
CHAPTER VI
F L O W  A N D  S T R U C T U R E  O F  C O M P A T IB IL IZ E D  N Y L O N 1 2 /N A T U R A L  

R U B B E R  B L E N D  W IT H  F U N C T IO N A L  C O P O L Y M E R

6.1 A b s tra c t

Polyamide 12 (PA 12, Nylon 12)/natural rubber (NR) blend was prepared by 
melt mixing in a Brabender mixer using polystyrene/maleated natural rubber 
(PS/MNR) copolymer as a reactive compatibilizer. The influence of compatibilizer 
loading (1, 3, 5, 7, and 10 phr), shear rate (10-500 ร'1), and temperature (200-220 °C) 
on the flow properties (i.e. shear viscosity, power law index, flow activation energy, 
and extrudate swell) of [Nylon 12/NR]/[PS/MNR] blends were investigated. The 
blends showed pseudoplastic behavior from an evident increase of shear stress and a 
reduction of shear viscosity with increasing shear rate. Shear viscosity (ๆ) and flow 
activation energy (Ea) of the blends were also found to increase with the 
compatibilizer loading. It suggests that PS/MNR copolymer functioned properly and 
enhanced the compatibility and interfacial interaction between Nylon 12 matrix and 
NR domains via the formation of amide and succinimide linkages at the interfaces. 
This reactive compatibilization also caused in a reduction of extrudate swell 
apparently due to slower elastic recovery of polymer chains.

K e y w o rd s : Nylonl2, Natural rubber, Reactive compatibilization, Rheological 
properties

6.2 In tro d u c t io n

Melt rheology describes the deformation and flow of material under stress. 
It is mainly concerned with the properties of material determining its behavior that it 
is a relationship between external action (forces applied to a material) and internal 
reaction (changes of a material structure).1 Melt rheological study of material is of 
superior importance in processes such as extrusion, injection molding, and fiber
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spinning where flow behavior through dies determines various product properties 
and leads to optimization of processing operation. In general, the materials undergo 
various changes in polymer processing operation. Therefore, rheological parameters 
(shear stress and shear rate) affecting melt viscosity, flow activation energy, and 
extrudate swell have become important determinant. Many of the problems that arise 
during processing can be solved with proper understanding of the flow behavior.2

Thermoplastic polymer/rubber blends mostly exhibit immiscibility due to 
low entropy of mixing. In these systems, the lack of specific molecular interactions 
leads to high interfacial tension during processing and results in poor interfacial 
adhesion, rough phase structure, and therefore poor mechanical properties in finished 
products.3 The blend properties can be significantly improved by adding a third 
component called compatibilizer into these systems. Generally, a compatibilizer for 
immiscible polymer blends is a specially synthesized copolymer with one part 
miscible in either of the phases in this context. The commercially available 
copolymers are not versatile enough to accommodate an array of different blend 
systems. Reactive blending approach is the most commonly used technique to form 
in situ-compatibilizers for immiscible blends. The reactive blending approach entails 
drop in strategy of previously synthesized molecule. Accordingly, ease of processing 
and lower capital expenses are two attributes in scale-up and commercialization. Our 
previous work showed that a compatibilized blend of polystyrene (PS) and natural 
rubber (NR) could be easily obtained due to the presence of PS-NR graft copolymers 
formed via their reactive blending with dicumyl peroxide (DCP) as an initiator. This 
non-reactive PS-NR blend was further used as a compatibilizer for Nylon 12/NR 
blend.4 The non-reactive compatibilizer molecules locate themselves between the 
homopolymers e.g. PS part interfaces Nylon 12 phase while NR part is miscible with 
the NR phase. The compatibilizer fonns the interface layer and leads to a unique 
inclusion morphology in the blend. Consequently, the contact between Nylon 12 and 
NR is minimized and the enthalpy of mixing between Nylon 12 and NR is reduced, 
leading to better compatibility between the phases via the copolymer and the 
enhancement of blend performance, e.g., toughness. The reactive compatibilizers 
functions via chemical reactions between the functional groups of component 
polymers of the blend. In past several years, a number of reactive materials were
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used as compatibilizers of polyamide/elastomer blends. For instance, polyamide 6 

(Nylonô) blends with poly (acrylonitrile-butadiene-styrene) (ABS) can be 
compatibilized by maleated polybutadiene (PB-g-MA) , 5 styrene-maleic anhydride 
copolymer (SMA) ,6’7 imidized acrylic (IA) , 8 and glycidyl methacrylate/methyl 
methacrylate (GMA/MMA) copolymers.9 Chlorinated polyethylene (CPE) 10 has also 
been used as a compatibilizer for Nylonô/nitrile rubber (NBR). Styrene-ethylene- 
butadiene-styrene block copolymer (SEBS) , 11 polyethylene (PE) , 12 and 
polypropylene (PP) 13 are functionalized directly with maleic anhydride (MA) and 
used as compatibilizers when these polymers are blended with Nylonô. In general, 
MA-functionalized polymers are widely used as the reactive compatibilizers because 
MA can be readily grafted onto many polymers at normal melt processing 
temperature. 14 These reactive compatibilizers not only act as dispersants for the 
elastomers in the Nylonô phase but also increase the interfacial adhesion between 
two phases via chemical linkage. As a result, the blend properties are enhanced.

Utracki et a/ . 15 stated that the presence of a compatibilizer, a block or graft 
copolymer, not only reduced the interfacial tension, but also changed the molecular 
arrangement at the interface. In view of this, the reactive compatibilization may also 
affect the processability, the blend properties, and the flow behavior. The rheological 
properties of Nylon6/PP blend using MA-g-PP and SEBS-g-MA as compatibilizers 
were reported by Marco et a/ . 13 and by Holsti-Miettinen et a l.16, respectively. They 
demonstrated that chemical reactions occurring between the components of the 
blends due to compatibilization at the interfaces increased the viscosity of the 
system. Moreover, a positive deviation of the viscosity from a log additive rule was 
found in compatibilized immiscible blends due to the enhancement of compatibility. 
Some research works also studied the effects of MA on the blend viscosity. Minkova 
et a/ . 17 revealed that SEBS-g-MA had a higher compatibilizing efficiency than SEBS 
at 2 phr loading, as apparent from an increase of zero shear viscosity of LDPE/PA6 

blend from 5200 to 5400 Pa.s. Kim and Pal18 reported that the shear viscosity of 
pp/wood fiber (WF) composites was the highest (1585 Pa.s) in the presence of 
SEBS-g-MA at 10 phr, followed by SEBS (1260 Pa.s), and without compatibilizer 
(1000 Pa.s). The reactions between WF and the polar compatibilizer were found 
responsible.

0
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In this article, it is interesting to further improve the performance of a Nylonl2/NR 
blend by reactive compatibilization using the functionalized PS/NR molecules. 
Natural rubber (NR) was functionalized by using maleic anhydride (MA). The 
reactive blend of polystyrene and maleated natural rubber (PS/MNR) was then 
prepared and used as a reactive compatibilizer for the Nylon 12/NR blend. The aim 
was to enhance the interfacial adhesion between NR domains and Nylon 12 matrix 
via chemical reaction. It was expected that the compatibilization of the immiscible 
polymer blends would affect their flow behavior. Therefore, the work extends to 
study the rheological characteristics of [Nylon 12/NR]/[PS/MNR] blends by using a 
capillary rheometer. The influence of the compatibilizer content, shear rate, and 
temperature on the melt viscosity, flow activation energy and extrudate swell was 
investigated. This study illustrated that the flow activation energy of 
[Nylon 12/NR]/[PS/MNR] blends closely related to their structure. The higher flow 
activation energy, the more formation of amide and succinimide linkages (bulky 
structure) would be occurred at the Nylon/Rubber interfaces. This also led to an 
increase of shear viscosity and a decrease of extrudate swell of the compatibilized 
blends with increasing PS/MNR loading up to 7 phr.

6.3 E x p er im en ta l

6.3.1 Materials
Polyamidel2, product name Grilamid® L25 natural, was supplied by 

EMS-Chemie (Sumter, South Carolina). The polymer was available on a pellet form 
with crystalline melting temperature of 178 °c. Natural rubber (NR) grade STR 5L 
was purchased from Banpan Research Laboratory (Thailand) in yellow solid bulk 
form. Copolymer of polystyrene/maleated natural rubber (PS/MNR) used as a 
reactive compatibilizer was prepared in our laboratory. The composition of the 
reactive compatibilizer was 60 wt% of PS and 40 wt% of MNR.
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6.3.2 Polystyrene/Maleated Natural Rubber (60/^0 wt%) Blend
Polystyrene/maleated natural rubber (PS/MNR) blend was prepared 

by using two-step reactive mixing process. In the first step, masticated NR (275 g) 
was added into the Brabender mixer (Prep center) and mixed for 3 min at a 
processing temperature of 135 °c and a rotor speed of 60 r/min. 8.25 g of maleic 
anhydride (MA) was then incorporated into rubber and further mixed for 5 min. 
Finally, the NR functionalized with MA, so called “maleated natural rubber (MNR)”, 
was removed from the chamber. In the second step, PS (165 g) was added and melted 
for 3 min at a processing temperature of 170°c and a rotor speed of 60 r/min. Next,
1.38 g of dicumyl peroxide (DCP) was added and mixed for 3 min. Finally, MNR 
(110 g) was added to molten PS and mixed further for 4 min. The obtained blend is 
called PS/MNR in the rest of the paper. The reaction taking place in preparation of 
this compound is shown in Scheme 6.1. This reactive blending involved reactions by 
free radical mechanism. Thus, besides the formation of PS-g-MNR copolymer, it was 
possible to gain some other by products, e.g., crosslinked NR (gel) via radical 
recombination reaction as well as chain scission of PS occurring through the 
homolytic cleavage of weak bonds in the polymer chains. 19'20 In view of this, the 
solvent extraction method presented in our previous work4 was used to determine the 
contents of gel and unreacted PS short chains. The results showed that gel and the 
unreacted PS found in PS/MNR blend were 10.95 wt% and 30.11 wt%, respectively.

For PS and NR blend, PS (165 g) was added into the Brabender mixer 
and melted for 3 min. Next, 1.38 g of DCP was added and mixed for 3 min. Finally, 
masticated NR (110 g) was added to the molten PS and mixed further for 4 min. The 
obtained blend is termed PS/NR in the rest of the paper.
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Schem e 6.1 Reaction between PS and MNR using D C P as an initiator.

6.3.3 !Nvlonl2/NR (80/20 wt%W[PS/MNRl Blends
The blends of 80/20 wt% of Nylonl2/NR with PS/MNR used as the 

reactive compatibilizer at various contents (1, 3, 5, 7 and 10 phr) were prepared by 
melt-mixing process in the Brabender mixer. The condition was set at 210 °c for a 
processing temperature and 70 r/min for a rotor speed. First, Nylon 12 was fed into 
the chamber and allowed to melt for 3 min. Then masticated NR and PS/MNR were 
added and mixed for another 4 min. Finally, the blends were taken out of the 
chamber, cooled down to room temperature, and ground into small pieces for study 
of rheological properties.

The solvent extraction method was used after blending process to 
determine the content of Nylonl2-g-MNR in [Nylon 12/NR]/[PS/MNR] blends by 
dissolving the crude blends in toluene at 120 °c for 3 days, and then by precipitating 
the solution in acetone. In the process, unreacted NR was removed from the blend.
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After vacuum drying, the blends without unreacted NR were dissolved in formic acid 
at 70 °c for 4 days, and then precipitated in water. In this manner, the unreacted 
Nylonl2 was removed from the materials. The purified ̂ product is specified in this 
paper as Nylon 12-g-MNR, and its content (graft ratio) was calculated by using 
Equation (6.1). The chemical bonds formed by the reactions between maleic 
anhydride groups in compatibilizer and amine-end groups in Nylonl2 of the purified 
products were investigated by using attenuated total reflection-Fourier transfonn 
infrared spectroscopy (ATR-FTIR). FTIR spectra of materials were recorded using a 
Nicolet 6700 infrared spectrometer in the range of 4000-600 cm' 1 with a resolution of 
4 cm'1.

_ „ . weight of Nylon 12 -  g -  MNR after solvent extraction . , 1.Graft ratio = ------------- ----------° 77—------ --------- ----  (6.1)weight of crude blend before solvent extraction

6.3.4 Melt Rheological Measurements
Rosand RH7 capillary rheometer (twin bores with bore diameter of 15 

mm and bore length of 290 mm) was used to investigate the melt rheology and the 
extrudate (die) swell of [Nylon 12/NR]/[PS/MNR] blends. A capillary die with 
length-to-inner diameter (L/D) ratio of 32/l was used. All measurements were made 
at three test temperatures of 200, 210 and 220 °c and the range of apparent shear 
rates varied from 10 to 500 ร'1. For capillary flow, the values of apparent shear stress, 
apparent shear rate, and apparent shear viscosity were calculated using a derivative 
of the Poiseuille law.21 The apparent shear stress (Tapp) is defined in Equation (6.2).

Tapp = RAP/2L (6.2)

where R is the die radius (mm), AP is the pressure drop across the die (Pa), and L is 
the die length (mm). Equation (6.3) presents an expression of apparent shear rate
( y  a p p ) -

y ' a p p  = 4Q/7TR3 (6.3)
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where Q is the volumetric flow rate (m3/s). According to these values, the apparent 
shear viscosity (r|app) is defined as the ratio of apparent shear stress to apparent shear 
rate as shown in Equation (6.4).

f ia p p  —  ^ a p p /y  app ( 6 . 4 )

The percentage of extrudate (die) swell (B) is reported by using
Equation (6.5).

%B = [(De-D)/D]xlOO (6.5)

where De and D are the diameter of the extrudate and the die, respectively.

6.4  R esu lts  an d  D iscu ssio n

6.4.1 Graft Ratio and Gel Content
As the reactive blend of PS/MNR was used as a reactive

compatibilizer in preparation of 80/20 wt% Nylon 12/NR blend, the formation of
graft copolymer via an imidization reaction between MA groups of MNR and the
amine-end groups of Nylon 12 was possible. This reaction can produce the amide and
succinimide linkages as shown in Scheme 6.2.22,23 The reactive compatibilizer
loading significantly affects the presence of Nylon 12-g-MNR as shown in Table 6.1.
The results demonstrate the increase of graft ratio from 0.23 for the purified blends
containing 1 phr compatibilizer to approximately 0.46 when compatibilizer loading is
increased up to 7 phr. In other words, the higher the reactive compatibilizer loading,
the more the grafting reaction in the blends could occur. These suggest that PS/MNR
blend acts as an effective compatibilizer, and leads to enhancement of compatibility
between Nylon 12 and NR via the formation of graft copolymers. In the presence of«reactive compatibilizer, PS/MNR molecules ties Nylon 12 phase and NR phase 
together via succinimide linkages. These bulky succinimide linkages could be 
located at the interfaces of Nylon 12 and NR, leading to enhancement of interfacial
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adhesion between the two phases as shown in Scheme 6.3. An increase of graft ratio 
also relates to a reduction of unreacted products both Nylonl2 and NR in the blend. 
Beyond a particular compatibilizer content (7 phr); however, the graft ratio of the 
purified blends shows reduction. For example, at 10 phr of reactive compatibilizer, 
the graft ratio slightly decreased to around 0.42. This is probably due to the increase 
in crosslinked structure of NR (gel) as shown in Table 6.2 which obstructs the 
molecular chains of Nylonl2 and MNR from reacting with each other; thus, resulting 
in the lowering of graft ratio at high PS/MNR compatibilizer content.
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Table 6.1 Contents of unreacted products and graft ratio in the purified blends with
various compatibilizer contents

Compatibilizer Content Unreacted Products Graft RatioNylonl2 (wt%) NR (wt%)
1 phr 61.11 15.33 0.23
3 phr 55.32 14.98 0.31
5 phr 49.18 ll.26 0.38
7 phr 42.98 12.57 0.46
10 phr 46.19 14.93 0.42

Scheme 6.3 The presence of amide and succinimide linkages at Nylonl2/NR 
interfaces.
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Table 6.2 Contents of gel (Crosslinked NR) and unreacted PS (PS short chain) in
[Nylon 12/NR]/[PS/MNR] blends with various compatibilizer contents

Compatibilizer Content Gel (wt%) PS Short Chain (wt%)
1 phr 0.11 0.30
3 phr 0.33 0.90
5 phr 0.55 1.51
7 phr 0.77 2.11
10 phr 1.10 3.01

6.4.2 FTIR Results
The reactive blending of PS and MNR (which contains both NR and 

NR-g-MA chains) can produce two compatibilizers: (1) polystyrene-g-natural 
rubber-g-maleic anhydride (SNR-g-MA) and (2) polystyrene-g-natural rubber 
(SNR). The former is a reactive compatibilizer as NR chains are functionalized with 
maleic anhydride and the latter is a non-reactive compatibilizer. The functional 
groups of reactive 60/40 wt% PS/MNR blend and 60/40 wt% PS/NR blend are 
shown in FTIR spectra in Figure 6.1. PS/NR and PS/MNR show their characteristic 
peaks of C-H bending and c= c  stretching of benzene ring due to PS at 695 cm'1 and 
1600 cm”1, respectively, while those of NR are at 839 and 1365 cm'1 for c= c  and 
aliphatic C-H stretching. The peak at around 1100 cm'1 represents C-C-C bending 
suggesting the grafting position in in-situ graft copolymers SNR-g-MA and SNR 
formed in PS/MNR or PS/NR blends. The peaks at 1784 and 1854 cm’1 of PS/MNR 
are respectively assigned to the symmetric and asymmetric c= 0  stretching vibration 
modes of five-membered cyclic anhydride.

«เ
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1784 1365 1100 839

Figure 6.1 FTIR spectra of NR, MNR, PS, PS/NR and PS/MNR.

Figure 6.2 shows typical bands of Nylonl2, NR, Nylonl2/NR binary 
blend and the purified blends of [Nylon 12/NR]/[PS/MNR] with various 
compatibilizer contents. For Nylon 12 including Nylon 12/NR binary blend and the 
purified blends, the signal at 945 cm'1 is assigned to CONH in plane while the strong 
absorption of the amide carbonyl (C=0 stretching) is positioned at 1638 cm'1. The 
characteristic peaks of NR (839 cm'1), PS (695 cm'1), and MA (1784 and 1854 cm'1) 
as discussed above are also seen in the purified blends. Furthermore, the c=0  
stretching of carboxylic acid produced from imidization is found at 1725 cm'1, while 
the succinimide linkages are notified from the obvious C-N stretching band at 1223 
cm'1 of the cyclic tertiary amide. It suggests that the reactive compatibilization of 
Nylon 12 and NR using PS/MNR as the reactive compatibilizer was successfully 
obtained, leading to the formation of amide and succinimide linkages. In addition, 
the sharp peak at 3292 cm"1 corresponds to N-H stretching of primary amine in 
Nylon 12. For Nylon 12/NR binary blend, the peak at this position is similar to that of 
neat Nylon 12 due to the absence of reactions between Nylon 12 and NR during 
processing. However, the FTIR spectra of the purified blends show the lowering of
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peak intensity at 3292 cm'1 and the presence of broader peak at 3250-3400 cm'1. It 
ensures that the imidization reaction occurred at Nylon 12/NR interfaces, and the 
primary amines turned into secondary and tertiary amides providing amide and 
succinimide linkages, respectively. The absorbance of these characteristic peaks are 
seen to increase with an increase of compatibilizer content up to 7 phr as shown in 
Table 6.3. This reveals that the extent of a reaction between MA groups of MNR and 
the amine-end groups of Nylon 12 increased with compatibilizer content. These 
observations are related in line with the arguments presented in relation to graft ratio 
as mentioned previously.

3292 1784 1638 1223 945 695
1854 1725 ! 839 :

W a v e n u m b e r  (cm '1)

Figure 6.2 FTIR spectra of Neat Nylonl2, NR, Nylonl2/NR binary blend, the 
purified blends of [Nylon 12/NR]/[PS/MNR] with compatibilizer contents of 1 phr 
(C-l phr), 3 phr (C-3 phr), 5 phr (C-5 phr), 7 phr (C-7 phr), and 10 phr (C-10 phr).

«
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Table 6.3 Absorbance of the purified blends with various compatibilizer contents

Compatibilizer Content c= o
Ai784

CONH
A1638

C-N
A1223

c= c
A839

1 phr 0.015 0.057 0.018 0.012
3 phr 0.020 0.070 0.037 0.021
5 phr 0.024 0.104 0.046 0.033
7 phr 0.031 0.174 0.055 0.055
10 phr 0.026 0.146 0.049 0.046

6.4.3 Flow Properties
To study the flow properties of polymer melt for optimizing 

processing operations, the double logarithmic plot of relationship between shear 
stress and shear rate or “flow curve” was generated according to the Ostwald-de 
Waele equation2 or “the power law equation” shown in Equation (6.6).

x = K  ( j ) ' (6.6)

where X is the apparent shear stress (Pa), y' is the apparent shear rate (ร'1), K  is the 
flow consistency index or the viscosity coefficient index, and ท is the flow behavior 
index or the power law index. At the processing temperature of 210 °c, the flow 
curves obtained for neat Nylonl2, NR, Nylonl2/NR binary blend and 
[Nylon 12/NR]/[PS/MNR] blends with various compatibilizer contents are shown in 
Figure 6.3. The results show an increase of shear stress of [Nylonl2/NR]/[PS/MNR] 
blends with an increase of compatibilizer loading- attributed to the enhancement of 
compatibility between Nylon 12 and NR. The compatibilizer is compelled to locate at 
the interfaces between Nylon 12 and NR phases during melt blending. The maleic 
anhydride groups in PS/MNR can undergo imidization reactions with the amine-end 
groups (—NH2) of Nylon 12 providing the amide and the succinimide linkages. Many 
previous research studies elucidated that the reactions between the amine-end group
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of nylon and the reactive groups of rubbers such as acrylate rubber and epoxidized 
natural rubber effectively increased the interfacial interactions.24'28 These interactions 
lead to reduction of interfacial tension. In other words, the interfacial adhesion 
improves; thus, needing higher force (stress) for the materials to flow.

Log shear rate (ร'1)

Figure 6.3 Log shear stress of [Nylon 12/NR]/[PS/MNR] blends as a function of log 
shear rate at varying compatibilizer contents.

From the flow curves, it is seen that the shear stress of all blends 
increased with increasing shear rate. However, the relation between shear stress and 
shear rate is not linear, indicating non-Newtonian fluid behavior. The flow behavior 
suggests more pseudoplastic nature for NR than Nylonl2. The flow behavior of 
Nylonl2/NR binary blend showed higher shear stress than Nylonl2. For materials 
exhibiting pseudoplastic behavior, the asymmetric molecular chains are randomly 
oriented and/or extensively entangled at rest. At low shear rate, these chain 
entanglements impede severely the flow of the melt. As a consequence, the shear 
viscosity of the blends is high. The molecular chains undergo disentanglement at 
high shear rates, experience orientation in the flow direction resulting in a reduction
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of shear viscosity.29 Pseudoplasticity can be determined by power law index at values 
less than unity. Using power law relationship shown in Equation (6.6), the values of 
flow consistency index (K ) and the power law index (ท) are listed in Table 6.4. In 
general, the power law index depends on molecular structure and does not change 
much with temperature. In our case, the results demonstrated that the values of ท 
slightly increased with increasing temperature. In the presence of reactive 
compatibilizer, the ท values are seen to decrease from 0.5 for neat Nylonl2 to 0.45 
for [Nylon 12/NR]/[PS/MNR] blends. In other words, the slopes of the flow curves or 
the power law indices reduce with increasing amount of PS/MNR and reach a 
minimum at 7 phr of PS/MNR. This suggests that less stress is required to initiate the 
flow at a given shear rate. One can attribute such lowering of shear stress to the 
bulky structure of the reactive compatibilization and the reaction products containing 
amide and succinimide linkages in the reactive blends. The bulky structure not only 
weakens the entanglement but also allows the existing entanglements to be unwound 
and oriented easily under high shear flow. The flow consistency index (K) depends 
on temperature and chain mobility. The easier the chain mobility, the lower is the 
value of K. We see that the value of K  for the compatibilized blends reduces with 
increasing temperature but increases with an increase of compatibilizer content.
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Table 6.4 Flow consistency index (K) and power law index (ท) of the compatibilized 
blends (C-Blends) at various temperatures and compatibilizer contents

Materials K  (kPa) n -
200 °c 210 °c 220 ° c 200 ° c 210 ° c 2 2 0  ๐c

Nylonl2 9.85 8.30 7.00 0.5133 0.5216 0.5266
NR 45.25 38.38 33.28 0.3991 0.4131 0.4244
Nylon 12/NR 13.33 10.31 9.01 0.4926 0.5019 0.5172
C-Blends

1 phr 14.09 12.73 9.94 0.4717 0.4848 0.5118
3 phr 17.55 15.46 12.24 0.4618 0.4697 0.4874
5 phr 22.03 18.04 15.00 0.4571 0.4622 0.4771
7 phr 29.07 22.16 19.72 0.4280 0.4438 0.4451
10 phr 24.64 20.28 16.65 0.4471 0.4513 0.4666

The dependence of shear viscosity (ๆ) on shear rate (y') is shown by 
Power-law Equation (6.7). The associated double logarithmic plot is shown in Figure
6.4.

ๆ = K(y T 1 (6.7)

At a given range of shear rate, NR exhibits higher viscosity than 
Nylonl2, and the shear viscosities of [Nylonl2/NR]/[PS/MNR] blends are in 
between those of the homopolymers.
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Log shear rate (ร'1)

Figure 6.4 Log shear viscosity of [Nylon 12/NR]/[PS/MNR] blends as a function of 
log shear rate at varying compatibilizer contents.

6.4.4 Effect of PS/MNR Content *
Figure 6.5 shows the effect of PS/MNR content on shear viscosity. At 

two given shear rates, the increase of shear viscosity with compatibilizer content at 
low shear rate and at low temperature is more prominent than that at high shear rate 
and high temperature. This is due to greater chain entanglement at low shear rate and 
at low temperature. Also, the presence of compatibilizer increases the interfacial 
interaction between Nylon 12 and NR phases via amide and succimmide linkages as 
well as via hydrogen bonds. These interactions tend to fix the molecular chains more 
strongly in position and resist defonnation. As a consequence, the shear viscosity of 
the reactive compatibilized blends dramatically increases at low shear rate and at low 
temperature. With an increase in compatibilizer content up to 7 phr, the results show 
an increase of shear viscosity, corresponding to an increase of shear stress. This is 
attributed to an increase in the extent of imidization reaction, leading to more amide 
and succinimide linkages at Nylon 12/NR interfaces. However, the shear viscosity of 
the blends containing 10 phr PS/MNR shows slight reduction. This is probably due
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to the formation of low molecular weight product such as PS short chain that 
provides the plasticizing effect, leading to a reduction of cohesive strength between 
molecular chains.

Çท
osu

fD CO II °Qçn on
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Ç?(/>

Figure 6.5 Shear viscosity as a function of compatibilizer contents at two constant 
shear rates (10 and 500 ร'1) and various temperatures.

We now discuss the effects of reactive compatibilizer (PS/MNR) and 
non-reactive compatibilizer (PS/NR) on viscosity of 80/20 wt% Nylonl2/NR blends. 
It is seen in Figure 6.6 that each compatibilizer has much lower viscosity than those 
of Nylon 12/NR/compatibilizer blends. At the same compatibilizer content of 10 phr, 
the shear viscosity of [Nylonl2/NR]/[PS/MNR] blends is higher than that of 
[Nylon 12/NR]/[PS/NR] blends approximately 1.07 times. Besides, it is found that in 
case of reactive compatibilizer PS/MNR, the maximum blend viscosity is at 7 phr, an 
optimum amount of reactive compatibilizer. At the 7 phr compatibilizer content, the 
reactive blend viscosity is found to be higher than that of non-reactive blend (data 
not shown) about 1.15 times. It is clear that the chemical interaction between 
Nylon 12 and maleic anhydride (fraction in PS/MNR) provides additional adhesion or
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compatibility between Nylonl2 and NR phase over that of the physical interactions 
observed in the case of non-reactive compatibilizer PS/NR.

Figure 6.6 The pseudoplastic behaviors of Neat PS, PS/NR, PS/MNR, the non- 
reactive compatibilized blends of [Nylon 12/NR]/[PS/NR] at 10 phr PS/NR and the 
reactive compatibilized blends of [Nylon 12/NR]/[PS/MN&] at 7 and 10 phr of 
PS/MNR.

In addition, the compatibility of polymer blend can be estimated by 
the log additive rule based on mass fraction and log viscosity of each component. 
This additive rule is a simple estimation of the properties based on combination of 
the nature of each component without any reaction between them. The log additive 
rule is shown in Equation (6.8).30,31

lognb = ZWilogîIi (6.8)

where r\i and r|b are the viscosity of the ith component and that of the blend and Wj is 
the weight fraction of the ith component. The measured value can be compared to the
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log additive value and is then used to study compatibility of the components in the 
mixtures or polymer blends. The polymer blends show a positive deviation in 
rheological properties e.g. viscosity and die swell for compatible or partially 
compatible polymer blends. These blends are also termed PDBs (positive deviation 
blends). On the other hand, a negative deviation is found for incompatible polymer 
blends. The log additive values of shear viscosity at shear rate of 10 ร'1 are calculated 
by using Equations (6.9) and (6.10) and plotted in Figure 6.7.

logpb = (Wpxlogp8 0 , 20 PA12/NR)+ (พcxlogpc) (6.9)

I0gpb = (wpx3.5l)+(wcx3.32) (6.10)

where Wp and w c are the weight fraction of polymer and compatibilizer, 
respectively. According to the log additive values, it is clear that the viscosity of the 
compatibilized blend linearly decreased with the content of the PS/MNR 
compatibilizer. Note that the viscosity of PS/MNR blend is lower than that of the 
binary blend. For the experimental data, the measured shear viscosity illustrates the 
negative deviation from a log additive value for Nylon 12/NR binary blend. 
Nylon 12/NR binary blend is not only immiscible, but also incompatible due to the 
polarity of amide groups in Nylonl2 chains compared to the nonpolar structure of 
NR. Hence, there is no specific interaction between the two components of Nylon 12 
and NR, leading to the absence of adhesion and the incompatibility between the two 
phases in the blend. The compatibilized blends should have lower viscosity than the 
binary one as the compatibilizers are the low viscosity components. The shear 
viscosity of the compatibilized blend should lower at higher compatibilizer content. 
Conversely, the viscosity of the compatibilized blends is much higher than that of 
Nylon 12/NR binary blend. It means that the compatibilizer PS/MNR makes the 
Nylon 12/NR blend more compatible by providing strong interactions via amide and 
succinimide linkages as well as via hydrogen bonding between them. Van Puyvelde 
et a l v~ reported the same interaction of Nylon6 and EPR-g-MA as a reactive 
compatibilizer for ethylene-propylene rubber/polyamideô (EPR/Nvlon6) blends. In
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this case, graft copolymer improved the interfacial adhesion and thus caused an 
increase of the blend viscosity. Compared to the log additive values, the viscosity of 
the compatibilized blends increased beyond the additive values (almost twice) as the 
content of compatibilizer was increased. It suggests that there is a positive deviation 
due to an additional mechanism to enhance viscosity e.g. phase interaction or good 
compatibility. The result also shows that the optimum content of the compatibilizer is 
at 7 phr, where the maximum viscosity of the 80/20 wt% Nylonl2/NR/[PS/MNR] 
blend is achieved. At above 7 phr (e.g. 10 phr) of PS/MNR, the blend viscosity is 
reduced but still is much higher than the log additive value. This reversion of 
viscosity at high compatibilizer content can be explained by the excess amount of the 
PS/MNR compatibilizer added to minimize the interfacial tension, and the low 
viscosity nature of PS/MNR turns to play an important role. In addition, the log 
additive rule is useful to describe the reduction in viscosity as the low viscosity 
component is added and as more amount of the lower viscosity component is added. 
At the same amount of 10 phr, the compatibilized blend with non-reactive 
compatibilizer has lower viscosity than the reactively compatibilized blend (see 
Figure 6.6). Also, the viscosity of the reactively compatibilized blend with 10 phr 
compatibilizer is lower than that of 7 phr. *

*
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4

Compatibilizer contents

Figure 6.7 Shear viscosity from log additive values and experimental data as a 
function of compatibilizer contents at shear rate of 10 ร'1 and temperature of 210 ๐c.

6.4.5 Effect of Temperature
The effect of temperature on shear viscosity is given in Figure 6.8. 

The results demonstrate that the increase in temperature decreases the shear viscosity 
of [Nylon 12/NR]/[PS/MNR] blends with compatibilizer content of 7 phr. Similar 
observations were made for any blends. In general, the viscosity of polymer melt 
decreases with increasing temperature due to greater free space available for 
molecular chain motion at higher temperature.33 The temperature dependence of 
shear viscosity can yield information on flow activation energy of the blends, 
expressed in the fonn of Arrhenius-Frenkel Eyring Equation (6.11).

ๆ = AoexP6 F x
RT (6.11)

where ฤ is the shear viscosity at a given shear rate, Ao is approximately a constant, 
Ea is the flow activation energy, R is the molar gas constant, and T is the absolute
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temperature. The flow activation energy is determined by the slope of plots between 
In r\ versus the reciprocal of temperature (1/T) as shown in Figure 6.9, and the Ea 
values are given in Table 6.5. The results show that the Ea reduces with increasing 
shear rate. This can be explained as follows. The number of entanglement coupling 
points reduces at higher shear rate, leading to reduction of interaction between chain 
segments.34 With the addition of PS/MNR blend, the Ea of [Nylonl2/NR]/[PS/MNR] 
blends increases with an increase of compatibilizer content up to 7 phr. This is due to 
the presence of amide and succinimide linkages causing the limitation of molecular 
chain motion and configuration. The increase in activation energy upon 
compatibilization had already been reported by George et a l? s They found that 
compatibilization of the polypropylene/acrylonitrile-butadiene rubber (PP/NBR) 
blends with phenolic-modified polypropylene (Ph-PP) increased the melt viscosity 
and the activation energy at low concentrations of Ph-PP. In addition, the flow 
activation energy also provides valuable information on the sensitivity of the material 
towards the changes in temperature. The higher the flow activation energy, the 
stronger is the temperature sensitivity of the material. As mentioned above, the 
addition of compatibilizer results in higher flow activation energy. Thus, upon 
compatibilization, the blends become more temperature sensitive. In other words, the 
shear viscosity of the blends dramatically decreases when temperature increases and 
vice versa. The reason is described by molecular chain configuration and alignment 
to the flow field. The addition of reactive compatibilizer also increases chain 
interaction via the chemical linkages. The formation of the graft copolymers via the 
permanent bulky amide and succinimide linkages and non-permanent intermolecular 
bonding e.g. hydrogen bond (see Scheme 6.3) make the chains and the interfaces stiff 
such that the chains have limited configurations and are easily disentangled and 
aligned to the flow field. This mechanism suggests the loss of chain flexibility and 
also induces shorter relaxation time of the modified molecules than that of the 
unreacted molecules. This phenomenon will be verified later by the study of the 
extrudate swell which determines chain elasticity. On the other hand, at low 
temperature, the molecular chains lie close together leading to an increase in chain 
interactions e.g. by additional hydrogen bonding. Consequently, these interactions 
tend to decrease the chain mobility and the blend viscosity is thus increased.
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Figure 6.8 Shear viscosity of [Nylon 12/NR]/[PS/MNR] blends at 7 phr as a function 
of shear rate at varying temperatures.

Figure 6.9 Shear viscosity of [Nylonl2/NR]/[PS/MNR] blends at 7 phr as a function 
of reciprocal temperatures (1/T) at various shear rates.
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Table 6.5 Flow activation energy (Ea) of the compatibilized blends (C-Blends) with 
various shear rates and compatibilizer contents at processing temperature of 210 °c

Activation Energy (kJ/mol)Materials
10 ร"1 20 ร"1 50 ร'1 100 ร’1 200  ร'1 5 00  ร'1

Nylonl2 29.92 28.57 28.13 27.97 27.20 24.09
NR 25.27 23.84 21.50 19.69 19.00 16.91
Nylon 12/NR 26.64 25.73 21.81 20.37 19.19 17.05
C-Blends

1 phr 26.70 25.99 23.95 23.52 19.28 17.15
3 phr 31.51 29.93 29.04 27.97 26.98 25.41
5 phr 32.59 31.25 29.38 28.18 27.96 25.92
7 phr 32.98 32.20 31.85 28.30 28.14 26.37
10 phr 32.68 31.27 29.66 28.26 28.10 26.07

Thus the flow behavior determined from the chain mobility (which 
can be limited by reactive compatibilizers) can be demonstrated by the enhancement 
in activation energy. This also reveals the flow sensitivity to temperature and the 
flow sensitivity to shear rate or time. Tables 6.4-6.5 and Figure 6.10 show variations 
of the power law index and the flow activation energy with various compatibilizer 
contents. The reactive compatibilizer changes the activation energy dramatically at 
low content but beyond 5 phr the activation energy changes gradually with the 
optimum (maximum) value at 7 phr. The power-law index decreases with 
compatibilizer content to a minimum value at 7 phfir. These optimum values 
correspond to the optimum content of the compatibilizer for the maximum value of 
viscosity. Hence, these three flow parameters indicate well the effect of 
compatibilizer content and are useful in determining the optimum content of the 
compatibilizer.
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Figure 6.10 Flow activation energy (Ea) at shear rate of 10 ร'1 and power law index 
(ท) at 210 °c of [Nylon 12/NR]/[PS/MNR] blends with various PS/MNR contents.

6.4.6 Extrudate Swell
6.4.6.1 E ffect o f  C om patibilizer Content on the E xtrudate Sw ell

For studying rheological characteristic, the molten polymer is 
forced to flow through the capillary die under shear. Note that chains undergo 
substantial orientation in the process. The recoiling of molecular chains occurs as the 
melt emerges from the die, leading to the phenomenon of extrudate swelling. 
Generally, the extrudate swell is closely related to the elastic properties of the 
polymer that it also depends on the flow conditions such as shear rate, die length, 
temperature, etc.36 In this part, the effect of shear rate on the extrudate swell is 
investigated. Some representative data are shown in Figure 6.11. The extrudate swell 
of all blends increased with increasing shear rate in a non-linear relationship. This is 
due to shorter residence times in the capillary at high shear rate. As a consequence, 
more recoverable elastic energy stored in the polymer melt provides higher extrudate 
swell. Owing to a highly elastic structure of rubber, the addition of NR into Nylonl2 
dramatically increased the extrudate swell from 5 % to 85 % at shear rate of 10 ร'1.
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However, the improved compatibility of Nylonl2/NR blend with PS/MNR decreases 
the extrudate swell marginally as shown in Figure 12. This suggests the decrease in 
the chain relaxation time and also chain elasticity. It is attributed to the reduction in 
the elastic recoil of NR molecular chains and the increase of rigidity due to the 
formation of amide and succinimide linkages at the interfaces between Nylonl2 and 
NR. Based on above discussions, it can be concluded that the maximum flow 
activation energy corresponds to the minimum die swell, implying the best 
interaction between Nylon 12 and NR at compatibilizer content of 7 phr.

Figure 6.11 Extrudate swell (%) as a function of shear rates of
[Nylon 12/NR]/[PS/MNR] blends with various PS/MNR contents at 210 °c.
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Figure 6.12 Flow activation energy (Ea) and extrudate swell (B) at shear rate of 
10 ร'1 of [Nylon 12/NR]/[PS/MNR] blends with various PS/MNR contents.

6.4.6.2 E ffect o f  Tem perature on the E xtrudate Sw ell
The correlation between extrudate swell (B) and temperature 

(T) can be represented by Equation (6.12).37

B = « 1+ /3jT (6.12)

where a/ and f i  are the coefficients related to the polymer properties. The results of 
a linear fit to this expression are listed in Table 6.6. The sensitivity of extrudate swell 
(B) of [Nylon 12/NR]/[PS/MNR] blends at 7 phr on temperature is more significant at 
high shear rate. The slope of plot between B and T or Pi decreases sharply as given 
in Figure 6.13. It means that the extrudate swell decreases with the increase in 
temperature. For viscoelastic materials, the molecular chain motion exactly depends 
on the temperature. This shows that the viscous response is much greater than the 
elastic response at higher temperature, resulting in lesser ability of the polymer melt 
to recover to its original structure. Furthermore, at higher temperature, the shear
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T a b le  6.6 The values of and Pi for [Nylon 12/NR]/[PS/MNR] blends at 7 phr with 
various shear rates

viscosity is lower. Consequently, the motion o f molecular chains is easy and the
relaxation time of the polymer melt is shorter.

S h ea r  R ate
๙ )

E ffec t o f  T  on B (at 7 p h r  P S /M N R )  

a i p  1 R
10 63.00 -4.0 1.0000
20 68.67 -4.5 0.9959
50 76.33 -6.0 0.9643
100 81.67 -5.5 0.9356
200 91.00 -6.0 0.9231
500 106.67 -9.0 0.9959

F ig u re  6 .13  Extrudate swell (%) as a function of temperatures of 
[Nylon 12/NR]/[PS/MNR] blends with various shear rates.
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6.5 C o n c lu sio n s

For thermoplastic polymers, rheological studies give initial information on 
how these polymers behave during actual polymer processing. In this research work, 
melt rheological properties of Nylon 12/NR compatibilized by PS/MNR blend were 
investigated using a capillary rheometer. The [Nylonl2/NR]/[PS/MNR] blends 
exhibited shear-thinning or pseudoplastic behavior. This is attributed to the 
decreasing of shear viscosity with increasing she^r rate. With increasing 
compatibilizer content up to 7 phr, the shear viscosity of the blends was found to 
increase. The results also showed the positive deviation of shear viscosity from the 
log additive values, indicating compatible or partially compatible blends. This work 
discloses that when the compatibilization induces strong interaction between the 
components in the blend such that the chemical structure can be altered as well as the 
flexibility of the molecular chains, the flow behavior is thus affected by the change in 
the molecular mobility. It suggests that PS/MNR blend acts as the reactive 
compatibilizer for Nylon 12/NR blend by providing the amide and succinimide 
linkages at the interface through the chemical reaction between polar functional 
groups of PS/MNR and those of Nylonl2. Consequently, the rigidity of molecular 
chains was increased while the elastic recovery was reduced, leading to the 
increasing of flow activation energy and the decreasing of power law index and 
extrudate swell. The understanding of these rheological properties of the material is 
highly useful in selecting the optimum conditions for product processing in the 
future.
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