
Chapter-3. Rheological Behavior of Starch-Polycaprolactone (PCL) 

Nanocomposite Melts Synthesized by Reactive Extrusion 

 

3.1 Abstract 

Rheological behavior of reactively extruded starch-PCL nanocomposite blends was 

evaluated in an off-line capillary rheometer. Power law models for blends with 

different nanoclay volume fractions were developed using appropriate correction 

factors. Consistency coefficients K for blends containing starch were significantly 

higher than 100% PCL. Starch-PCL nanocomposite blends showed shear-thinning 

behavior with higher pseudoplasticity than 100% PCL. Viscosities of nanocomposite 

blends were significantly lower than 100% PCL and non-reactive starch-PCL 

composites synthesized from simple extrusion mixing. Power law coefficients 

developed in this paper will be used to evaluate rheology-dependent parameters during 

scaling up the reactive extrusion process from a bench-top micro-extruder to a high 

output commercial scale extruder.  

 

3.2 Introduction 

North-American biodegradable plastic market in 2005 is estimated to be around 60 

million lbs out of which starch-based polymer blends was expected to account for 30 

million lbs (1). Most applications of starch-based plastics are in the area of packaging 

supports like foamed peanuts (1). In order to extend applications of starch as primary 

packaging materials and not only as supports, current research has focused on starch 

blends especially starch-polyester biodegradable blends. These polyesters include 

polycaprolactone (PCL) (2-7), polylactic acid (PLA) (3,8), polybutylene succinate 

(PBS) (2), polytetramethylene adipate-co-terephthalate (PAT) (2) and polyhydroxy 

butyrate(PHB) (8,9). Since starch is immiscible with these polyesters, a reactive 
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compatibilization process is required to synthesize starch-polyester blends especially 

at high starch levels (e.g. >20 wt%). In this process existing or new functional groups 

on starch/polyester are reacted to produce a covalently bonded starch-polyester 

molecule. This reaction is controlled so that a small amount of this molecule acted as a 

compatibilizer between unmodified starch and polyester that formed the bulk of the 

matrix. An example of this kind of product is Envar (6) that is being marketed as 

compost bags. Envar is a reactive blend of starch, PCL and a third polymer starch-g-

PCL that was produced by addition of PCL to starch backbone during extrusion (6). In 

this article blends produced by reactive processes are referred to as reactive blends 

(RB). Materials produced by simple mixing without any reactions are referred to as 

composites. 

 

A commonly used process for synthesizing RB’s is the extrusion process. Twin-screw 

extruders are being widely used as reactors to carry out these reactions. The final 

product was synthesized in single or multiple extrusion steps. Rheology of polymer 

melts played an important role during these reactive processes. For example polymer 

rheology will affect the residence time distribution (RTD) inside the extruder (10), 

shear viscosity in the screw channels and die (11) and dynamics of post-extrusion 

phenomena like die-swell (12). Rauwendaal et al (10) reported that as the melt became 

more shear-thinning, RTD became narrower as pressure flow velocity profiles take on 

a plug flow nature in the center of extruder screw channel. Thus the low shear rate 

region expanded as the polymer melt became more shear thinning. Also in 

polymerization processes by reactive extrusion, % monomer conversion has been 

found to be proportional to mean residence time that in turn depended on RTD 

(6,13,14).   
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3.2.1 A Novel Reactive Extrusion Process for Compatible Starch-PCL Blends 

Our research group has recently developed a novel reactive extrusion process in which 

high amounts of plasticized starch (approximately 60wt%) could be blended with a 

biodegradable polyester (polycaprolactone) in the presence of nanoclay resulting in 

tough nanocomposite blends with elongational properties approaching that of 100% 

PCL (15,16). Starch, PCL, plasticizer, modified montmorillonite (MMT) organoclay 

and Fentons reagent (H2O2 and Fe2+) were extruded in a conical co-rotating twin-

screw micro-extruder at 1200C and injection molded at 1500C. The formulations are 

given in Table 3.1 and the primary reactions taking place during extrusion are 

illustrated in Figure 3.1. Native starch was partially oxidized by the peroxide and ester 

groups in PCL can crosslink with the carbonyl and/or carboxyl groups in oxidized 

starch through a peroxide initiated free radical process. This crosslinked starch-PCL 

fraction acted as a compatibilizer between unmodified starch and PCL. A single 

extrusion step with a low residence time (~74 seconds) was found to accomplish the 

above set of reactions. Elongational properties of these reactively extruded starch-PCL 

nanocomposite blends approached that of 100% PCL at 3 and 6wt% organoclay. 

Strength remained the same as non-reactive starch-PCL composites prepared from 

simple physical mixing. Modulus of RB’s at 3, and 6 % nanoclay were significantly 

higher than the composites but same as 100% PCL. The mechanical properties are 

illustrated in Table 3.2. Starch-PCL cross-linking was affected by MMT organoclay 

and reactive extrusion in the absence of nanoclay resulted in products with properties 

lower than the composites. Also starch-polytetramethylene adipate-co-terephthalate 

(PAT) blends prepared by the above reactive extrusion process at 1400C showed the 

same trend of elongational properties approaching that of 100% PAT (data not 

shown). The reactive extrusion concept can be extended to other starch-PCL like 
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polymer blends with polyhydroxy polymers like polyvinyl alcohol and starch on one 

side and polybutylene succinate, polyhydroxy butyrate-valerate and polylactic acid on 

the other to create cheap, novel and compatible biodegradable polymer blends with 

increased toughness.   

 

Table 3.1: Formulations used in synthesis of starch-PCL nanocomposites by reactive 
extrusion 

Code Starch, 
% 

PCL, % Glycerol, 
% 

Organoclay, 
% 

H2O2 
ml/gram 

of starch*

STPCL 40 40 20 - - 

STPCLPER-3 38.8 38.8 19.4 3 0.067 

STPCLPER-6 37.6 37.6 18.8 6 0.067 

STPCLPER-9 36.4 36.4 18.2 9 0.067 
* H2O2 is 30% solution in water, ferrous sulfate catalyst was used at 0.0025 g/g of 
starch on wet basis 
 

We have studied the scale-up of the reactive extrusion process from a bench-top 

micro-extruder to a commercial scale parallel twin-screw co-rotating and fully 

intermeshing extruder (chapter 4). Power law rheological model for the RB’s 

developed in this study was used to design the scale-up process and understand 

rheology-dependent extrusion process parameters like RTD, shear viscosities in screw 

channels and dies, viscous dissipation and die swell. Also there have not been many 

capillary rheometry studies on the rheological properties of PCL or reactively extruded 

starch-PCL blends. 
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Figure 3.1: Simplified reaction scheme showing oxidation and crosslinking between 
starch and PCL using Fenton’s reagent (15). 
 

3.3 Experimental 

3.3.1 Materials  

Native wheat starch (MIDSOL 50, Midwest Grain Products, Atchison-KS, USA) had 

the following solids composition-98.5% carbohydrates, 1% lipids, 0.2% proteins and 

0.22-0.25% ash. TONE P787 (Dow Polymers, Danbury, CT, USA) is a 80,000 

molecular weight (Mn,average) polycaprolactone polymer available as pellets. These  
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Table 3.2: Tensile properties of starch-PCL blends and composites from reactive 
extrusion 

Material Max. Strength, 

MPa 

Ultimate 

Elongation, % 

Tensile 

Modulus 

(secant) at 

1% Strain, 

MPa 

100% PCL 30.8 1242 303.3 

STPCL (non-

reactive extrusion) 

12.6 265 211.0 

STPCLPER-3 13.9 1197 263.4 

STPCLPER-6 14.0 1074 253.4 

STPCLPER-9 9.5 913 210.5 

 

pellets were cryogenically ground into powder in which 98% of particles were 

<600µm. Glycerol (Kosher Superol, Procter & Gamble Chemicals, New Milford, CT, 

USA) was atleast 99% pure. Nanocor I.30E organoclay (Nanocor Inc., Arlington 

Heights, IL) is of montmorillonite (MMT) type with sodium ions (Na+) replaced by 

quaternary ammonium octadecyl cations (C18H35 NH4
+). Hydrogen peroxide (30% 

solution in water, Sigma Aldrich Inc., St. Louis, MO, USA) and ferrous sulfate 

catalyst (Fischer Scientific, Fairlawn-NJ, USA) were constituents of Fentons reagent. 

The formulations are given in Table 3.3.1. 
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3.3.2 Methods 

3.3.2.1 Reactive Extrusion and Injection Molding 

Ingredients were pre-mixed and fed to a conical co-rotating and intermeshing twin-

screw micro-extruder (DACA Instruments, Goleta, CA, USA). The average L/D ratio 

(from feed to die) was approximately 5:1. Specific mechanical energy (SME) of 

different starch-PCL formulations during micro-extrusion was calculated as follows: 

SME (kJ/kg) = .

1000

2

m

Tπω
              (i) 

where ω is screw speed in revolutions per second, T is torque in N-m and 
.

m is mass 

flow rate in kg/s. 

The micro-extrusion process allowed for varying the residence time of the melt in the 

extruder and it was kept at 1 minute. The melt was then extruded out of the die in the 

form of cylindrical strands. The temperature throughout the extruder was kept at 1200 

C and screw speed at 110-116 rpm. The extruder barrel was blanketed with nitrogen 

during extrusion.  

3.3.2.2 Capillary Rheometry 

Reactively extruded strands from micro-extrusion were loaded in the rheometer barrel 

(Instron 3211 capillary rheometer, Canton, MA, USA) of radius ~ 5 mm and 

maintained at a temperature of 1200 C + 2.50C and equilibrated for 15 minutes. 

Capillaries of 1.26 mm diameter (D) and 25.55, 50.94 and 76.90 mm length (L) (L/D 

ratios of 20.3, 40.4 and 61.0 respectively) were used at plunger speeds of 0.06, 0.2, 0.6 

and 2 cm/min for the test. The entry-angle of all capillaries was 450. Raw data of 

pressure and plunger speed were used to calculate apparent wall shear stress and shear 
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rates respectively. Four replicates of pressure readings were taken once the values 

became stable. The apparent wall shear stress (τw,apparent)  was corrected for entrance 

and exit pressure losses using Bagley’s (17) correction to give the true wall shear 

stress (τw). Similarly the apparent wall shear rate (γw,apparent) was corrected for non-

Newtonian melt flow by using Rabinowitsch-Weissenberg (18) equation to give the 

true wall shear rate (
w

 γ& ).  The apparent wall shear stress and wall shear rates were 

given by: 
             

3πR
4Q
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where Q was the volumetric flow rate (calculated from plunger speed and area of 

barrel), ∆Ptotal was the pressure drop measured by the rheometer, ∆Pcap was the true 

pressure drop across the capillary, L and R were length and radius of the capillary.  

 

(iii-a) 
 
 
 
 
(iii-b) 

(ii-a) 
 
 
 
(ii-b) 



                                                                65 
                                                                
                                                                
 

P 

As shown in Figure 3.2, true pressure drop across the capillary was calculated by 

accounting for capillary entry/exit pressure losses or end losses. Thus true pressure 

drop across the capillary ∆Pcap was given by: 

∆Pcap = ∆Ptotal - ∆Pend        (iv) 

where ∆Pend = ∆Pentrance + ∆Pexit 

∆Ptotal was the total pressure drop measured by the rheometer, ∆Pend was the end 

pressure loss made up of entrance (∆Pentrance) and exit (∆Pexit) pressure losses. ∆Pend 

was equal to the intercept calculated by extrapolating the plot of ∆Ptotal (measured by 

the rheometer) versus L/D to L/D = 0 as originally developed by Bagley (17).  
 

 

 

 

         Barrel reservoir         capillary of length L 

                                 z=0                                             z=L 

Figure 3.2: A schematic diagram of end pressure losses in melt flow from rheometer 
barrel to capillary of length L 
 

Using equation (ii-b) apparent wall shear rates of 3.6, 12.1, 36.3 and 120.9 s-1
 were 

obtained for the four plunger speeds of 0.06, 0.2, 0.6 and 2 cm/min respectively. The 

second term in equation (iii-b) (Rabinowitsch-Weissenberg equation) for true wall 

shear rates was determined by fitting a power relationship between Q/πR3 and τw. 

∆Pexit 

∆Pentrance 

∆Pcap 

∆Ptotal 
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Subsequently values of τw and 
w

 γ& were fitted (method of least squares) to the two 

parameter model for power law fluids developed by Ostwald-De Waele (19) and given 

by:  

 τ = K. γ& n                   (v) 

where K was the consistency coefficient and n was the flow behavior index/exponent. 

 

Viscosities reported in this paper were true shear viscosities obtained from true wall 

shear stresses and shear rates. True shear viscosities (η) were obtained by the 

following relation: 
1n .

. K  
−

== γ
γ

τη         (vi) 

Specific mechanical energy (SME) of polymer melt flow in the capillary was 

calculated as follows: 

m
AvP

SME
&

cap∆
=         (vii) 

where ∆Pcap was the true pressure drop across the capillary, A was the barrel area, v 

was the plunger velocity (testing speed) and m& was the mass flow rate in the capillary 

calculated as an average of 3-4 replicates for each plunger speed and for a given 

capillary. 

Melt densities at 1200C in the capillary rheometer were calculated by using the 

relation: 

Melt Density  (ρ) =  
Av
m
.

                (viii) 
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where A was the barrel area, v was the plunger velocity (testing speed) and m& was the 

mass flow rate in the capillary. 

 

3.4 Results and Discussion 

3.4.1 End Pressure Losses  

The Bagley plots of L/D versus total pressure drop ∆Ptotal are illustrated in Figure 3.3. 

Figures 3.3-a to e show the respective Bagley plots for 100% PCL, STPCL (non-

reactive extrusion), STPCLPER-3, 6 and 9. The y-axis intercepts at L/D=0 on these 

plots gave the value of ∆Pend. As seen in the plots the end pressure loss in each sample 

depended on shear rate or plunger speed. Bagley plots for 100% PCL showed 

interesting behavior. Negative Y-axis intercepts or negative ∆Pend were obtained when 

the data points in Figure 3.3-a were fitted to a linear equation. As suggested by Laun 

(20) the data points for 100% PCL were then fitted by a quadratic polynomial (method 
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Figure 3.3: Bagley plots of L/D versus ∆Ptotal for a) 100% PCL, b) STPCL, c) 
STPCLPER-3, d) STPCLPER-6 and e) STPCLPER-9 
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Figure 3.3 (continued) 

  

(b) STPCL 
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Figure 3.3 (continued) 

(d) STPCLPER-6
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(e) STPCLPER-9
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of least squares) to account for this curvature. The plot exhibited an upward curvature 

at all the four apparent wall shear rates of 3.6, 12.1, 36.3 and 120.9  s-1. Similar non-

linear Bagley plots were observed in other studies for the following melts- 

a) low density polyethylene (LDPE) at apparent wall shear rates between 10-5000 s-1  

      and L/D =1.9-29 with the curvature more pronounced at high shear rates (20). 

b) linear low density polyethylene (LLDPE) at apparent wall shear rates between 14- 

       694 s-1 and L/D ratios of 5-60 (21). 

c) high density polyethylenes (HDPE) at apparent wall shear rates between 1- 

       528 s-1 and L/D ratios of 10-40 (22).     

Three causes of curvature in a Bagley plot were suggested by Hatzikiriakos et al (21) 

to explain the non-linear relation between ∆Ptotal and L/D. These included: 

i) If there was a strong dependence of viscosity on pressure, the lines in a Bagley  

plot would have a convex curvature (upwards) (i.e.) viscosity of melts under pressure 

will be higher than that in melt flows under atmospheric pressure 

ii) If there was a strong dependence of viscosity on temperature (viscous dissipation)  

the lines would have a concave curvature. Eventhough the concave behavior was not 

observed for the 100% PCL melt, temperature and pressure effects could have 

competing effects. 

iii) The no-slip boundary condition no longer holds in capillary flow at high shear  

stresses and shear rates. This behavior is typical in polymers with molecular weights 

greater than the critical entanglement molecular weight. The entanglements between 

polymer molecules near the wall and the bulk served to cause the slippage of wall 

polymer molecules. At high shear rates all the three effects would be present.  
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Samples containing starch (both non-reactive composites and RB’s) showed a linear 

relation between L/D and ∆Ptotal. This linearity was also observed in a previous study 

by our group on starch-plasticizer (water) melts (23). It is well known that violation of 

no-slip boundary condition at high shear rates in polymer melts from circular 

extrusion dies contributed to periodic defects in the form of helical shapes (24). 

Increasing the shear rates further caused loss of this periodicity leading to chaotic 

distortions or gross melt fractures. This meant that the RB’s could be extruded at 

higher shear rates in dies than 100% PCL without any surface defects at 1200 C. 

 

3.4.2 Power Law Model 

Q/πR3 and true wall shear stress τw (from equation iii-a) were fitted by least squares 

method to a power equation of the form: 

 Q/πR3 = A (τw)
B 

 The second term in the true wall shear rate equation (iii-b) was evaluated using the 

above constants A and B and the final true wall shear rate was obtained. Constants A 

and B for the samples are given in Table 3.3 along with melt densities. True wall shear 

rates were higher than apparent wall shear rates because of non-Newtonian and shear 

thinning behavior of all the melts. Table 3.4 gives a comparison of apparent and true 

wall shear rates. True wall shear rates were presented as a range of minimum and 

maximum values for a given plunger speed.  

 

True wall shear rates and shear stress were subsequently fitted directly to power law 

equation (v) by the method of least squares. Table 3.5 shows the consistency 

coefficients, power law exponents and viscosity-shear rate relation. SME of capillary 

flow (obtained at L/D=61 and apparent wall shear rate of 120.9 s-1 or plunger speed of  
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Table 3.3: Melt densities and power relationship between Q/πR3 and true wall shear 
stress τw given by: Q/πR3 = A (τw)

B
.   

Material Constant A Constant B Correlation 

Coefficient, R2 

Melt Density, 

kg/m3 

100% PCL 2 x 10-6 1.308 0.98 1026.4 

STPCL 8 x 10-13 2.557 0.97 1105.2 

STPCLPER-3 9 x 10-14 3.027 0.94 1195.9 

STPCLPER-6 2 x 10-13 2.926 0.96 1204.2 

STPCLPER-9 6 x 10-15 3.226 0.94 1215.4 

 

Table 3.4: A Comparison of apparent and true wall shear rates. True wall shear rates 
are presented as a range of minimum and maximum values in all samples for a given 
plunger speed. 

Apparent Wall Shear 

Rate, s-1 

Range of True Wall Shear Rates, s-1 

3.6 3.9-7.7 

12.1 14.4-21.0 

36.3 38.4-63.0 

120.9 129.1-235.4 
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Table 3.5: Power law constants and true shear viscosity for 100% PCL and reactive 
and non-reactive blends and composites. The power law model is given by τ = K. 
γ& n.  

Material Consistency 

Coefficient,

K  

(Pa-sn) 

Power Law 

Exponent, 

n 

True Shear Viscosity, 

η=K γ& n-1 

(Pa-s) 

100% PCL 8351 0.759 8351 γ& -0.241 

(R2= 0.993) 

STPCL 27664 0.388 27664 γ& -0.612 

(R2= 0.991) 

STPCLPER-3 11464 0.327 11464 γ& -0.673 

(R2= 0.986) 

STPCLPER-6 12367 0.339 12367 γ& -0.661 

(R2= 0.992) 

STPCLPER-9 14687 0.304 14687 γ& -0.696 

(R2= 0.985) 

 

2 cm/min) as well as micro-extrusion SME for the starch-PCL samples are given in 

Table 3.6. SME’s for RB’s during capillary flow were much lower than those of 

STPCL and 100% PCL. SME’s of all samples in capillary flow were significantly 

lower than those encountered during micro-extrusion. Thus secondary shear-induced 
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polymer degradation during rheometry may not be significant due to smaller SME’s.  

All the samples showed typical shear thinning behavior (n<1) that followed power law 

model with high correlation (R2= 0.98-0.99). 
 

Table 3.6: Specific mechanical energy (SME) during micro-extrusion and capillary 
flow for L/D=61.0 and apparent wall shear rate of 120.9 s-1 

SME in Capillary Flow, (kJ/Kg) SME in Micro-extrusion, (kJ/kg) 

81.0+1.0 nm 

56+0.4* 312+3* 

15+0.1 225+4 

16+0.1 232+11 

14+0.1 276+5 

* + standard errors, nm- not measured 

3.4.2.1 Consistency Coefficient, K 

Consistency coefficient, K was largest for STPCL and it was uniformly higher in 

samples containing starch compared to 100% PCL. Starch is a mixture of two 

polysaccharides-amylose (linear 1,4-α-glucopyranosyl units) and amylopectin (linear 

1,4-α-glucopyranosyl units and branched 1,6-α-glucopyranosyl units) (25). The 

amylose fraction has a degree of polymerization (DP) of 1x102-4x105 and amylopectin 

has a DP of 1x104-4x107 with branches after every 19-25 linear units. Amylopectin 

has one of largest molecular weights of all naturally occurring polymers. Significant 

amounts of amylopectin (~75%) are present in native wheat starch, the rest being 

made up of amylose. Other rheological studies have reported positive correlation 

between weight average molecular weight (Mw) and consistency coefficient in 

polyethylenes (26) and higher K values in starch-polyvinyl alcohol (PVOH) blends 
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compared to pure PVOH (18). Starch formulations in our study also contained 

glycerol that acted as a plasticizer. The tendency of plasticizers to suppress 

consistency coefficients in starch formulations has been reported by Villar et al (18). 

Thus even in the presence of glycerol as plasticizer, high molecular weight starch 

biopolymer in STPCL contributed to an increase in K value compared to 100% PCL. 

 

K values for RB’s were lower than that of STPCL, but were still higher than 100% 

PCL. Lower values of K for RB’s compared to STPCL can result from starch 

depolymerization occurring during the reactive extrusion process. As shown in Figure 

3.1 one of the reactions taking place was starch oxidation. Other starch oxidation 

studies have shown significant starch degradation/depolymerization in the presence of 

oxidizing agents. For example, in a study by Wing et al (27) using hydrogen peroxide 

(30% solution) at levels of 0.14-0.19 ml/gram of wheat starch, apparent viscosities of 

5% solutions (in water) of oxidized wheat starches were comparable to those of 

maltodextrins with a dextrose equivalent of 5-10. They also determined that the 

viscosities of oxidized wheat starch were 3-4 times lower than of native starch. 

Paruvuori et al (28) reported that starch depolymerization increased with degree of 

oxidation and molecular weights of oxidized starch were lower and more widely 

distributed than in native starches. In our previous studies (15) we had shown different 

starch oxidation (% carbonyl and carboxyl) levels for RB’s at different clay levels. 

Starch oxidation levels were found to be the highest in RB’s at 3% clay with little 

difference between 6 and 9% clay. Thus K value in STPCLPER-3 was the lowest 

among RB’s.  
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An increase in volume fraction or loading levels of nanoclay can also increase the 

consistency coefficient or shear viscosity at low shear rates. Increase in low shear 

viscosities with nanoclay loadings has been observed in many nanocomposites based 

on polymers like polyethylene oxide (29), biodegradable aliphatic polyester (30), 

polysiloxane (31) and polypropylene (32). Additional molecular weight 

characterizations need to be done to determine the relative effects of starch 

depolymerization during oxidation and nanoclay volume fraction on K.     

 

3.4.2.2 Shear Thinning 

Power law exponent, n, was the highest for 100% PCL, decreased when starch was 

incorporated in the matrix (STPCL) and decreased further with reactive extrusion. 

PCL is a semi-crystalline polymer with a glass transition temperature (Tg) of -510 C 

(15) and a processing temperature (Tp) of 1200 C in our study. Rauwendaal (33) 

observed that non-Newtonian behavior of polymer melts decreased with increasing Tp-

Tg which was 1710C for PCL in our study. Thus PCL had a high power law exponent 

value and a similar high exponent value of 0.7 for biodegradable aliphatic polyesters 

was observed by Lim et al (30). Table 3.5 shows that highest degree of shear thinning 

(lowest n values) occurred in the RB’s followed by non-reactive STPCL composite. 

100% PCL showed a relatively more Newtonian behavior with a high n value of 0.76.    

 

Comparing 100% PCL with STPCL, STPCL had a much lower n value than 100% 

PCL and thus was more non-Newtonian and shear thinning (Table 3.5). Shear 

viscosities in the non-Newtonian region were affected only by polymer entanglement 

densities and ease of disentanglement and not on molecular weight (34). Thus 

polymers with high n values had lower entanglement density and are easier to 



                                                                77 
                                                                
                                                                
 

disentangle under shear.  Similar polymer blends containing starch and synthetic 

polymers especially at high starch levels have been found to have lower n values than 

pure synthetic polymers (18).  Also amylose in wheat starch will contribute to a 

greater entanglement density than amylopectin (34). Thus STPCL had higher 

entanglement density, was less easy to disentangle under shear and more pseudoplastic 

than 100% PCL.  

 

As seen in Table 3.5, lowest values of n occurred in RB’s. There are two factors that 

could likely influence pseudoplasticity/degree of shear thinning in RB’s. These were: 

a) Starch-PCL crosslinking: From previous calorimetry studies (15), we  

found that there were no differences in PCL crystal morphology (melting point and % 

crystallinity) between the RB’s and STPCL.  This also indicated that changes in 

average molecular weights of PCL during reactive extrusion were not significant 

enough to affect crystal properties. Dynamic studies showed increase in glass 

transition of starch and PCL with their Tg’s significantly higher than those in STPCL. 

This indicated that crosslinking between polymers was important during reactive 

extrusion. Though we have not characterized the extent and nature of crosslinking, as 

discussed in section 3.4 it is expected that crosslinking was predominantly of 

intermolecular nature (starch-PCL) rather than intramolecular (starch-starch, PCL-

PCL).  From Tg and crystallinity studies, we determined little crosslinking differences 

between the RB’s at 3, 6 and 9% nanoclay. Since crosslinking decreased n values, 

further molecular weight characterizations of RB’s need to be done to determine the 

effect of crosslinking on pseudoplasticity of RB’s at different nanoclay levels.   

 

b) Nanoclay volume fraction: Nanoclay was expected to affect the pseudoplasticity of  
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polymer nanocomposite melts because of polymer-clay interactions. Increasing shear-

thinning/pseudoplasticity with clay loadings were also observed in polyethylene 

oxide-MMT (29), biodegradable aliphatic polyester-MMT (30), polysiloxane-MMT 

(31) and polypropylene-MMT (32) nanocomposites. In these studies, a clustering of 

clay particles increased n and good clay dispersion (delamination or intercalation) 

decreased n. However all the nanocomposites showed shear-thinning non-Newtonian 

behavior. There was continuous re-alignment of polymer chains tethered to the 

nanoclay particles under shear flow leading to shear-thinning of nanocomposite melts. 

Also pseudoplasticity increased with clay loading because of alignment of more clay 

layers and a change of microstructure from random to ordered orientation under shear 

(30). Our earlier studies of RB’s by wide-angle X-ray diffraction (15) had indicated 

that the organic cation [(C18H35)NH4
+] present in MMT nanocolay was affected by 

peroxide reactive extrusion process. The degree of intercalation in the RB’s decreased 

with increasing nanoclay level and was lower than observed in other polymer 

nanocomposites (29-32). However a clustering of nanoclay particles was not observed 

in RB’s. Additional transmission electron microscopy (TEM) and small angle X-ray 

diffraction studies need to be done to determine if there was any delamination that 

accompanied intercalation. 

 

3.4.2.3 Shear Viscosity 

Figure 3.4 shows the true shear viscosities of 100% PCL and STPCL. On comparing 

the two it is seen that viscosity of STPCL was higher than 100% PCL at shear rates 

<25.2 s-1. Above this shear rate, viscosities of STPCL were lower than 100% PCL. For 

higher molecular weight polymer melts (e.g. starch), the minimum shear rate at which 

the experimental time scale was smaller than polymer relaxation time was lower than 
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for low molecular weight polymer melts (e.g. PCL) (12). As molecular weight 

increased, Newtonian zero shear viscosity also scaled with the third power of 

molecular weight (35). Thus high molecular weight polymer melts had higher 

viscosities in the Newtonian region as well as lower critical shear rates at which flow 

became non-Newtonian. Therefore formulations containing starch had higher shear 

viscosities than 100% PCL at low shear rates. Also the diluent effect of glycerol in 

STPCL was not so dominant as to decrease STPCL viscosity below 100% PCL at low 

shear rates.  
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Figure 3.4: Variation of shear viscosity with shear rate for STPCL and 100% PCL 
 

Table 3.7 illustrates the shear viscosities of all samples at true shear rate ranges 

encountered in the capillary rheometer. It could be seen that the viscosities of 

reactively extruded blends (STPCLPER-3,6 and 9) were 2-3 times lower than of 

STPCL composites. As mentioned before, starch molecular degradation during 

shear rate = 25.2 s-1 
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reactive extrusion affected the viscosities of RB’s. Also at lower shear rates (c.a. <150 

s-1), shear viscosities of RB’s showed an increasing trend with increasing nanoclay. 

This was consistent with rheological behavior of other polymer-nanocomposite melts 

where shear viscosities in a section of non-Newtonian flow regime increased with 

nanoclay volume fraction (29-32).   
 

Table 3.7: True Shear viscosities of 100% PCL, STPCL and RB’s at rheometry shear 
rates 

Shear rate, 
s-1 

Shear Viscosity (η), Pa-s 
 

100%        STPCL   STPCLPER-3 STPCLPER-6  STPCLPER-9 
PCL 

 5 5666.7         10332.7         3877.8             4268.9             4793.6 

10 4795.3          6761.1           2431.3             2700.0             2959.6 

50 3254.1          2525.3            822.4               932.0               966.0 

100  2753.7          1652.4            515.6               589.5               596.4 

150 2497.4          1289.3            392.4               450.9               449.8 

200 2330.2          1081.2            323.3               372.8               368.2 

250 2208.3           943.2             278.2               321.7               315.3 

 

3.5 Significance 

As seen in Table 3.3.2, elongational properties of RB’s showed interesting behavior 

despite starch degradation in the RB’s during reactive extrusion. Figure 3.5 shows the 

typical stress-strain curves obtained from 100% PCL, STPCL and reactive blends. A 

common strain-hardening region could be seen in 100% PCL and reactively extruded 

blends whereas STPCL showed brittle behavior breaking off at lower elongations. 

Samuels (36) reported this strain-hardening region at increasing stress in semi-

crystalline polymers (isotactic polypropylene) because of crystal orientation and 



                                                                81 
                                                                
                                                                
 

strong interfacial adhesion between the crystalline and amorphous regions of the 

homogeneous polymer matrix.  The strain-hardening region in RB’s indicated a 

similarly strong adhesion between PCL crystalline regions and the amorphous 

domains consisting of amorphous PCL, starch and glycerol (plasticizer) in the RB’s. 

In our previous study we had analyzed the surface of RB’s after ultrasonication in 

warm water at 400C. SEM pictures showed removal of starch from its domains in 

STPCL whereas in the RB’s starch was preserved in its domains indicating better 

interfacial adhesion in RB’s.   

 
 

 

 

 

 

 

 

 

 

 

Figure 3.5: Tensile stress-strain behavior of 100% PCL, starch-PCL composite from 
extrusion mixing (STPCL) and starch-PCL reactive blend (RB) from a novel reactive 
extrusion process 
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process, melt and product temperatures are important factors that affected reaction 

pathways and material properties. Large consistency coefficients (eg. in STPCL) 

indicate large viscous dissipations and low melt indexes. Viscous dissipation is given 

by (37): 

qv = K γ& 1+n 

where qv is dissipation in power per unit volume.  

 

High power law exponents also contributed to larger melt temperature rise for a given 

shear rate and temperature rise increased with shear rates. Thus excluding heat of 

reaction effects, lower power law exponents and consistency coefficients for the RB’s 

compared to STPCL or 100% PCL pointed to a lower melt temperature rise during 

extrusion processing. This will be particularly significant in secondary processes like 

foaming or injection molding. 

 

3.6 Conclusion 

We have developed a power-law model for biodegradable starch-PCL blends 

synthesized by reactive extrusion. Nanoclay loadings, polymer (starch) degradation 

and crosslinking in these blends affected their mechanical properties and rheological 

behavior. The reactive blends showed shear-thinning behavior and lower viscosities 

than starch-PCL composites prepared from simple extrusion mixing. Consistency 

coefficients decreased upon reactive extrusion but were still higher than 100% PCL. 

Power law coefficients developed in this work will be used to design and scale-up the 

reactive extrusion process from a small conical twin-screw micro-extruder (L/D=5) to 

a commercial (L/D=27) twin-screw extruder. Biodegradable starch-PCL blends from 

the reactive extrusion process showed excellent elongational properties similar to 
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100% PCL at high plasticized starch level (60wt%). These blends have the potential to 

be used as plastic substitutes in many applications.   
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