %) were
prepared via melt route. Another aim of this investigation was
to examine the extent of toughening of PA6 by LNR. The PA6/
LNR blends were characterized in terms of flow properties, ther-
mal properties, mechanical properties and morphology. The
percolation model is applied to study of brittle to ductile transi-
tion of PA6/LNR blends.

EXPERIMENTAL

Materials

PA6 (Gujlon M 28 RC) was supplied by Gujarat State Fertilizer
Company, Vodadara, India. The natural rubber in the form of
Ribbed Smoked Sheet (RSS) and Pale Latex Crepe (PLC)
(molecular weight: ~9,60,000 g/mol) were supplied by Kadu-
thuruthi Rubber marketing society, Kerala, India. The peptizing
agent, Peptizol 7, was purchased from Acme Chem., Panoli,
India. Peptizol 7 is a conventional blend of pentachloro thiophe-
nol, organometallic complexes, organic and inorganic dispersing
agents. Toluene and formic acid were purchased from SD-fine
chem., India, and were used without further purification.

Preparation of LNR

The LNR was prepared by mastication of known quantities of
rubber with or without Peptizol 7, using a lab-scale two roll
mill (roll size 15.2 ¢cm X 33 cm, friction ratio 1 : 14, Sohal
Engineering Works Bombay, India) for desired time at room
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temperature. The viscosity average molecular weight of LNR
was determined using Ostwald Viscometer. For this purpose, a
stock solution of masticated rubber was prepared by dissolving
a known quantity of rubber in toluene (2.5 g of rubber in 250
mL). Using this stock solution, solutions of different concentra-
tions (0.2, 0.4, 0.6, 0.8, and 1.0 g/dL) were prepared to conduct
viscosity measurements. From the intrinsic viscosity [],
expressed in dL/g, the viscosity average molecular weight, M
was estimated from Mark-Houwink equation

[n]=KM* (1)

where K and o are the constants for the given polymer and sol-
vent. The K and « value of 5 X 10™* and 1.4992 have been used
to estimate the viscosity average molecular weight.*®

Blending and Injection Molding

PA6 was pre dried in a hot air oven for about 24 h at 100°C. A
polymer master batch containing 70 wt % PA6 and 30 wt %
LNR, was prepared by mixing required quantities of fresh sam-
ple of masticated rubber and predried PA6, in an internal mixer
(Polylab Rheomix RC 300P) fitted with roller rotors. The mix-
ing conditions were as follows: temperature 215°C, mixing time
8 min, rotor speed 40 RPM. The PA6/LNR blends of different
compositions (100/0, 95/05, 90/10, 85/15, and 80/20) were pre-
pared by melt mixing the required quantities of master batch
and PA6 in the internal mixer. The blend obtained from the
mixer was cooled and shredded into granules, suitable for injec-
tion molding. The test specimens required for hardness, abra-
sion, impact, flexural, tensile tests were prepared by injection
molding using Injection molding machine (Polymechplast-
model Gold coin PML-NP-100). The optimized conditions for
injection molding were: injection pressure-35 bar, injection
time-5 s, temperature in different zones; z1 215°C, z2 220°C, z3
223°C, z4 225°C, and z6 235°C.

Testing and Characterization

Thin films of pure PA6 and PA6/LNR blends were prepared by
solution casting and their Fourier transformed infrared (FTIR)
spectra were obtained by scanning from 4000 to 400 cm™
resolution of 32 cm™ using JASCO 4100 spectrophotometer.
The melt flow index (MFI) of PA6 and PA6/LNR blends were
determined at 240°C and 2.16 kg load in a standard melt
indexer (International Engineering Industries, Bombay, India).
The hardness of the samples was determined in accordance with
standard ASTM D 2240-05, using hardness tester (Durometer—
Shore D, P S I Sales, New Delhi, India). The hardness measure-
ment was taken with a 3-mm thick sample at room tempera-
ture. The abrasion resistance test was carried out according to
ASTM D 1242-95a, using a plastic abrader (S. C. Dey, Kolkata,
India). The weight loss due to abrasion under standard condi-
tions is considered as a measure of abrasion resistance. The
impact test at room temperature was carried out for the
notched specimens according to standard ASTM D 256-10,
using a pendulum impact tester (S. C. Dey). The tensile and
flexural tests were conducted using a universal testing machine
fitted with a 50 kN load cell (Hounsfield, UK, model H50KM),
according to standard ASTM D 638-10 and D790-10,

at a
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respectively. For all the tests, at least five specimens were used
for each measurement. Thermo gravimetric analysis (TGA) of
the polymer samples was conducted using TA Instruments
model Q 50 TGA under nitrogen atmosphere. Differential scan-
ning calorimetric (DSC) studies of PA6 and PA6/LNR blends
were conducted using TA Instruments model Q150 DSC in
nitrogen atmosphere. The samples were subjected to heating
cycle (10°C/min) followed by cooling cycle and reheating from
—50 to 250°C (for blends) and —50 to 230°C (for neat PA6) at
a rate of 10°C/ min. Scanning electron microscopy (SEM) of
the smooth cut surface of molded blend specimens was con-
ducted using Hitachi SU6600 variable pressure field emission
scanning electron microscope. The particle size analysis of dis-
persed rubber particles in PA6 matrix was carried out manually
since the particle boundaries were indistinct. The SEM of tensile
fractured samples were obtained using Jeol JSM-6390 scanning
electron microscope.

RESULTS AND DISCUSSION

Preparation of LNR

Initial studies were conducted to understand the effectiveness of
Peptizol 7. It was observed that mastication of RSS in a two roll
mill for 5 min in the presence of 0.2 phr Peptizol 7 resulted in
nearly 17% reduction in molecular weight as compared to mas-
tication without Peptizol 7 (Table I). Though mastication of
natural rubber results in the reduction of molecular weight, the
rubber hardens or become stiff spontaneously and the viscosity
increases upon storage, due to a process, commonly known as
storage hardening. The extent of storage hardening of natural
rubber at different storage times was estimated in terms of
change in molecular weight. As shown in Table I, the molecular
weight of RSS and PLC, determined immediately after mastica-
tion, were 32,670 and 41,607, respectively. The molecular weight
increased by 95% after 263 h of storage in case of RSS and 78%
after 24 h of storage in case of PLC.

For the effective blending of PA6 and NR, the molecular weight
of NR should be in the range 15,000-20,000 g/mol.”' Mastica-
tion of PLC with 0.5 phr Peptizol 7 for 27 min yielded LNR of
lowest molecular weight 12,275 g/mol (Table I). The resulting
LNR was too sticky and difficult to handle. Hence we restricted
mastication time to 26 min, which results LNR of molecular
weight of 19,355 g/mol. It was observed that, the molecular

Table I. Mastication of NR in Presence of Peptizer
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weight of masticated PLC increased from 19,355 g/mol to
29,721 g/mol after 72 h of storage, due to storage hardening.
The storage hardening is further favored by an increase in tem-
perature and humidity. This reaction is believed to occur due to
aldehyde groups present in rubber molecule. These groups react
with amino groups of free amino acids and proteins to make
cross links. Upon storage, cross linking with individual particles
take place, which is known as micro gel formation.”” The micro
gel formation leads to increase the rubber hardness which is
directly proportional to the viscosity.

Fourier Transform Infrared (FTIR) Spectroscopy

IR spectroscopy has proved to be an excellent tool to study the
hydrogen bonding behavior in polyamides and polyamide based
blends.?® If the blend is immiscible, the absorption spectrum of
the blend will be the sum of those for the components. If the
blend is miscible because of the specific interactions, then dif-
ferences will be noted in the spectrum of the blend relative to
the sum of those for the components. The FTIR investigation of
a miscible blend will not only reveal the presence of such an
interaction, but will provide information on which groups are
involved.”® Typical FTIR spectra of PA6/LNR blend (90/10) and
PA6 are shown in Figure 1 and the important peak assignments
are presented in Table II. No detailed information can be
derived from the order sensitive absorption band in the 500 to
1200 cm ™' wave number region, while significant changes can
be observed for the intensity, wave number position and shape
of the C=0 and NH absorption bands, as a consequence of
change in the hydrogen bonding state. The peaks of free associ-
ation and bound NH arise at 3301 cm ' (Peak 1) and 3063
cm™ ' (Peak 2), respectively, for pure PA6. There is a slight shift
of Peak 1 (3301 cm™ ' to 3299.5 cm™ ') and Peak 2 (3063.5
cm” ! to 3061.7 cm ') to lower wave numbers in case of PA6/
LNR blends. The vibration of IR spectra of the NH stretching
band reflects the hydrogen bonding condition of amide groups
and the hydrogen bond formation generally shifts to lower fre-
quently due to the N-H stretching modes. This is an important
source of information, since hydrogen bonding is a strong inter-
molecular interaction and should affect the miscibility. The
Peak 5 at 1645 cm™ ' is due to the free carbonyl, and the Peak 6
at 1544 cm™' arises from the carbonyls that are hydrogen
bound.” As LNR content increases the two peaks become
sharper and shifts slightly toward lower wave number.

Observed molecular weight (g/mol) after storing for

Mastication,

Feed time (min) Oh 24 h 48 h 72 h 91 h 139 h 263 h
RSS S 88,322 — - - - _ _

RSS + 0.2 phr Peptizol 7 5 73,486 - - - - . _

RSS + 0.2 phr Peptizol 7 15 32,670 = = 36,437 38,814 42,553 63,841
PLC+ 0.2 phr Peptizol 7 15 41,607 49,652 74177 - - - _

PLC+ 0.5 phr Peptizol 7 20 27,861 - - = - - _

PLC+ 0.5 phr Peptizol 7 22 19,779 - - - - - _

PLC+ 0.5 phr Peptizol 7 26 19,355 — = 29,721 - — -

PLC+ 0.5 phr Peptizol 7 27 12,275 - - - - _ _
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Figure 1. FTIR spectra of (a) PA6 and (b) PA6/LNR blend 90/10.

Thermal Characterization

The TGA plots showing weight loss as a function of the temper-
ature for PA6, PLC, LNR, and master batch (70/30) are pre-
sented in Figure 2. The onset of degradation (T), the
degradation temperature corresponding to 10% weight loss
(Ty0) and 50% weight loss and (Ts,) are summarized in Table
II. The reduction of molecular weight of NR has no influence
on thermal stability as we can see the overlapping of thermo-
grams for PLC and LNR. Based on T values, it can be ascer-
tained that the PA6 is thermally stable up to 378°C while 70/30
blend of PA6/LNR is stable up to 332°C. In this study, the melt
processing of PA6 and PA6/LNR blends was carried out in the
range 215-235°C at which all the polymers under consideration
were thermally stable. The DSC thermograms of blends are pre-
sented in Figure 3. The peak values melting temperature (7,,),
enthalpy of melting, and percent crystallinity (W,) and glass
transition temperature (T,) are listed in Table IV. The percent
crystallinity was calculated using the equation

AH,,
=—— X100 2
WXAH]OO ( )

c

where AH,, is the enthalpy of melting of sample and AH,, is
the enthalpy of melting of 100% crystalline PA6 and w is the
weight fraction of PA6 in the Blends. A value of AH,oy = 230 J/
g has been used to calculate the percent crystallinity.”® Incorpo-
ration of amorphous LNR to PA6 lowers the crystallinity. The

Table II. IR Frequencies of Pure PA6(100/0) and PA6/LNR Blends

Temperature (°C)
Figure 2. TGA curves.

decrease of crystallinity in blends is attributed to the crystalliza-
tion of PA6 phase in confined spaces between rubber particles.
The melting temperature of blends remains same at around
221°C irrespective of LNR content. In case of blends, a second-
ary melting peak was observed at around 216°C. The two peaks
reflect the formation of two distinct crystal types. The occur-
rence of multiple melting peaks is more likely when the polymer
is scanned using DSC over a temperature range well below the
annealing temperature, to above the melting temperature.
Under these conditions, semi crystalline polymers can reorgan-
ize during DSC scan by a mechanism of partial melting. This is
followed by re-crystallization and then ultimately final melt-
ing.>! The glass transition temperature of 95/05 and 80/20
blends were found to be 32.8°C and 31.5°C, respectively. The T,
of blends decreases slightly with an increase in LNR content.

Mixing Characteristics of PA6 and LNR

PAG6/LNR blends were prepared in an internal mixer. Haake tor-
que rheometry was used to characterize the melt behavior of
these materials. Figure 4 shows the characteristic torque versus
time curves of PA6/LNR blends. When the polymer mixture is
dumped into the mixing chamber, the torque increases instantly
to a maximum value, due to shear resistance of blend constitu-
ents. When the blend constituents starts melting, the viscosity
drops resulting in a reduction in torque. The maximum torque
for 95/05, 90/10, 85/15, and 80/20 blends are 31.3, 27.3, 26.4,
and 48.7 mm, respectively, indicating a decrease in torque

Peak position (cm™?)

Characteristic groups Peak number 100/0 95/05 90/10 85/15 80/20

N—H 1 3301 3299 3299.5 3299.5 3299.5
N—H (Bound) 2 3063.5 3062.6 3061.7 3061.7 3061.7
C—H (asymmetric) 3 2941.4 2937.6 2937.6 2938.3 2936.9
C—H (symmetric) 4 2868.2 2867.9 2867.9 2867.5 2866.9
C=0 5 1645 1642 1638.8 1637.6 1637.6
H-bond with carbonyl 6 1544 1543 1542.7 1542.5 1542.5

Mnh\"‘lfi‘.'} WWW.MATERIALSVIEWS.COM
1

39750 (4 of 10)

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.39750


http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

Table III. TGA Data for PA6, PLC, LNR, and PA6/LNR 70/30 Blend

Polymer To (OC) T10 (OC) T5o (OC)
PA6 378 398 448
PLC 330 350 384
LNR 330 350 384
PAB/LNR (70/30) 332 350 448

values with an increase in LNR contents increase up to 15%.
The 80/20 blend exhibits relatively higher torque. According to
Ibrahim et al, the increase in torque is attributed to the effect
of compatibiliization.'” The area under the torque vs. time
curve represents the mechanical energy consumed during blend-
ing. The energy consumed is highest for 80/20 blend (11 kJ)
and is lowest for 95/05 blend (8.7 kJ). From Figure 4, it can be
ascertained that the mixing torque remains constant after 3 min
indicating proper mixing or homogeneity of the blend. Contin-
uous mixing for 8 min ensures intimate mixing of the blend
components.

MFI, Hardness, and Abrasion Resistance

Adding rubber particles to a neat polymer melt changes its rhe-
ology, influencing both the way the melt processes and the
properties of the ultimate product. The key factors are particle
size, shape, concentration, and the extent of any interactions
among the particles. One of the significant drawbacks of rubber
fillers in commercial systems is the tremendous increase in the
process viscosity of the matrix.”* As shown in Table V, MFI of
PA6/LNR blends decreases with an increase in LNR content.
This is due to the tackiness of rubber which contributes to the
development of increased blend viscosity thereby reducing the
MFI. The hardness of PA6/LNR blends decreases with an
increase in LNR content (Table V). The reduced hardness is
attributed to the inclusion of soft rubber phase into the stiff
PA6 matrix. In general, as the degree of crystallinity decreases
with temperature close to melting point, stiffness, hardness and

0.0
_ 100/0
g-o.s -
&
= 16 - 85/15
Q
&
0/10
-2.4
80/20
m
a
2 95/05
=3.2
T T T T T T T T T T T T T T
-50 0 50 100 150 200 250 300

Temperature (°C)
Figure 3. DSC thermograms.
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Table IV. Melting Temperature, Enthalpy of Melting, Percent Crystallinity,
and T, of PA6/LNR Blends

Blend designation T, (°C) AHq, (Jlg) We (%) T4 (°C)
95/05 216, 221 48.63 2225 328
90/10 216,221 42.38 2047 328
85/15 216, 221 39.86 20.38 31.6
80/20 216,221 38.38 2085 315

yield strength decrease. These factors often set limits on the
temperature at which a polymer is useful for mechanical pur-
poses. The abrasion resistance of PA6/LNR blends was measured
in terms of volume loss. The addition of LNR up to 20% did
not show any significant change in volume loss due to abrasion.

Mechanical Properties

For rubber toughened polymers, the shape, content, size and
size distribution of the dispersed-phase particles have major
effects on mechanical properties of polymer-elastomer
blends.”* The Izod impact strength of notched specimens of
PA6 and PA6/LNR blends was determined at room temperature
and the results are presented in Table V. The impact strength of
neat PA6 is 18.46 J/m and that of 95/05, 90/10, and 85/15
blends are 19.82, 30.78, and 30.96 J/m, respectively. Thus, it is
apparent that, 5 wt % of LNR in the blend results slight
increase (~7%) in impact strength and the blend is still brittle.
However, when the dispersed phase, LNR content is increased
from 5 to 10%, a sharp brittle ductile transition occurs and the
impact strength increase by nearly 67%. After the transition,
further increase in the amount of LNR from 10 to 15% does
not result in much change in the impact strength. Thus, the
impact strength tends to increase with increasing rubber content
up to 15%. The presence of soft and flexible particles allows the
absorption of energy.”® The rubber in the blend can cause suffi-
cient stress transfer and thereby preventing the blend from cata-
strophic failure. The increase in rubber content increases

50

40

[
o
1

Torque (Nm)
S
1

10

Time (min)

Figure 4. Characteristic torque versus time curves of PA6/LNR blends. (1)
95/05, (2) 90/10, (3) 85/15, and (4) 80/20.
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Table V. Mechanical Properties of Pure PA6 and PA6/LNR Blends
Impact Tensile Flexural  Flexural

Volume Hardness strength  Tensile stress Tensile stress modulus Elongation at  strength  modulus
Blend loss (cm® shore D MFI (J/m) at yield (MPa)  at break (MPa) (MPa) break (%) (MPa) (MPa)
100/0 0.09 110 348 18.46 50.0 60.0 325 84.0 130 3600
95/05 0.09 68 332 1982 48.4 40.5 319 93.6 103.8 1458
90/10 0.088 66 30.0 30.78 417 37.9 299 117.0 88.4 1318
85/15 0.088 64 26.0 30.96 37.6 37.8 269 151.7 83.6 1144
80/20 0.088 60 232 >80.0 32.6 32.4 254 209.5 74.9 785

elongation at break and decrease the tensile strength and modu-
lus. The tensile modulus decreases by about 8% upon addition
of 10% LNR but there is a 67% increase in impact strength.
Though the 80/20 blend shows much higher impact strength,
there is a substantial decrease in tensile modulus. Hence 90/10
blend of PA6/LNR can be considered as an optimum composi-
tion. The flexural modulus is a measure of stiffness. With the
increase in rubber content the flexibility increases but the resist-
ance to withstand bending force decreases. The flexural strength
and flexural modulus of PA6 and PA6/LNR blend are given in
Table V. Incorporation of 10% LNR, reduced the flexural
strength and flexural modulus by 32 and 63%, respectively.

Brittle Ductile Transition in PA6/LNR Blends. The fracture
toughness of rubber toughened polymers may be attributed to a
competition between two deformation mechanisms: crazing and
shear yielding.*” The rubber promotes crazing and shears yield-
ing, which absorbs the energy locally. One of the ways of
obtaining the greatest overall toughness in a plastic is by com-
bining shear yielding, crazing, and cracking in the proper order
to absorb the highest total energy. Figure 5 reveals the relation-
ship between the impact strength and the weight percent of
LNR in PA6/LNR blends. As shown in the figure, an obvious
brittle-ductile transition (BDT) of PA6/LNR blends occurs in
the Izod impact tests with the increase of LNR content. The
value of impact strength nearly unchanged at first and then
increased remarkably with increasing LNR content. The point
where the rubber content was 14.5% by weight, after which the
impact strength enhanced about 3-folds, seems a critical point
at which the transition from brittle to ductile behavior in PA6/
LNR blends occurred. From this figure, the point where the
rubber weight fraction was 0.145, is considered as the critical
point. As demonstrated in many polymer/elastomer blending
systems, the BDT is controlled by critical surface to surface inter
particle distance (ID). For the cubic packing of spherical par-
ticles with uniform size, the matrix ligament thickness, i.e.
interparticle distance, ID, can be obtained from eq. (3).**°

z\}
IDD[<6V7) —1} (3)

where D is the rubber particle diameter and V, is the rubber
volume fraction. The BDT mechanism appears to involve cavita-
tion of rubber particles, which relieves the hydrostatic stresses
and thus allows thin matrix ligaments (ID < ID,) to yield
locally.*® The term ID,. denotes ID at the onset of BDT. When
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the thin matrix ligaments are interconnected to form a perva-
sive network, the yielding process can then propagate and
pervade over the entire deformation zone. When this occurs,
the blend will exhibit ductile behavior.** The concept of the
critical ligament thickness that determines whether a blend will
be tough or brittle, has been applied to several rubber-
toughened polymers, such as nylon and polyvinyl chloride.*

SEM was performed on the cut surface of molded blend speci-
mens and the micrographs are shown in Figure 6. The specimen
preparation for SEM by cutting, often provides sufficient con-
trast."' The PA6/LNR blends show the uniform distribution of
globular rubber particles in the PA6 matrix. The rough texture
in micrographs reveals the crystalline character of PA6. The
scanning electron micrographs were used to calculate the
dispersed-phase particle size. The particles were first traced
from the micrograph onto a transparency sheet to obtain the
necessary contrast. The number average particle diameter, D,
was calculated using the eq. (4).

>
D= (4)
dom
where n; is the number of particles of diameter d;. The average
diameter of the dispersed rubber particles (in gum) inPA6/LNR

blends of different compositions were found to be; 2.57 (95/05),
2.16 (90/10), 2.05 (85/15), and 1.77 (80/20). The rubber volume

120
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Impact Strength, Jim

20 -/— P

LT
LNR content =14.5%

r T r T T T T T T
0 5 10 15 20 25

LNR Content, wt.%
Figure 5. Plot of impact strength versus LNR content in PA6/LNR blends.
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Figure 6. SEM micrographs of the cut surface of PA6/LNR blend samples.
(a) 95/05 and (b) 90/10.

fraction in PA6/LNR blends, V, can be calculated by the
eq. (5).4°
PmPa
Vis————— (5)
(Pm=pi)Watpy

where p,, and p, are densities of matrix (PA6) and dispersed
phase (LNR), respectively, w, is the weight fraction of the dis-
persed phase. The density of PA6 is 1.1.4 g/cm’ and that of NR
is 0.92 g/cm3 . The critical volume fraction of LNR, V. corre-
sponding to w,; = 0.145 (from Figure 5) is 0.174. The volume
fraction of the stress volume (V) is given by eq. (6).

[ =
V.= {67] v, (6)
When V, = V,, the resulting V, is known as the percolation
threshold, V. (= n/6 ~ 0.52). From eq. (6), a curve of the rela-
tion between impact strength and V; can be achieved, as shown
in Figure 7. Referring to Figure 7, it can be found that the criti-
cal V,, i.e. the percolation threshold Vi, is about 0.58, which is
nearly equal to the theoretical value 0.52. In other words, the
onset of percolation phenomenon will be observed when LNR
content was 14.5 wt %. Thus it is believed that the percolation
model is appropriate for the BDT behavior of PA6/LNR blends.
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Figure 7. Plot of impact strength versus V..

The values of ID (in um) computed by using eq. (3) for PA6/
LNR blends of various compositions are as follows; 2.65 (95/
05), 1.34 (90/10), 0.86 (85/15), and 0.53 (80/20). The critical
interparticle distance, ID,, evaluated using eq. (3) with critical
values D = D,= 2 um, and V, = V.. = 0.174 was found to be
0.88. If ID is smaller than ID,, then the blend is tough, other-
wise the blend is brittle. Hence, the change in ID can induce
the BDT of polymers. Generally, the ID, not only depends on
the properties of the matrix materials, but also depends on the
properties of the dispersed phase.””

Morphology of the Fractured Surface

PA6 and the blends have been examined using SEM. An attempt
has been made to correlate the morphology of fracture surface
with the tensile properties of the blend systems. The fracto-
graphs of PA6 and the blends (95/05, 90/10, 85/15, and 80/20)
are given in Figure 8. The tensile fracture surface of neat PA6
[Figure 8(e)] showed that the sample undergoes a brittle mode
of failure as the fracture surface is characterized by waviness
and closely placed line patterns. The sample undergoes failure
without showing a yield point and it has got the highest tensile
stress and modulus among all the samples. As the LNR content
increases, the brittle fracture changes gradually into a ductile
one. With increasing the rubber content to 20%, the fracture
front shows an increase of plastic deformation. The fractured
surface of the PA6/LNR blends showed very fine phase mor-
phology, so that the boundary between the PA6 and LNR phase
cannot be distinctly observed, even when the amount of LNR
reaches 20 wt %. The fibrils have been formed by plastic defor-
mation.*> The orientation of the matrix along the stress axis is
also observed at the fracture surface. All these observations indi-
cate that the ductile nature of the blend increases with rubber
content. These findings are supported by the respective tensile
properties such as tensile stress, modulus and percentage elon-
gation. The tensile stress and modulus decreased and percentage
elongation increased with the addition of LNR and thus proved
the ductile behavior of blends with the addition of LNR. The
dispersed phase in the blend gets more uniformly distributed,
and the two phases cannot be distinguished, which is exhibiting
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Figure 8. SEM micrographs of the fractured surface of PA6/LNR blend samples. (a) 95/05, (b) 90/10, (c) 85/15, (d) 80/20, and (e) 100/0.

the features of the homogeneous blend system. Cavitation and
matrix shear yielding appears in Figure 8(a—d), which would be
the main contribution to the increases impact strength.

CONCLUSIONS

The conditions for preparation of LNR were optimized after
several trials and strategies. Mastication of PLC with 0.5 phr
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Peptizol 7 for 26 min yielded LNR of molecular weight 19,355
g/mol and found to be suitable for melt blending with PA6.
Reduction of molecular weight of NR, which occurs during
LNR preparation, has no influence on thermal stability as indi-
cated by TGA studies. Based on the thermal stability studies by
TGA, the melt processing of PA6/LNR blends can be safely car-
ried out at in the range 215-235°C. Intimate mixing of the
blend components can be achieved in 8 min in an internal
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mixer. The FTIR study shows the vibration at the NH stretching
band reflecting the hydrogen bonding condition of amide
groups. DSC measurements show reduction in crystallinity of
PA6 phase after incorporating LNR to PA6. In the composition
range considered, the melting temperature of blends remains
same at around 221°C but a secondary melting peak was
observed at around 216°C. Addition of LNR to PA6 resulted in
a decrease of MFI and hardness of blends while the abrasion
resistance increases. The tensile modulus decreases by about 8%
upon addition of 10% LNR but there is 67% increase in impact
strength. Though the 80/20 blend shows much higher impact
strength, there is a substantial decrease in tensile modulus.
Incorporation of just 5% LNR reduced the flexural strength and
flexural modulus by 20 and 59%, respectively. The curve of
Izod impact strength and content of LNR showed a typical brit-
tle to ductile transition phenomenon in PA6/LNR blends. The
percolation model has been applied to study the BDT of the
PA6/LNR blends. According to the interparticle distance theory
and percolation model, the relations of stress volume (V;), and
volume fraction (V,) were achieved. It was predicted that the
percolation threshold (V,.) is about 0.58, which is nearly equal
to the theoretical value 0.52. The 14.5 wt % LNR content was a
critical point at which the BDT in PA6/LNR blends was
induced. The SEM of fractured surfaces of the blends shows a
tough type of fracture as indicated by the formation of the
fibrils, due to plastic deformation. The orientation of the matrix
along the stress axis is also observed at the fracture surface. All
these observations indicate that the ductile nature of the blend
increases with rubber content. Based on the experimental results
and percolation model, it is suggested that a 90/10 blend of
PAG6/LNR possess balanced properties, making it suitable mate-
rial for molding of engineering products.
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