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Fig. 2  X-RAY DIFFRACTION PATTERN OF A MIXTURE AND ITS 
DECONVOLUTION TO ITS COMPONENTS  
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S is the standard deviation, Ci is the concentration,
C is the average, N is the number of specimens
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Variance for the completely segregated sample



Mixing Index, MI = 1 – s/so
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Specific energy input, Es
is equal to:

ω is the rotational speed, Mt is the total amount of material
in the mixer, τ is the torque varying as a function of time
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PLAS TICIZED CAB VARIATION IN RDX FILLED CAB POLYMER 
at 1  s q .mm s c a le
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a) Haake Torque Rheometer and Batch Mixer

b) Fully intermeshing, co-rotating twin-screw
extruder

Roller blades used



Screw configuration and the typical pressure readings from co-rotating twin screw
extrusion experiments
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Full formulation

Kraton
Graphite

The deconvolution of the diffraction pattern of the conductive composite
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Storage modulus vs frequency plot for batch mixed and 6 lbs/hr (different slit die gaps) 
extruded samples
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Loss modulus vs frequency plot for batch mixed and 6 lbs/hr (different slit die gaps) co-
rotating twin screw extrusion samples
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Magnitude of complex viscosity vs frequency plot for batch mixed and 6 lbs/hr (different slit 
die gaps) extruded samples
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Storage modulus versus the additional batch mixing time at three frequencies
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Mixing index for amorphous phase (from WXRD) values of specimens processed 

with the batch mixer and co-rotating twin screw extrusion
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Mixing index for graphite phase (from WXRD) values of specimens processed
with the batch mixer and co-rotating and counter-rotating twin screw extrusion
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Storage modulus versus mixing index for graphite (WXRD) at three frequencies
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Loss  modulus versus mixing index for graphite (WXRD) at three frequencies
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Magnitude of complex viscosity versus mixing index for graphite (WXRD) at three frequencies

0

20

40

60

80

100

120

0.97 0.98 0.99 1.00

Batch w=1 rps
Batch w=4 rps
Batch w=10 rps
Co-rotating w=1rps
Co-rotating w=4rps
Co-rotating w=10rps

Mixing Index, (1-S/So)

η
*,

 k
Pa

-s



10

100

1000

0.1 1 10 100

Apparent Shear Rate, 1/s

5 min mix
25 min mix
45 min mix

Capillary Diameter = 0.0591"(15 mm)
A

pp
ar

en
t W

al
l S

he
ar

 S
tr

es
s,

 k
Pa

Apparent wall shear stress vs apparent shear rate for the batch mixed specimens



10

100

1000

0.1 1 10
Apparent Shear Rate, 1/s

5 min mix
25 min mix
45 min mix

Capillary Diameter = 0.0984"(2.5 mm)

A
pp

ar
en

t W
al

l S
he

ar
 S

tr
es

s, 
kP

a

Apparent wall shear stress vs apparent shear rate for the batch mixed specimens



0.01

0.1

1

10 100 1000
Wall Shear Stress, τw, Pa

5 min
25 min
45 min

Sl
ip

 V
el

oc
ity

, U
s, 

m
m

/s

Comparison of slip velocities vs shear stress for the batch mixed specimens



0.010

0.100

1.000

1.E+04 1.E+05 1.E+06

Tw Pa

Q
s/Q

Qs/Q Vs. Tw for 5 min mixing at 95 oC.

L/D =40 D=0.0984 in

L/D =40 D=0.0591 in



0.010

0.100

1.000

1.00E+04 1.00E+05 1.00E+06

Tw Pa

Q
s/Q

Qs/Q Vs. Tw for 25 min mixing at 95 oC.

L/D =40 D=0.0984 in

L/D =40 D=0.0591 in



0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

0 50,000 100,000 150,000 200,000 250,000

τw Pa

Q
s/Q

D=0.0591

D=0.0984

Qs/Q Vs. Tw for 45 min mixing at 95 oC.



10

100

1000

0.01 0.1 1 10 100
Shear Rate, 1/s

5 min
25 min
45 min

Sh
ea

r 
St

re
ss

, k
Pa

Comparison of shear stress vs shear rate for the batch mixed specimens

SEM micrographs



10

100

1000

0.01 0.1 1 10 100
Shear Rate, 1/s

5 min
25 min
45 min

Sh
ea

r 
St

re
ss

, k
Pa

Comparison of shear stress vs shear rate for the batch mixed specimens, optical microscopy



1

1.5

2

2.5

3

3.5

4

4.5

5

0 1 2 3 4 5 6 7 8 9 10

shear rate, s-1

re
la

tiv
e 

vi
sc

os
ity

45 min exp
45 min theo
25 min exp
25 min theo
5 min exp
5 min theo



1.0

1.4

1.8

2.2

2.6

3.0

0.20 0.25 0.30 0.35 0.40

Shear ra te=0.4s -1

Shear ra te=0.9s -1

Shear ra te=1.6s -1

Shear ra te=2s -1

Shear ra te=4s -1

Shear ra te=9s -1

Shear ra te=10.5s -1

φ/φ max

R
el

at
iv

e 
V

isc
os

ity

5 minutes 
45 minutes 25 minutes 



Plot the delta over Dp, hm versus phi over phi max
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Conclusions

• Degree of mixing analysis using two different 
techniques (WAXD and TGA)

• Both methods agree for the conductive composite
• Degree of mixing affects the shear viscosity, 

elasticity and wall slip
• For one particular conductive suspension, 

increasing degree of mixing reduces the shear 
viscosity, elasticity and increases wall slip. 


