
214 Influence of Processing on Properties 

As mentioned before, surface tension plays a large role in the mixing 
process, especially when dealing with dispersive mixing,. when the_ capilla:y 
number approaches its critical value. Because o.f the stretclung f the mterfaClal 
area, due to distributive mixing, the local radii of the suspended components 
decrease causin~ SUI·face tension to play a role in the process. Tt should also be 
noted tl;at once 

0

the capillary number assumes a value bel?w the ~riti_ al Ca, 
only slight deformations occur and internal circ~lation mamtam~ an 
equilibrium elliptical droplet shap~ in the ~?w field as schematically 
represented in Pig. 6.34. At that pom:t, the m1.xmg proce~s i-~duce~ to. the 
distribution of the dispersed droplets. Analytical and numencal investigation 
of stable droplet shapes, for Ca< Ca,,;, in simple shear flow have ?een. made _by 
several investigatms [15-17]. Figure 6.32 also show~ that at VlSCOSJty ratios 
above 4 simple shear flows ar • not able to break-up flmd droplets. 

0 
/ ~ / 

Figure 6.34 Schematic of droplet deformation in simple shear flow. 

6.2.3 Mixing Devices 

The final properties of a polymer component ~re heavily_ influenced by the 
blending or mixing process that takes place durmg pr_ocessmg or as a s~parate 

tep in the manufacturing process. As mentioned earlier~ ~hen me~u~mg the 
quality of mixing it is also 11ecessary to evaluate the ef£1c1ency o~ 1:11xmg. ~or 
example, the amount of power required to achieve the highest muang quality 
for a blend may be umealistic or unachievable. This ~ection presents so?1e of 
the most commonly used mixing devices encountered m polymer processmg. 

In general, mixers can be classified~ two categories: internal batch ~er~ 
and continuous mixers. Internal batch nuxers, such as the Banbm·y type mJxer, 
are the oldest type of mixing devices in polymer processing and are still ""'.idel Y 
used in the rubber compom1ding industry. Industry often also uses contm~us 
mixers because they combine mixing in addition to their normal proc~~mg 
tasks. Typical examples are single and twin screw extruders that often have 
mixing heads or kneading blocks incorporated into their system. 

6 Introduction to Processing 215 

6.2.3.1 Static Mixers 

Stat~c mixers or m?tionless mix_ers are pressure-driven continuous mixing 
dev1c~s thr?~gh ~hich the melt 1s pumped, rotated, and divided, leading to 
effective m1xmg without the need for movable parts and mixing heads. One of 
the most commonly used static mixers is the twisted tape static mixer 
schematically shown in Fig. 6.35. Figure 6.36 [19] shows computed streamlines 
~elative to the twist in the wall. As the fluid is rotated by the dividing wall, the 
mterfaces between t~e fluids increase. The interfaces are then re-oriented by 
90° once the material enters a new section. Figure 6.36 shows a typical 
trajectory of a particle as it travels on a streamline in section N of the static 
mixer and ends on a different streamline after entering the next section, N+l. 
The stretching-re-orientation sequence is repeated until the number of 
striations is so high that a seemingly homogeneous mixture is achieved. Figure 
6.37 shows a sequence of cuts down a Kenics static mixers. From the figure it 
can be seen that the number of striations increases from section to section by 2, 
4, 8, 16, 32, etc., which can be computed using 

N=2" (6.17) 

where N is the number of striations and n is the number of sections in the 
mixer. 

Figure 6.35 Schematic diagram of a Kenics static mixer. 

5 
Courtesy Chemineer, Inc., North Andover, Massachusetts. 
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214 Influence of Processing on Properties

As mentioned before, surface tension plays a large role in the mixing
process, especially when dealing with dispersive mixing, when the capillary
number approaches its critical value, Because of the stretching of the interfacial
area, due to distributive mixing, the local radii of the suspended components
decrease, causing surface tension to play a role in the process. It should also be
noted that once the capillary number assumes a value below the critical Ca,
only slight deformations occur and internal circulation maintains an
equilibrium elliptical droplet shape in the flow field as schematically
represented in Fig. 6.34. At that point, the mixing process reduces to the
distribution of the dispersed droplets Analytical and numerical investigations
of stable droplet shapes, for Ca < Cam, in simple shear flow have been made by
several investigators [15—17]. Figure 6.32 also shows that at viscosity ratios
above 4 simple shear flows are not able to break—up fluid droplets.

 

Figure 6.34 Schematic of droplet deformation in simple shear flow.

6.2.3 Mixing Devices

The final properties of a polymer component are heavily influenced by the
blending or mixing process that takes place during processing or as a separate
step in the manufacturing process. As mentioned earlier, when measuring the
quality of mixing it is also necessary to evaluate the efficiency of mixing. For
example, the amount of power required to achieve the highest mixing quality
for a blend may be unrealistic or unachievable. This section presents some of
the most commonly used mixing devices encountered in polymer processing.

In general, mixers can be classified in two categories: internal batch mixers
and continuous mixers. Internal batch mixers, such as the Banbury type mixer,
are the oldest type of mixing devices in polymer processing and are still widely
used in the rubber compounding industry. Industry often also uses continous

mixers because they combine mixing in addition to their normal processing
tasks. Typical examples are single and twin screw extruders that often have
mixing heads or kneading blocks incorporated into their system.

6 introduction to Processing 215
\

6.2.3.1 Static Mixers

Static mixers or motionless mixers are pressure-driven continuous mixin
devrces through which the melt is pumped, rotated, and divided leadin ti
effectlve mixing without the need for movable parts and mixing heads On: of
the most commonly used static mixers is the twisted tape static mixer
schematically shown in Fig. 6.35. Figure 6.36 [19] shows computed streamlines
relative to the twist in the wall. As the fluid is rotated by the dividing wall the
interfaces between the fluids increase. The interfaces are then re-oriented b
90‘? once the material enters a new section. Figure 6.36 shows a ty ica3l
traJectory of a particle as it travels on a streamline in section N of the sifatic
mixer and ends on a different streamline after entering the next section N+1
The stretching—re-orientation sequence is repeated until the number of
striations 15 so high that a seemingly homogeneous mixture is achieved. Figure
6.37 shows a sequence of cuts down a Kenics static mixer5. From the figure it
can be seen that the number of striations increases from section to section b 2
4, 8, 16, 32, etc., which can be computed using y I

N = 2" (6.17)

where N is the number of striations and n is the number of sections in themixer.

 
Figure 6.35 Schematic diagram of a Kenics static mixer.

M
Courtesy Chemineer, Inc., North Andover, Massachusetts.
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216 Influence of Processing on Properties 

Point at which particle 
enters element N+ 1 

Particle trajectory inside element N+ 1 

Streamline A in element N 
' 

I 

Streamline A in element N+ 1 
I 

Figure 6.36 Simulated streamlines inside a Kenics static mixer section. 

Figure 6.37 Experimental progression of the layering of colored resins in a Kenics 
static mixer. 

6.2.3.2 Banbury Mixer 

The Banbury typ mixer, schematically shown in Fig. 6.38, i perh~ps ~he m~st 
commonly used internal batch mixer. Internal batch mixers are high _p-1tens1ty 
mixers that generate complex shearing and elongational Hows wluch work 
especially well in the dispersion of solid particl agglomerates within f'.olymer 
matrices. One of the most common applications for high intensity internal 

6 Introduction to Processing 217 

batch rruxmg is the break-up of carbon black agglomerates into rubber 
c_ompounds. The dispersion of agglomerates is strongly dependent on mixing 
time, rotor speed, temperature, and rotor blade geometry [18]. Figure 6.39 [15, 
21] shows the fraction of undispersed carbon black as a function of time in a 
Banbury mixer at 77 rpm and 100 °c. The broken line in the figure represents 
the fraction of particles smaller than 500 nm. 

Figure 6.38 Schematic diagram of a Banbury type mixer. 

Figure 6.39 
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Fraction of undispersed carbon black, of size above 9 µm, as a function 
of mixing time inside a Banbury mixer. (0) denotes experimental results 
and solid line theoretical predictions. Broken line denotes the fraction of 
aggregates of size below 500 nm. 
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216 Influence of Processing on Properties
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Figure 6.36 Simulated streamlines inside a Kenics static mixer section.

 
Figure 6.37 Experimental progression of the layering of colored resins in a Kenicsstatic mixer.

6.2.3.2 Banbury Mixer

The Banbury type mixer, schematically shown in Fig. 6.38, is perhap: thte merits;
commonly used internal batch mixer. Internal batch mixers are tug ‘11:.191‘1- rk
mixers that generate complex shearing and elongational flows wine 1inch!”
especially well in the dispersion of solid particle agglomerates Within po y m
matrices: One of the most common applications for high intenstty inter L 

6 Introduction to Processing 217 

batch mixing is the break-up of carbon black agglomerates into rubber
compounds. The dispersion of agglomerates is strongly dependent on mixing
time, rotor speed, temperature, and rotor blade geometry [18]. Figure 6.39 [15,
21] shows the fraction of undispersed carbon black as a function of time in a
Banbury mixer at 77 rpm and 100 CC. The broken line in the figure represents
the fraction of particles smaller than 500 nm.

Figure 6.38

Figure 6.39
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Fraction of undispersed carbon black, of size above 9 urn, as a function
of mixing time inside a Banbury mixer. (0) denotes experimental results
and solid line theoretical predictions. Broken line denotes the fraction of
aggregates of size below 500 nm.
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218 Influence of Processing on Properties 

6.2.3.3 Mixing in Single Screw Extruders 

Mixing caused by the cross-channel £low component can be further enhanced by 
inb"oducing pins in the flow chrumeL These pins can either sit on th screw a 
shown in Fig. 6.40 [22] or on th barrel as shown in Fig. 6.41 [23]. The extruder 
with the adjustable pins on the barrel is generally referred to as QSM
extruder . In both cases U1e pins disturb the £low by re-orienting the surfaces 
between fluids and by creating new surfaces by splitting the £low. Figure 6.42 
presents a photograph of the channel contents oi a QSM-extruder 7 . TI:e 
photograph clearly demonstrates the re-orientation of the layers as the matenal 
flows past the pins. The pin type extruder is especially necessary for the mi ing 
of high viscosity materials such as rubber compounds; thus, it is often called a 
cold feed rubber extruder. This machine is widely used in the production of 
rubber profiles of any shape and size. 

1/,~x ',I//.'/' 

Figure 6.40 Pin mixing section on the screw of a single screw extruder. 

Figure 6.41 Pin barrel extruder (Quer Strom Misch Extruder). 

6 QSM comes from the German Qucr Strom Misc/, which translates into cross-flow mixing. 

7 Courtesy of Paul Troester Maschinenfabrik, Hannover, Germany. 

6 Introduction to Processing 219 

Figure 6.42 Photograph of the unwrapped channel contents of a pin barrel extruder, 

. For lower viscosity fluids, su~h as thermoplastic polymer melts, the mixing 
act10n caused by the cross-flow 1s often not sufficient to re-orient distribute 
and ~isper~e the mixtu_re, making it necessary to use special mixi~g sections'. 
R:-o~ien~at10n . o~ the mterfaces between primary and secondary fluids and 
d~stnbuhve nuxmg can be induced by any disruption in the flow channel. 
Figure 6.43 [22] presents ~~mmonly ~sed distributive mixing heads for single 
s_crew ex_truders. These mixmg heads mtroduce several disruptions in the flow 
field which have proven to perform well in mixing. 

Figure 6.43 

(a) 

Distributive mixing sections: (a) Pineapple mixing section, (b) cavity 
transfer mixing section. 
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218 Influence of Processing 0n Properties

6.2.3.3 Mixing in Single Screw Extruders

Mixing caused by the cross-channel flow component can be further enhanced by
introducing pins in the flow channel. These pins can either sit on the screw as
shown in Fig. 6.40 [22] or on the barrel as shown in Fig. 6.41 [23]. The extruder
with the adjustable pins on the barrel is generally referred to as QSM—
extruderO. In both cases the pins disturb the flow by re-orienting the surfaces
between fluids and by creating new surfaces by splitting the flow. Figure 6.42
presents a photograph of the channel contents of a QSM—extruder7 . The
photograph clearly demonstrates the re-orientation of the layers as the material
flows past the pins. The pin type extruder is especially necessary for the mixing
of high viscosity materials such as rubber compounds; thus, it is often called a
cold feed rubber extruder. This machine is widely used in the production of
rubber profiles of any shape and size.

  

 

 
    M

Figure 6.40 Pin mixing section on the screw of a single screw extruder.

 
Figure 6.41 Pin barrel extruder (Quer Strom Misch Extruder).

QSM comes from the German Qucr Strom Misch which translates into cross-flow mixing.
Courtesy of Paul Troester Maschinenfabrik, Hannover, Germany.

6 Introduction to Processing 219
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Figure 6.42 Photograph of the unwrapped channel contents of a pin barrel extruder.

.For lower viscosity fluids, such as thermoplastic polymer melts the mixin
action. caused by the cross-flow is often not sufficient to re-orient, distributeg
and disperse the mixture, making it necessary to use special mixing sections,
Re-orientation of the interfaces between primary and secondary fluids and
distrlbutive mixing can be induced by any disruption in the flow channel
Figure 6.43 [22] presents commonly used distributive mixing heads for sin 1e
screw extruders‘ These mixing heads introduce several disruptions in the flgw
field which have proven to perform well in mixing.
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Flgure 6.43 Distributive mixing sections: (a) Pineapple mixing section (b) cavity
transfer mixing section. I 
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220 Influence of Processing on Properties 

AB mentioned earli r, di persive mixing is required "'~hen breaking _down 
ti le agglomerates or when surface tension effects exist b twe~n pnmary 

~~ iecondary fluid in the mixture. To disperse such systems, th~ -?1"1xture must 
be subjected to large stresses. Barrier-type screws are often _suffio_ex_i-t to appl~ 
high stresses to the polymer melt. Rowe~er, mo~·e. intensJve mixing c~. be 
a lied by using a mixing head. When usmg barne.i-type scr ws r a mtxmg 
h~~d as shown in Fig. 6.44 [22] the mixture is forced thr?ugh :narrow gaps, 
causing high sb·esses in th melt. lt should be noted that d1spers1_ve as well ~ 
distributive mixiilg heads result in a ~esistance _to the flow, which resu.lts m 
viscous heating and pressure losses dunng e,-xtrus10n. 

L.~-~-------)r-
lUJc =-
w~~#'z@W~ 

Figure 6.44 Maddock or Union Carbide mixing section. 

6.2.3.4 Cokneader 

The cokneader is a single screw extruder with pins on the barr:l ~d a screw 
that oscillates in the axial direction. Figure 6.45 shows a sche~atic d1~gram of a 
cokneader. The pins on the barrel practicalJy wipe the entire ~.rface of _the 
screw, making it the only self-cleaning single-scr~w extruder. T1:is results in a 
reduced residence time, which makes it appropnate for proc~ssmg ther~all 
sensitive materials. The pins on the barrel also disrupt ~e solid be~ creatm? a 
dispersed melting [24] which improves the overall melting rate while reduang 
the overall temperature in the material. 

Figure 6.45 Schematic diagram of a cokneader. 

6 Introduction to Processing 221 

A simplified analysis of a cokneader gives a number of striations per L/D of 
[25] 

(6.18) 

which means that over a section of 4D the number of striations is 
i\4) = 2.8£14. A detailed discussion on the cokneader is given by Rauwendaal 
[25] and Elemans [26). 

Figure 6.46 Geometry description of a double-flighted, co-rotating, self-cleaning, 
twin screw extruder. 

6.2.3.5 Twin Screw Extruders 

In the past two decades, twin screw extruders have developed into the best 
available continuous mixing devices. In general, they can be classified into 
intermeshing or non-intermeshing, and co-rotating or counter-rotating twin 
so-ew extruders . The intermeshing twin screw extruders render a self-cleaning 
effect which evens-out the residence time of the polymer in the extruder. The 
self-cleaning geometry for a co-rotating double flighted twin screw extruder is 
shown in Fig. 6.46. Th.e main characteristic of this type of configuration is that 
the surfaces of the screws are sliding past each other, constantly removing the 
polymer that is tuck to the screw. 

In the last two decades, the co-rotating twin screw extruder systems have 
established themselves as efficient continuos mixers, including reactive 
extrusion. In essence, the co-rotating systems have a high pumping efficiency 
caused by the double transport action of the two screws. Counter- rotating 
8 

A complete overview of twin screw extruders is given by White, J.L., Twin Screw Extr11sio11-Tcc/1110/ogy 
n11d Pl'inciplcs, Hanser Publishers, Munich, (1990). 
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220 Influence of Processing on Properties
r_____—_____________

As mentioned earlier, dispersive mixing is required when breaking down
particle agglomerates or when surface tension effects exist between primary
and secondary fluids in the mixture. To disperse such systems, the mixture must
be subjected to large stresses. Barrier—type screws are often sufficient to apply
high stresses to the polymer melt. However, more intensive mixing can be
applied by using a mixing head. When using barrier-type screws or a mixing
head as shown in Fig. 6.44 [22} the mixture is forced through narrow gaps.
causing high stresses in the melt. It should be noted that dispersive as well as
distributive mixing heads result in a resistance to the flow, which results in
viscous heating and pressure losses during extrusion.

  

.: ilg:_:-iwi:“
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Figure 6.44 Maddock or Union Carbide mixing section.
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6.2.3.4 Cokneader

The cokneader is a single screw extruder with pins on the barrel and a screw
that oscillates in the axial direction. Figure 6.45 shows a schematic diagram of a
cokneader. The pins on the barrel practically wipe the entire surface of the
screw, making it the only self—cleaning single-screw extruder. This results in a
reduced residence time, which makes it appropriate for processing thermally
sensitive materials. The pins on the barrel also disrupt the solid bed creating a
dispersed melting [24] which improves the overall melting rate while reducing
the overall temperature in the material.

 
 
 

Figure 6.45 Schematic diagram of a cokneader.

6 Introduction to Processing 22] 

[251A snmphfied analysis of a cokneader gives a number of striations per L/D of

1v, :2” (6.18)

which means that over a section of 4D the number of striations is

212(4) =2.8E14. A detailed discussion on the cok d ' '
[25] and Elemans [26], nea er is given by Rauwendaal

  
<—cu~ >

Figure 6.46 Geometry description of a double—flighted, co—rotating, self-cleaning
twm screw extruder. ,

6.2.3.5 Twin Screw Extruders

In the past two decades, twin screw extruders have developed into the best
available continuous mixing devices. In general, they can be classified into
mtermeshing or non-intermeshing, and co—rotating or counter—rotating twin

screw extrudersg. The intermeshing twin screw extruders render a self-cleanin
etfect which evens—out the residence time of the polymer in the extruder Th:
self—cleaning geometry for a co-rotating double flighted twin screw extruder is
shown in Fig. 6.46. The main characteristic of this type of configuration is that
the surfaces of the screws are sliding past each other constantl removin th
polymer that is stuck to the screw. I Y 8 e

t Ei‘the last two decades, the co-rotating twin screw extruder systems have
:Sta lished themselves as efficient continuos mixers, including reactive

X rusron. In essence, the co—rotating systems have a high pumping efficiencyca r ‘
used by the double transport action of the two screws. Counter— rotating8

A complete overview of twin screvs thr ’ ' ‘ '_- H udcrsrswenb Wht,i. " ' ' ' "
and Principles, Hanscr Publishers, Munich, (1990)?) y l e I L I TM” 557”” 51”“5'0’1'TLC/“’OIOSJ/
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222 Influence of Processing on Properties 

systems generate high stresses because of the calendering action between the 
screws, making them efficient machines to disperse pigments and lubricants9. 

Several studies have been performed to evaluate the mixing capabilities of 
twin screw extruders. Noteworthy are two recent studies performed by Lim 
and White [27, 28] that evaluated the morphology development in a 30.7 mm 
diameter screw co-rotating [17] and a 34 mm diameter screw counter-rotating 
[18] :intermeshing twin screw extruder. hi both studies they dry-mixed 75/25 
blend of polyethylen and polyamid 6 pellets that were fed into the hopper at 
15 kg/h. Small samples were taken along the axis of the extruder and valuated 
using optical and electr n microscopy. 

Figure 6.47 show the morphology development along the screw at 
positions marked A, B, C, and D for a counter-rotating twin screw extruder 
configurati n without sp cial mixing elements. Th dispersion of the blend 
b comes visible by the reduction of the characteristic size of the polyamide 6 
phase. Figure 6.48 is a plot of the weight average and number average d main 
size of the polyamide 6 pbase along the screw axis. The weight average phase 
size at the end of the extruder was measured to be 10 µm and the number 
average 6 µm. By replacing sections of the screw with one kneading-pump 
element and three special mixing elements, the .final weight average phase size 
was reduced to 2.2 µm and the number average to 1.8 µm, as shown in Fig. 6.49. 

,1 

C D 

Figure 6.47 Morphology development inside a counter-rotating twin screw e){truder. 

9 There seems to be considerable disagreement o.bout co- versus counter-rotating twin screw extrudcrs 
between different groups in the polymer processing industry and acndemic community. 
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Figure 6.49 
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104 ,--------------------~ 

103 -

101 
o: Weight average domain size 
e: Number average domain size 

All open screw configuration 

Number and weight average of polyamide 6 domain sizes along the 
screws for a counter-rotating twin screw extruder. 

104,--------------------

102 

101 -

One kiesskalt element & three special elements plus 
open & closed screw configuration 

O Weight average domain size 
• Number average domain size 

Number and weight average of polyamide 6 domain sizes along the 
screws for a counter-rotating twin screw extruder with special mixing 
elements. 

. Using a co-rotating twin screw extruder with three kneading disk blocks, a 
fm~l morp~ology with polyamide 6 weight average phase sizes of 2.6 µm was 
achieved. Figure 6.50 shows the morphology development along the axis of the 
screws. _vVhen _comparin_g ~he outcome of both counter-rotating (Fig. 6.49) and 
co_-r?tatmg (Fig. 6.50), it is clear that both extruders achieve a similar final 
mixmg quality. However, the counter-rotating extruder achieved the final 
morphology much earlier in the screw than the co-rotating twin screw 
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222 Influence of Processing on Properties
_____________’_

systems generate high stresses because of the calendering action between the
screws, making them efficient machines to disperse pigments and lubricants9.

Several studies have been performed to evaluate the mixing capabilities of
twin screw extruders. Noteworthy are two recent studies performed by Lim
and White [27, 28] that evaluated the morphology development in a 30.7 mm
diameter screw co—rotating [17] and a 34 mm diameter screw counter—rotating
[18] intermeshing twin screw extruder. In both studies they dry-mixed 75/25
blend of polyethylene and polyamide 6 pellets that were fed into the hopper at
15 kg/ h. Small samples Were taken along the axis of the extruder and evaluated
using optical and electron microscopy.

Figure 6.47 shows the morphology development along the screws at
positions marked A, B, C, and D for a counter—rotating twin screw extruder
configuration without special mixing elements. The dispersion of the blend
becomes Visible by the reduction of the characteristic size of the polyamide 6
phase. Figure 6.48 is a plot of the weight average and number average domain
size of the polyamide 6 phase along the screw axis. The Weight average phase
size at the end of the extruder was measured to be 10 um and the number
average 6 um. By replacing sections of the screw with one kneading-pump
element and three special mixing elements, the final weight average phase size
was reduced to 2.2 um and the number average to 1.8 um, as shown in Fig. 6.49.

(A) (3! (Ci (DI

. ,

  
 

iiiiii‘ii

 

Figure 6.47 Morphology development inside a counter-rotating twin screw extruder. 

merit about co- versus counterrotating twin screw extrudcrs9 There seems to be considerable disagree
ademic community.

between different groups in the polymer processing industry and ac
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All open screw configuration

0: Weight average domain size
a: Number average domain sizeAveragedomainsize ofpolyamide—G(um) 

7.4 figmef»7z___M... 140L-
 

Figure 6.48 Number and weight average of polyamide 6 domain sizes along the
screws for a counter-rotating twin screw extruder.

 

One kiesskalt element & three special elements plus
open & closed screw configuration

Averagedomainsize ofpolyamide6
0 Weight average domain sizc
. Number average domain size
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Figure 6.49 Number and weight average of polyamide 6 domain sizes along the
screws for a counter—rotating twin screw extruder with special mixing
elements.

 

 

‘ Using a co-rotating twin screw extruder with three kneading disk blocks, a
final morphology with polyamide 6 weight average phase sizes of 2.6 pm was
achieved. Figure 6.50 shows the morphology development along the axis of the
Screws. When comparing the outcome of both counter—rotating (Fig. 6.49) and

col—rotating (Fig. 6.50), it is clear that both extruders achieve a similar final
Inlxmg quality. However, the counter-rotating extruder achieved the final
morphology much earlier in the screw than the co-rotating twin screw
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224 Influence of Processing on Properties 

exrruder.A possible explanation for this is that the blend traveling through the 
counter-totaling con.f:iguration melted earlier than in the co-rotating geometry. 
In addition the phase size was slightly smaller, possibly due to the calendering 
effect between tl1e screws in the counter-rotating system. 
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Right-handed plus one lett screw and 
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o Weight average domain -size 
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Figure 6.50 Number and weight average of polyamide 6 domain sizes along the 
screws for a co-rotating twin screw extruder with special mixing 

elements. 

6.2.4 Energy Consumption During Mixing 

Energy consumption is of extreme importance when assessing and comparing 
various mixing devices. High energy requirements for optimal mixing mean 
bigh costs and expensive equipment. The power consumption. per unit volume 
of a deforming Newtonian fluid is given by [29] 

Erwin [30] used the above equation to assess the energy in.put requireme11ts for 
different types of mixing flows: simple shear, pure shear, and extensional 
flows. Table 6.4 presents flow fields and energy requirements for various flows 
described by Erwin [30]. For example, to produce a mixture sud1 that /Au= 10

4 

in time t
0 

= 100 s, for a fluid with viscosity ,u = 10'
1 
Pa-. , in a mixer which 

deforms the fluid with an elongational flow, one needs 96 kJ/m 3 of energy 
lnput. Since the flow is steady, th.is requires a power input of 0.96 kW /m 3 

for 
100 s. hi a mixer that deforms the fluid in a biaxial extensional flow the energy 

I ' 
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required is 24 kJ/m 3 with 0.24 kW /m 3 of power input. For the same amount of 
mixing, a mixer which deforms the fluid in pure shear requires an energy input 
of 40 kJ/m 3 or a steady power input of 0.4 kW /m3 for 100 s. A device that 
deforms the fluid in simple shear requires a total energy input of 4x107 kJ/m3 
or a steady power input of 40,000 kW /m 3 for a 100 second period to achieve the 
same amount of mixing. 

Table 6.4 Energy Input Requirements for Various Flow Mixers 

Flow type Flow field Power Energy input 

Extensional flow vx = Gx 3µG 2 

"•( ( ~, ))' ( elongational) Vy= -Gy/2 -In-

Vz = -Gz/2 'o 4 o 
Extensional flow Vx = -Gx 3µG 2 ( r (biaxial) vy=Gy/2 :;• In( :;J 

Vz = Gz/2 

Pure shear Vx = -hx 2µ(h 2 + H 2
) ··( ( • ll' Vy= - Hy ~ In 2 Ao 

Vz = 0 

Simple shear Vx = -Gy µG2 
4µ( A)' Vy= 0 

Vz = 0 to Ao 

From this it is clear that, in terms of energy and power consumption, 
simple shear flows are significantly inferior to extensional flows. 

6.2.5 Mixing Quality and Efficiency 

In addition to the flow number, strain, and capillary number, several 
parameters have _been developed by various researchers in the polymer 
industry to quantify the efficiency of the mixing processes. Some have used 
experimentally measured parameters while others have used mixing 
parameters which are easily calculated from computer simulation. 

A parameter used in visual experiments is the batch homogenization time 
(BHT). This parameter is defined as the time it takes for a material to become 
homogen~ously c?lored inside the mixing chamber after a small sample of 
colored pigment 1s placed near the center of the mixer. A downfall to this 
technique is that the observed homogenized time can be quite subjective. 

To describe the state of the dispersion of fillers in a composite material, 
Suetsugu [31] used a dispersion index defined as: 
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extruder. A possible explanation for this is that the blend traveling through the
counter—rotating configuration melted earlier than in the cosrotatmg geometry.
in addition the phase size was slightly smaller, possibly due to the calendering
effect between the screws in the counter-rotating system.
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Figure 6.50 Number and weight average of polyamide 6 domain sizes along the
screws for a co-rotating twin screw extruder with specral rruxmg
elements.
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6.2.4 Energy Consumption During Mixing

Energy consumption is of extreme importance when‘assessing and'comparing
various mixing devices. High energy requirements tor optimal mixing mean
high costs and expensive equipment. The power consumption per unit volume
of a deforming Newtonian fluid is given by [29]

7 2 2 .. 2 __ 2 , 2

6v. ' Br. Br. 6v “V. at, or: (dig avz) 619_ ~\ »‘ - "+ - + —+4 +——+—— (. )p 2M[( 8x ) +( 6}: j +( 6:) i+ “ii 632 (11' a: By r7: ax
Erwin [30] used the above equation to assess the energy input requirements for
different types of mixing flows: simple shear, pure shear, and extensional
flows. Table 6.4 presents flow fields and energy requirements for various flows
described by Erwin [30]. For example, to produce a mixture such that MA” = ii.)
in time t0 =lOO s, for a fluid with Viscosity ,u=10'lPa-s, in a mixer which
deforms the fluid with an elongational flow, one needs 96 kJ/mJ of energy
input. Since the flow is steady, this requires a power input of 0.96 kW/ 1113 for
100 s. In a mixer that deforms the fluid in a biaxial extensional flow the energy
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required is 24 kJ/m3 with 0.24 kW/m3 of power input. For the same amount of
mixing, a mixer which deforms the fluid in pure shear requires an energy input

of 40 k]/m3 or a steady power input of 0.4 kW/In3 for 100 s. A device that

deforms the fluid in simple shear requires a total energy input of 4x107 l<]/m3
or a steady power input of 40,000 kW/ m3 for a 100 second period to achieve the
same amount of mixing.

Table 6.4 Energy input Requirements for Various Flow Mixers

  

 

Flow type Flow field Power Energy input

Extensional flow VX = Gx 3MG2 1' I'.‘ c 5:1

(elongational) Vy : -GV/2 t in[ UvZ = —Gz/2 ’n 4 ‘u

Extensional flow VX = -Gx 3MG2 - ‘ 1'

(biaxial) Vy = Gy/2 fl[in[ :vi ]VZ = 62/2 In 4.4.0
Pure shear v = -hx 3 2 2

X _ 2.1401 + H ) 4“ A
Vy _ _ Hy -— In 3‘.—
V2 = 0 ’n "‘0

Simple shear vx 2 —Gy MG 2

_ 4y[ A ]vy — 0 _ 7
v2 = 0 I0 A0

From this it is clear that, in terms of energy and power consumption,
simple shear flows are significantly inferior to extensional flows.

6.2.5 Mixing Quality and Efficiency

In addition to the flow number, strain, and capillary number, several
parameters have been developed by various researchers in the polymer
industry to quantify the efficiency of the mixing processes. Some have used
experimentally measured parameters while others have used mixing
parameters which are easily calculated from computer simulation.

A parameter used in visual experiments is the batch homogenization time
(BHT). This parameter is defined as the time it takes for a material to become
homogeneously colored inside the mixing chamber after a small sample of
colored pigment is placed near the center of the mixer. A downfall to this
technique is that the observed homogenized time can be quite subjective.

To describe the state of the dispersion of fillers in a composite material,
Suetsugu [31] used a dispersion index defined as:
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226 Influence of Processing on Properties 

Dispersion index = 1- ¢" (6.20) 

where <Pa is a dimensionless area that the agglomerates occupy and is defined 

by: 

(6.21) 

where A is the area under observation, </> the volume fraction of the filler, d1 

the diameter of the agglomerate and 111 the numb~ ag~lomerates. The 
dispersion index ranges between O for the worst case of dispersion and 1 where 
.no agglom rates remain in the system. 

A commonly used method to analyze the mixing capabilities _of _the 
extruder is the residence time distribution (RTD). Itis calculated by morotormg 
the output of the extruder with the input of a secondary component. . Two 
common response techniques are the step input respo~se and_ the _pulse mput 
resp nse shown in Fig. 6.51 [22]. The response of the mpu± grves informatwn 
on the..mixino- and conveying performance of the extruder. T~e RTD respo~se to 
a pulse inpu~ for an ideal mixi~g situatjon is shown in Fig. 6.52. ~he figure 
shows a quick response to the mput with a constant volume fraction of the 
secondary component until there is no material left. 

Figure 6.51 

Stimulus 
a) 

__F 
b) 

--11::_ 

Response 

Step input and pulse input residence time distribution responses. 

Time 

Figure 6.52 Ideal residence time distribution response to a pulse input. 

' I 
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By the use of a computer simulation, velocities, velocity gradients, and 
particle tracking can be computed with some degree of accuracy- depending 
on the computational method and assumptions made. Using information from 
a computer simulation, several methods to quantify mixing have been 
developed. Poincare sections are often used to describe the particle paths 
during the mixing process. The Poincare section shows the trajectory of several 
particles during the mixing process. They can be very useful in locating 
stagnation points, recirculation regions, and detecting symmetric flow patterns 
where no exchange exists across the planes of symmetry- all issues that hinder 
mixing. 

6.2.6 Plasticization 

Solvents, commonly referred to as plasticizers, are sometimes mixed into a 
polymer to dramatically alter its rheological and/ or mechanical properties. 
Plasticizers are used as a processing aid since they have the same impact as 
raising the temperature of the material. Hence, the lowered viscosities at lower 
temperatures reduce the risk of thermal degradation during processing. For 
example, cellulose nitrite would thermally degrade during processing without 
the use of a plasticizer. 

Plasticizers are more commonly used to alter a polymer's mechanical 
properties such as stiffness, toughness, and strength. For example, adding a 
plasticizer such as dioctylphthalate (DOP) to PVC can reduce its stiffness by 
three orders of magnitude and lower its glass transition temperature to -35 °c. 
In fact, a highly plasticized PVC is rubbery at room temperature. Table 6.5 [45] 
presents some common plasticizers with the polymers they plasticize, and their 
applications. 

Since moisture is easily absorbed by polyamides, slightly modifying their 
mechanical behavior, it can be said that water acts as a plasticizing agent with 
these materials. Figure 6.53 shows the equilibrium water content for poly-
• amide 6 and 66 as a function of the ambient relative humidityl0. This moisture 
absorption causes the polyamide to expand or swell as shown in Fig. 6.5411. 

10 Courtesy of Bayer AG, Germany. 
l1 Ibid. 
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Dispersion index = 1— 4),, (6.20)

where q)" is a dimensionless area that the agglomerates occupy and is defined
by:

¢.. =i din. (6.21)

where A is the area under observation, (1) the volume fraction of the filler, d,

the diameter of the agglomerate and n! the number agglomerates. The
dispersion index ranges between 0 for the worst case of dispersron and 1 where
no agglomerates remain in the system.

A commonly used method to analyze the mixing capabilities of the
extruder is the residence time distribution (RTD). It is calculated by monitoring

the output of the extruder with the input of a secondary component. Two
common response techniques are the step input response and the pulse input
response shown in Fig. 6.51 [22 . The response of the input gives information
on the mixing and conveying performance of the extruder. The RTD response to
a pulse input for an ideal mixing situation is shown in Fig. 6.52. The figure
shows a quick response to the input with a constant volume fraction of the
secondary component until there is no material left.

Stimulus Response

El;

gsim
Figure 6.51 Step input and pulse input residence time distribution responses.

)a

b

Intensity

Time

Figure 6.52 Ideal residence time distribution response to a pulse input.

6 Introduction to Processing 227

By the use of a computer simulation, velocities, velocity gradients, and
particle tracking can be computed with some degree of accuracy—depending
on the computational method and assumptions made. Using information from
a computer simulation, several methods to quantify mixing have been
developed. Poincaré sections are often used to describe the particle paths
during the mixing process. The Poincare section shows the trajectory of several
particles during the mixing process. They can be very useful in locating
stagnation points, recirculation regions, and detecting symmetric flow patterns
where no exchange exists across the planes of symmetry—all issues that hinder
mixmg.

6.2.6 Plasticization

Solvents, commonly referred to as plasticizers, are sometimes mixed into a
polymer to dramatically alter its rheological and/or mechanical properties.
Plasticizers are used as a processing aid since they have the same impact as
raising the temperature of the material. Hence, the lowered viscosities at lower
temperatures reduce the risk of thermal degradation during processing. For
example, cellulose nitrite would thermally degrade during processing without
the use of a plasticizer.

Plasticizers are more commonly used to alter a polymer's mechanical
properties such as stiffness, toughness, and strength. For example, adding a
plasticizer such as dioctylphthalate (DOP) to PVC can reduce its stiffness by
three orders of magnitude and lower its glass transition temperature to —35 0C.
In fact, a highly plasticized PVC is rubbery at room temperature. Table 6.5 [45]
presents some common plasticizers with the polymers they plasticize, and their
applications.

Since moisture is easily absorbed by polyamides, slightly modifying their
mechanical behavior, it can be said that water acts as a plasticizing agent with
these materials. Figure 6.53 shows the equilibrium water content for poly-
:amide 6 and 66 as a function of the ambient relative humiditle. This moisture
absorption causes the polyamide to expand or swell as shown in Fig. 6.5411.

1‘] Courtesy of Bayer AG, Germany.
11 find. 
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Table 6.5 Commercial Plasticizers and Their Applications 

Plasticizer 

Di-octyl phthalate 
(DOP) 

Tricresyl phosphate 
(TCP) 

Di-octyl adipate 
(DOA) 

Polymers 

Polyvinyl chloride and copolymers 

Polyvinyl chloride and copolymers, 
cellulose acetate, cellulose nitrate 

Polyvinyl chloride, cellulose acetate, 
butyrate 

Plasticizer type 

General purpose, primary 
plasticizer 

Flame retardant, primary 
plasticizer 

Low temperature plasticizer 

Di-octyl sebacate 
(DOS) 

Polyvinyl chloride , cellulose acetate, Secondary plasticizer 
butyrate 

Adipic acid polyesters Polyvinyl chloride 
(MW = 1500-3000) 

Sebacic acid polyesters Polyvinyl chloride 
(MW = 1500-3000) 

Chlorinated paraffins 
(%CI= 40-70) 
(MW = 600-1000) 

Bi- and terphenyls 
(also hydrogenated) 

N-ethyl-toluene 
sulphonamide 

Sulphonamide
formaldehyde resins 

14 

l 12 -C 
Q) 

c 10 
0 u 
ai 8 ro ,; 
E 6 
:::, 

g 4 
·5 
rr 
w 2 

Most polymers 

Aromatic polyesters 

Polyamides 

Polyamides 

-

-

Non-migratory secondary 
plasticizer 

Non-migratory secondary 
plasticizer 

Flame retardant, plasticizer 
extenders 

Various 

General purpose, primary 
plasticizer 

Non-migratory secondary 
plasticizers 

0 '----'-------'--------'----'--~--~ 
0 1 0 20 30 40 50 60 70 80 90 100 

Relative humidity (%) 

Figure 6.53 Equilibrium water content as a function of relative humidity for poly
amide 6 and polyamide 66. 
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Polyamide 6 
grades 

2 3 4 5 6 7 8 9 10 

Water content (%) 

Figure 6.54 Linear expansion as a function of water content for polyamide 6 and 
polyamide 66. 

The behavior of polymers toward solvents depends in great part on the 
nature of the solvent and on the structure of the polymer molecules. If the basic 
building block of the macromolecule and the solvent molecule are the same or 
of similar nature, then the absorption of a solution will lead to swelling. If a 
sufficient amount is added, the polymer will dissolve in the solvent. 
Crystalline regions of a semi-crystalline thermoplastic are usually not affected 
by solvents, whereas amorphous regions are easily penetrated. In addition, the 
degree of cross-linking in thermosets and elastomers has a great influence on 
whether a material can be permeated by solvents. The shorter the distances 
between the linked molecules, the less solvent molecules can permeate and 
give mobility to chain segments. While elastomers can swell in the presence of 
a solvent, highly cross-linked thermosets do not swell or dissolve. 

The amount of solvent that is absorbed depends not only on the chemical 
structure of the two materials but also on the temperature. Since an increase in 
temperature reduces the covalent forces of the polymer, solubility becomes 
higher. Although it is difficult to determine the solubility of polymers, there 
are some rules to estimate it. The simplest rule is: same dissolves same (i.e., 
when both-polymer and solvent-have the same valence forces, solubility 
exists). 

The solubility of a polymer and a solvent can be addressed from a 
thermodynamic point of view using the familiar Gibbs free energy equation 

!!..G = w - ns (6.22) 

where !!..G is the change in free energy, t:ili is the change in enthalpy, !!..S the 
change in entropy and T the temperature. If !!..G in Eq. 6.22 is negative 
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Table 6.5 Commercial Plasticizers and Their Applications

Plasticizer Polymers Plasticizer type

Di-octyl phthalate Polyvinyl chloride and copolymers General purpose, primary
(DOP) plasticizer

Tricresyl phosphate Polyvinyl chloride and copolymers, Flame retardant, primary
(TCP) cellulose acetate, cellulose nitrate plasticizer

Di-octyl adipate Polyvinyl chloride, cellulose acetate, Low temperature plasticizer
(DOA) butyrate

Di—octyl sebacate Polyvinyl chloride , cellulose acetate, Secondary plasticizer
(DOS) butyrate

Adipic acid polyesters Polyvinyl chloride Non-migratory secondary
(MW = 1500—3000) plasttctzer

Sebacic acid polyesters Polyvinyl chloride Nonimigratory secondary
(MW = 1500-3000) plastic1zer

Chlorinated paraffins Most polymers Flame retardant, plasticizer
(%CI = 4070) extenders
(MW = 600-1000)

Bi— and terphenyls Aromatic polyesters Various
(also hydrogenated)

N-ethyl—toluene Polyamides General purpose, primary
sulphonamide plastic1zer

Sulphonamide- Polyamides Non-migratory secondary
formaldehyde resins plastic1zers 
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Figure 6.53 Equilibrium water content as a function of relative humidity for poly-
amide 6 and polyamide 66.
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Figure 6.54 Linear expansion as a function of water content for polyamide 6 and
polyamide 66.

The behavior of polymers toward solvents depends in great part on the
nature of the solvent and on the structure of the polymer molecules. If the basic
building block of the macromolecule and the solvent molecule are the same or
of similar nature, then the absorption of a solution will lead to swelling. If a
sufficient amount is added, the polymer will dissolve in the solvent.
Crystalline regions of a semi-crystalline thermoplastic are usually not affected
by solvents, whereas amorphous regions are easily penetrated. In addition, the
degree of cross—linking in thermosets and elastomers has a great influence on
whether a material can be permeated by solvents. The shorter the distances
between the linked molecules, the less solvent molecules can permeate and
give mobility to chain segments. While elastomers can swell in the presence of
a solvent, highly cross-linked thermosets do not swell or dissolve.

The amount of solvent that is absorbed depends not only on the chemical
structure of the two materials but also on the temperature. Since an increase in
temperature reduces the covalent forces of the polymer, solubility becomes
higher. Although it is difficult to determine the solubility of polymers, there
are some rules to estimate it. The simplest rule is: same dissolves same (i.e.,
when both—polymer and solvent—~have the same valence forces, solubility
exists).

The solubility of a polymer and a solvent can be addressed from a
thermodynamic point of view using the familiar Gibbs free energy equation

AG = AH — TAS (6.22)

Where AG is the change in free energy, AH is the change in enthalpy, AS the
Change in entropy and T the temperature. If AG in Eq. 6.22 is negative
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solubility, is possible. A positive Aff suggests that polymer and the solvent do 
not "want" to mix, which m ans solubility can only occur if Aff < T t,,.S. On the 
other hand, 6.H -0 im.plies that solubility is the natural lower energy state. 
Since the entropy change when dissolving a polymer is very small, the 
determining factor if a solution will occur or not is the chan.ge in enthalpy, Aff. 
Hildebrand and Scott [46] proposed a useful equation that estimates the change 
in enthalpy during the formation of a solution. The Hildebrand equation is 
stated by 

(6.23) 

where V is the total volume of the mixture, V1 and V2 the volumes of the 
solvent and polymer, AE1 and 11£2 their energy of evaporation and, ¢1 and r/>2 

their volume fractions. Equation 6.23 can be simplified to 

(6.24) 

where o is called the solubility parameter and is defined by 

(AE)"
2 

o= -
V 

(6.25) 

If the solubi)_ity parameter of the substances are nearly equal they will dissolve. 
A rule-of-thumb can be used that if j61 -621 < 1 (cal/ cm3

)
11

~ solubility will occur 
[47]. Toe units (cal/ cm')"1 ar usuall referred to as Hildebrands. Solubility 
parameters for various polymers are presented in Table 6.6 [48], and for various 
solvents in Table 6.7 [48]. 

Figure 6.55 [49] shows a schematic diagram of swelling and dissolving 
behavior of cross-linked and uncross-linked polymers as a function of the 
solubility or solubility parameter, 6,, of the solvent. When the solubility 
parameter of the polymer and the solvent approach each other, the uncross
linked polymer becomes unconditionally soluble. However, if the same 
polymer is cross-linked then it is only capable of swelling. The ammmt of 
welling depends on the degree of cross-linking. 

Figure 6.55 
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Table 6.6 Solubility Parameter for Various Polymers 

Polymer c'5 ( cal/ cm3 r2 

Polytetrafluoroethylene 
Polyethylene 
Polypropylene 
Polyisobutylene 
Polyisoprene 
Polybutadiene 
Polystyrene 
Poly(vinyl acetate) 
Poly(methyl methacrylate) 
Polycarbonate 
Polysulphone 
Poly(vinyl chloride) 
Polyethylene terephthalate 
Polyamide 6 
Cellulose nitrate 
Poly(vinylidene chloride) 
Polyamide 66 
Polyacrylonitrile 

Uncross-linked 
polymer 

infinitely miscible 

6.2 
7.9 
8.0 
8.1 
8.3 
8.6 
9.1 
9.4 
9.5 
9.9 
9.9 

10.1 
10.2 
11.0 
11.5 
12.2 
13.6 
15.4 

1,__w_i th_s_ol_ve_n_t -i, Uncross-linked 

1 

-- Ii of Solvent 

polymer __..,,,.,-

Equilibrium swelling as a function of solubility parameter for cross
linked and uncross-linked polymers. 
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230 Influence of Processing on Properties

solubility, is possible. A positive AH suggests that polymer and the solvent do
not "want” to mix, which means solubility can only occur if AH < TAS. On the
other hand, AH ~0 implies that solubility is the natural lower energy state.
Since the entropy change when dissolving a polymer is very small, the
determining factor if a solution will occur or not is the change in enthalpy, AH.
Hildebrand and Scott [46] proposed a useful equation that estimates the change
in enthalpy during the formation of a solution. The Hildebrand equation is
stated by

AEI I/2_ AEI 1/2 2(71] ( V" j J ¢|¢2 (6‘23)AH=V
 

 
where V is the total volume of the mixture, V1 and V2 the volumes of the
solvent and polymer, AEI and AE2 their energy of evaporation and, $1 and (:52
their volume fractions. Equation 6.23 can be simplified to

AH = v(5, — 62)2¢,¢2 (6.24)

where 6 is called the solubility parameter and is defined by

5 = (évfijm (6.25)
If the solubility parameter of the substances are nearly equal they will dissolve.
A rule-of—thumb can be used that if l6] -63| < 1 (cal/ems)“ solubility will occur
[47]. The units (cal/curl)U3 are usually referred to as Hildebrands. Solubility
parameters for various polymers are presented in Table 6.6 [48], and for various
solvents in Table 6.7 [48].

Figure 6.55 [49] shows a schematic diagram of swelling and dissolving
behavior of cross-linked and uncross-linked polymers as a function of the
solubility or solubility parameter, 6‘, of the solvent. When the solubility
parameter of the polymer and the solvent approach each other, the uncross~
linked polymer becomes unconditionally soluble. However, if the same
polymer is cross-linked then it is only capable of swelling. The amount of
swelling depends on the degree of cross-linking.
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Table 6.6 Solubility Parameter for Various Polymers 

Polymer 63 (cal/cm3 )H-

Polytetrafluoroethylene 6.2
Polyethylene 7.9
Polypropylene 8.0
Polyisobutylene 8.1
Polyisoprene 8.3
Polybutadiene 8.6
Polystyrene 9.1
Poly(vinyl acetate) 9.4
Poly(methyl methacrylate) 9.5
Polycarbonate 9.9
Polysulphone 9.9
Poly(vinyl chloride) 10.1
Polyethylene terephthalate 10.2
Polyamide 6 11.0
Cellulose nitrate 11.5
Poly(viny1idene chloride) 12.2
Polyamide 66 13.6
Polyacrylonitrile 15.4
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Figure 6.55 Equilibrium swelling as a function of solubility parameter for cross-
linked and uncross-linked polymers.
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Table 6.7 Solubility Parameter of Various Plasticizers and Solvents 

Solvent 

Acetone 
Benzene 
Di-butoxyethyl phthalate (Dronisol) 
n-butyl alcohol 
Sec-butyl alcohol 
Butyl stearate 
Chlorobenzene 
Cyclohexanone 
Dibutyl phenyl phosphate 
Dibutyl phthalate 
Dibutyl sebacate 
Diethyl phthalate 
Di-n-hexyl phthalate 
Diisodecyl phthalate 
Dimethyl phthalate 
Dioctyl adipate 
Dioctyl phthalate (DOP) 
Dioctyl sebacate 
Dipropyl phthalate 
Ethyl acetate 
Ethyl alcohol 
Ethylene glycol 
2-ethyl"hexyl diphenyl phosphate (Santicizer 141) 
N-ethyl-toluenesulfonamide (Santicizer 8) 
Hydrogenated terphenyl (HB-40) 
Kronisol 
Methanol 
Methyl ethyl ketone 
Nitromethane 
n-propyl alcohol 
Toluene 
Tributyl phophate 
1,1,2-trichloro-1,2,2-trifluoroethane (freon 113) 
Trichloromethane ( chloroform) 
Tricresyl phosphate 
Triphenyl phosphate 
Water 
Xylene 

( I 3)117 

/j cal cm 

10.0 
9.1 
8.0 

11.4 
10.8 

7.5 
9.6 
9.9 
8.7 
9.3 
9.2 

10.0 
8.9 
7.2 

10.7 
8.7 
7.9 
8.6 
9.7 
9.1 

12.7 
14.2 

8.4 
11.9 

9.0 
8.0 

14.5 
9.3 

12.7 
11.9 
8.9 
8.2 
7.2 
9.2 
9.0 
9.2 

23.4 
8.8 
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6.3 Injection Molding 

Injection molding is the most important process used to manufacture plastic 
products. Today, more than one-third of all thermoplastic materials are 
injection molded and more than half of all polymer processing equipment is 
for injection molding. The injection molding process is ideally suited to 
manufacture mass-produced parts of complex shapes requiring precise 
dimensions. The process goes back to 1872 when the Hyatt brothers patented 
their stuffing machine to inject cellulose into molds. However, today's 
injection molding machines are mainly related to the reciprocating screw 
injection molding machine patented in 1956. A modern injection molding 
machine with its most important elements is shown in Fig. 6.56. The 
components of the injection molding machine are the plasticating unit, 
clamping unit, and the mold. 

Clamping unit Plasticating unit 

Mold ,., Hopper 

Figure 6.56 Schematic of an injection molding machine. 

Today, injection molding machines are classified by the following 
international convention12 

Manufacturer TIP 

where Tis the clamping force in metric tons and P is defined as 

(6.26) 

where Vmax is the maximum shot size in cm3 and Pmax is the maximum injection 
pressure in bar. The clamping forced T can be as low as 1 metric ton for small 
machines, and as high as 11,000 tons. 
12 The old US convention uses MANUFACTURER T-v where Tis the clamping force in British tons and 

v the shot size in ounces of polystyrene. 
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Table 6.7 Solubility Parameter of Various Plasticizers and Solvents 63 Injection Molding l/"l

Solvent 6(cal/ cm3)
i Injection molding is the most important process used to manufacture plastic
  

 
 

 
    

 
 
    

  
     

 

Acetone 10.0 .

‘ Benzene 91 products. Today, more than one—third of all thermoplastic materials are
Di-butoxyethyl phthalate (Dronisol) 8.0 mJec‘tion molded and more than half of all polymer processing equipment is
n«butyl a1c0h01 11.4 for injection molding. The injection molding process is ideally suited to
Sec—butyl alcohol 108 manufacture mass-produced parts of complex shapes requiring precise

‘ Ellitjilrzjirfiie g»: dimenSions. The process goes back to 1872 when the Hyatt brothers patented
I CJCthexanone 9-9 their stuffing machine to inject cellulose into molds. However, today's

leutvl phenvl phosphate 8.7 injection molding machines are mainly related to the reciprocating screw
j Dibutyl phthalate 9'3 injection molding machine patented in 1956. A modern injection molding

j Dibutylsebacate 92 machine With its most important elements is shown in Fig. 6.56. The‘ Diethyl phthalatc 101) components of the injection molding machine are the plasticating unit,
gigflzfi gfljfijfif 5;; clamping unit, and the mold.
Dimethyl phthalate 10.7 C . .
Dioctyl adipate 8.7 ‘, lamplng U0" Plasficating unit
Dioctyl phthalate (DOP) 7.9 Hopper
Dioctylsebacate 8.6 _ .
Dipropyl phthalate 9.7 Hydraullc “”85
Ethyl acetate 9.1 .l

I Ethyl alcohol 12.7 j
Ethylene glycol 14.2 I
2—ethylhexyl diphenyl phosphate (Santicizer 141) 8.4 "

. N-ethyl-toluenesulfonamide (Santicizer 8) 11.9 ‘ , —:l Hydrogenated terphenyl (HE-40) 9.0 j | Control pane
I Kronisol 8.0 __

j Methanol 14.5 "—
1 Methyl ethyl ketone 93 - . . . . . .

‘ Nitromethane 12.7 Figure 6.56 Schematic of an injection molding machine.
nepropyl alcohol 11.9

l Tomene 8‘9 Toda in'ection moldin m ' ' ‘ ', achin
‘ Tributylphophate 8.2 internatiznal donventionlz g es are classdied by the followmg

‘ 1,1,2—trichloro-l,2,2-trifluoroethane (freon 113) 7.2
Trichloromethane (chloroform) 9.2

l Tricresyl phosphate 9.0 MaDUfaCturer T/ P
Triphenyl phosphate 9.2 . _ . .

I j Water 234 where T is the clamping force in metric tons and P is defined as
Xylene 8.8 V p |P= max mm

1000 (6.26)

where Vmax is the maximum shot size in cm3 and pm is the maximum injection

I . ' pressure in bar. The clamping forced T can be as low as 1 metric ton for small
machines, and as high as 11,000 tons.12
 

The old US convention uses MANUFACTURER T-v where T is the clamping force in British tons and
v the shot size in ounces of polystyrene.  
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234 Influence of Processing on Properties 

6.3.1 The Injection Molding Cycle 

The sequ.ence of events during the injection molding of a plastic p_art, as shown 
in Fig. 6.57, is called the injection molding cycle. The cycle begms when ~1e 
mold closes, followed by the injection of th polymer mto the mold cavity. 
Once the cavity is filled, a holding pressure is maintained to compensate for 
material shrinkage. In the next step, the screw turns, feeding the nex~ shot to the 
front of the screw. This causes the screw to retract as the next shot 1s prepared. 
Once the part is sufficiently cool, the mold opens and the part is ejected. 

Moving plate 

Ejector plate Fixed plate 
lie bar 

I 
Ejector bolt 

t~ 

@ ~-~-, 
T 

t 
I 

1 E' ct . d Driving cylinder 1e or pin Cavity / part 

t 

(6 ~ 
T 

t 
Check valve (open) 

~crew 

f 

Injection unit (back) 
/ 

(0) ··-~{;;~~:f.}i~-.-~·-·~~ ~-· - -D 

Figure 6.57 Sequence of events during an injection molding cycle. 

Figure 6.58 presents the sequence of events during the injection_ mol.ding 
cycle. The figure shows that the cycle time · dominated by the co?lmg of the 
part inside the mold cavity. The total cycle time can be calculated usmg 

6 Introduction to Processing 235 

(6.27) 

where the closing and ejection times, tclosing and {ejection I can last from a fraction of 
second to a few seconds, depending on the size of the mold and machine. The 
cooling times, which dominate the process, depend on the maximum thickness 
of the part. The cooling time for a plate-like part of thickness h can be 
estimated using 

-~l ( 8 T,11 -T,,.) 
{cooling - n 2 

na ,r; T0 - T,,. 
(6.28) 

and for a cylindrical geometry of diameter D using 

1 ( ) 
n- T," -r,,. 

tcooling = ---In 0.692 
_3.J4a Tn -T,,. 

(6.29) 

where T,,. represents the temperature of the injected melt, T.v the temperature of 
the mold wall, TD the average temperature at ejection, and a the thermal 
diffusivity. 

Cycle ends Cycle starts 

Figure 6.58 Injection molding cycle. 
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6.3.1 The Injection Molding Cycle

The sequence of events during the injection molding of a plastic part, as shown
in Fig. 6.57, is called the injection molding cycle. The cycle begins when the
mold closes, followed by the injection of the polymer into the mold cavity.
Once the cavity is filled, a holding pressure is maintained to compensate for
material shrinkage. In the next step, the screw turns, feeding the next shot to the
front of the screw. This causes the screw to retract as the next shot is prepared.

Once the part is sufficiently cool, the mold opens and the part is ejected,

Moving plate

Electorjplate i’ Fixed plate

 
 

 
 

Figure 6.57 Sequence of events during an injection molding cycle

Figure 6.58 presents the sequence of events during the injection molding
cycle. The figure shows that the cycle time is dominated by the cooling of the
part inside the mold cavity. The total cycle time can be calculated using

6 Introduction to Processing 235

t -tcycle _ closing +troofing + tcjmim (6.27)

where the closing and ejection times, Idem and rejection , can last from a fraction of
second to a few seconds, depending on the size of the mold and machine. The
cooling times, which dominate the process, depend on the maximum thickness
of the part. The cooling time for a plate—like part of thickness h can be
estimated using

 
’12 3 73,. -T,..

l‘ —ln —1 (6.28)coolln =
3 EC! Jr TD—T“.

and for a cylindrical geometry of diameter D using

D2

cooling = 93 I40! Tm 4..) 6.29
TD — Tll‘ ( )

  

t ln(0.692
where T represents the temperature of the injected melt, T". the temperature of

m

the mold wall, TD the average temperature at ejection, and a the thermal
diffusivity.

Cycle ends Cycle starts

 

  
Cooling

Figure 6.58 Injection molding cycle.
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Using the average part temperature history and the cavity pressure history, 
the process can be followed and assessed using the PvT diagram as depicted in 
Fig. 6.59 [32-33]. To follow the process on the PvT diagram, we must transfer 
both the temperature and the pressure at matching times. The diagram reveals 
four basic processes: an isothermal injection (0-1) with pressure rising to the 
holding pressure (1-2), an isobaric cooling process during the holding cycle 
(2-3), an isochoric cooling after the gate freezes with a pressure drop to 
atmospheric (3-4t and then isobaric cooling to room temperature (4-5). 

cm3 
g Polystyrene 

ai 
E 
:J 

1.05-

o 1.00-

~ I 
·c:i f 
~ t,.v·-_----

(/J > 

/ 

/ 
/ 

/ 
/ 

/ 

/ 
/ 

/ 

1 bar 
/ 

0/ 
200 

1600 

0.90L.._----'-----'-----'-----'- 1---' 
0 50 100 150 200 °C 

Temperature 

Figure 6.59 Trace of an injection molding cycle in a PvT diagram. 

The point on the PvT diagram where the final isobaric cooling begins (4), 
controls the total part shrinkage, ~v. This point is influenced by the two main 
processing conditions - the melt temperature, T,,,, and the holding pressure, P11, 

as depicted in Fig. 6.60. Here the process in Fig. 6.59 is compared to one with a 
higher holding pressure. Of course, there is an infinite combination of 
conditions that \"ender acceptable parts, bound by :minimum and maximum 
tempera trues and pressures. Figure 6.61 pr ents the nolding diagram with aU 
limiting conditions. The melt temperature is bound by a low temperature that 
results in a short shot or unfilled cavity and a high temperature that leads- to 
material degrad tion. The hold pressure is bound by a low pressure that leads 
to excessive shrinkage or low part weight, and a high pressure that results in 

Figure 6.60 

Figure 6.61 
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cm3 
g Polystyrene 

1.05 t-------+-------1-----l 

1 bar 
/ 

/ 
200 

0.90 ~--~---------.,__ __ .L._ _ __J 
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200 oc 

Trace of two different injection molding cycles in a PvT diagram. 
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§ 3 
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The molding diagram. 
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l Using the average part temperature history and the cavity pressure history,
the process can be followed and assessed using the PVT diagram as depicted in g] Polystyrene
Fig. 6.59 [32-33]. To follow the process on the PVT diagram, we must transfer
both the temperature and the pressure at matching times. The diagram reveals

l four basic processes: an isothermal injection (0-1) with pressure rising to the

1‘ ‘ holding pressure (1-2), an isobaric cooling process during the holding cycle
.i l (2-3), an isochoric cooling after the gate freezes with a pressure drop to

l' atmospheric (3-4), and then isobaric cooling to room temperature (4-5).

 

1.05fii' l 
 

_t 'oo 

a l
E Polystyrene

 
SpecificVolume,
   

0.90 ‘ . .
' o 50 100 150 200 °C

4 Temperature

 SpecificVolume,
1600 ' Figure 6.60 Trace of two different injection molding cycles in a PVT diagram.
 

    
 

O 50 100 150 200 °C

Temperature  Figure 6.59 Trace of an injection molding cycle in a PVT diagram.

  
MOLDING REGION

(Good parts)

 
The point on the PVT diagram where the final isobaric cooling begins (4),

controls the total part shrinkage, Av. This point is influenced by the two main
processing conditions — the melt temperature, I", and the holding pressure, P,,,
as depicted in Fig. 6.60. Here the process in Fig. 6.59 is compared to one with a
higher holding pressure. Of course, there is an infinite combination of .
conditions that render acceptable parts, bound by minimum and maximum ”she!
temperatures and pressures. Figure 6.61 presents the molding diagram with all
limiting conditions. The melt temperature is bound by a low temperature that
results in a short shot or unfilled cavity and a high temperature that leads to

material degradation. The hold pressure is bound by a low pressure that leads Figure 6.61 The molding diagram.
to excessive shrinkage or low part weight, and a high pressure that results in
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flash. Flash results when the cavity pressure force exceeds the machine 
cla1nping force, leading to melt flow across the mold parting line. The holding 
pressure determines the co.rresponding damping force required to size the 
injection molding machine. An experienced polymer proces ing engineer can 
usually determine which injection molding 111,achine is appr priate for a 
specific application. For the nntrained p lymer processing engin er, finding 
this appropriate holding pressure and its co11:esponding mold clamping force 
can be difficult. 

With difficulty one can control and predict the component's shape and 
residual stresses at room temperature. For example, sink marks in the final 
product are caused by material shrinkage during cooling, and residual stresses 
can lead to environmental stress cracking under certain conditions [35]. 

Warpage in the fu1al product is often caused by processing conditions that 
lead to asymmetric r sidual sb·ess distributions through the part thickness. The 
formation of residual stresses in. injection n1olded parts is attributed to two 
major coupled factors: cooling and flow stresses. The first and most important 
is the residual stress formed as a result of rapid cooling which leads to large 
temperature variations. 

6.3.2 The Injection Molding Machine 

6.3.2.1 The Plasticating and Injection Unit 

A plasticating and lnjection unit is shown in Fig. 6.62. The major tasks of the 
plasticating tmit are to melt the polymer, to accumulate the melt in the screw 
chamber, to inject the melt into the cavity, and to maintain the holding pressure 
during cooling. 

Check valve 
Screw 

Hopper~ 

Figure 6.62 Schematic of the plasticating unit. 
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The main elements of the plasticating unit follow: 

• Hopper 
• Screw 
• Heater bands 
• Check valve 
• Nozzle 

The hopper, heating bands, and the screw are imilar to a plasticating single 
screw extruder1 except that the screw in an injection molding machine can slide 
b~ck a~d forth to allow for melt accumulation and injection. This characteristic 
gives 1: the n~me reciprocating screw. For qquality purposes, the maximum 
stroke m a reciprocating screw should be set smaller than 3D. 

Although the m~st ~ommon screw used in injection molding machines is 
the three-zone plasticatmg screw, two stage vented screws are often used to 
extract moisture and monomer gases just after the melting stage. 

The check valve, or non-return valve, is at the end of the screw and enables 
it to work as a p_lunger during injection and packing without allowing polymer 
mel~ b~ck _flow ~to tl:e s':ew channel: A _check valve and its function du.ring 
operation is depicted m Fig. 6.57, and m Fig. 6.62. A high quality check valve 
allo¼_'s less then 5% of the melt back into the screw channel during injection and 
packmg. 

The no~zle is a_t th~ ~nd_ of the plasticating unit and fits tightly against the 
sprue bushin_g duru:1g m;ect10n. The nozzle type is either open or shut-off. The 
open nozzle 1s the simplest, rendering the lowest pressure consumption. 

6.3.2.2 The Clamping Unit 

The job of a clamping unit in an injection molding machine is to open and close 
the 1:1old, and to close the mold tightly to avoid flash during the filling and 
holdmg. Mod~rn injection molding machines have two predominant clamping 
types: mechamcal and hydraulic. 

~~gure 6.63 presents a toggle mechanism in the open and closed mold 
positions. Although the toggle is essentially a mechanical device it is actuated 
by a hydraulic cylinder. The advantage of using a toggle mechanism is that, as 
the _mold approaches closure, the available closing force increases and the 
closmg_ ~ecelera:es signif~cantly. However, the toggle mechanism only 
transmits its maximum closmg force when the system is fully extended. 
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flash. Flash results when the cavity pressure force exceeds the machine
clamping force, leading to melt flow across the mold parting line. The holding
pressure determines the corresponding clamping force required to size the
injection molding machine. An experienced polymer processing engineer can
usually determine which injection molding machine is appropriate for a
specific application. For the untrained polymer processing engineer, finding
this appropriate holding pressure and its corresponding mold clamping force
can be difficult.

With difficulty one can control and predict the component‘s shape and
residual stresses at room temperature. For example, sink marks in the final
product are caused by material shrinkage during cooling, and residual stresses
can lead to environmental stress cracking under certain conditions [35].

Warpage in the final product is often caused by processing conditions that
lead to asymmetric residual stress distributions through the part thickness. The
formation of residual stresses in injection molded parts is attributed to two
major coupled factors: cooling and flow stresses. The first and most important
is the residual stress formed as a result of rapid cooling which leads to large
temperature variations,

6.3.2 The Injection Molding Machine

6.3.2.1 The Plasticating and Injection Unit

A plasticating and injection unit is shown in Fig. 6.62. The major tasks of the
plasticating unit are to melt the polymer, to accumulate the melt in the screw
chamber, to inject the melt into the cavity, and to maintain the holding pressure
during cooling.

 

 
 

 

Check valve

Nozzle S‘crew
l" Screw chamber ,-"

 

Figure 6.62 Schematic of the plasticating unit. 
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a

The main elements of the plasticating unit follow:

° Hopper
- Screw

' Heater bands
0 Check valve
' Nozzle

The hopper, heating bands, and the screw are similar to a plasticating single
screw extruder, except that the screw in an injection molding machine can slide
back and forth to allow for melt accumulation and injection. This characteristic
gives it the name reciprocating screw. For qquality purposes, the maximum
stroke in a reciprocating screw should be set smaller than 3D.

Although the most common screw used in injection molding machines is
the three-zone plasticating screw, two stage vented screws are often used to
extract m01sture and monomer gases just after the melting stage.

The check valve, or non-return valve, is at the end of the screw and enables

it to work as a plunger during injection and packing without allowing polymer
melt back flow into the screw channel. A check valve and its function during
operation is depicted in Fig. 6.57, and in Fig. 6.62. A high quality check valve

allolws less then 5% of the melt back into the screw channel during injection andpac mg.

The nozzle is at the end of the plasticating unit and fits tightly against the
sprue bushing during injection. The nozzle type is either open or shut-off. The
open nozzle IS the simplest, rendering the lowest pressure consumption.

6.3.2.2 The Clamping Unit

The job of a clamping unit in an injection molding machine is to open and close
the mold, and to close the mold tightly to avoid flash during the filling and
holding. Modern injection molding machines have two predominant clamping
types: mechanical and hydraulic.

Figure 6.63 presents a toggle mechanism in the open and closed mold
positions. Although the toggle is essentially a mechanical device, it is actuated
by a hydraulic cylinder. The advantage of using a toggle mechanism is that, as
the mold approaches closure, the available closing force increases and the
Closing decelerates significantly. However, the toggle mechanism only
transmits its maximum closing force when the system is fully extended.
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Moving plate 

Toggle lever 

Support plate 

Hydraulic cylinder 

Figure 6.63 Clamping unit with a toggle mechanism. 

Figure 6.64 presents a schematic of a hydraulic clamp~g unit in _the open 
and closed positions. The advantages of the hydraulic systen1 IS that a 
maximum clamping force is attained at any mold closing po~ition and that the 
system can take different mold sizes without major system ad1ustments. 

Hydraulic fluid tank 
Prefil\ valve 

/ Main cylinder 
Tie bar 

Hydraulic fluid High-speed cylinder 

Figure 6.64 Hydraulic clamping unit. 
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6.3.2.3 The Mold Cavity 

The central point in an injection molding machine is the mold. The mold 
distributes polymer melt into and throughout the cavities, shapes the part, 
cools the melt and, ejects the finished product. As depicted in Fig. 6.65, the mold 
is custom-made and consists of the following elements: 

• Sprue and runner system 
• Gate 
• Mold cavity 
• Cooling system (thermoplastics) 
• Ejector system 

Ejection plate 

, -~• boshiog 

Nozzle 

Ejection ring 

Figure 6.65 An injection mold. 
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Moving plate

Toggle lever I _
Support plate 9 l‘ 7'3 bar Fixed plate 
  

            
 

 
  
    
  

Hydraulic cylinder

Figure 6.63 Clamping unit with a toggle mechanism.

Figure 6.64 presents a schematic of a hydraulic clamping unit in the open
and closed positions. The advantages of the hydraulic system is that a
maximum clamping force is attained at any mold closing position and that the
system can take different mold sizes without major system adjustments.

_ Hydraulic fluid tank
Prefill valve 1;

’ .7 ' Main cylinder

Opening cylinder 1

 

 

   

Figure 6.64 Hydraulic clamping unit.  
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6.3.2.3 The Mold Cavity

The central point in an injection molding machine is the mold. The mold
distributes polymer melt into and throughout the cavities, shapes the part,
cools the melt and, ejects the finished product. As depicted in Fig. 6.65, the mold
is custom-made and consists of the following elements:

0 Sprue and runner system
° Gate

0 Mold cavity
° Cooling system (thermoplastics)
' Ejector system

Ejection pin Guid\ing pin
Cavity / Pan?

Ejection plate

Sgrue bushing

       
 

  
 

Figure 6.65 An injection mold.
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During mold filling, the melt flows through the sprue and is distributed 
into the cavities by the runners, as seen in Fig. 6.66. 

Sprue 

Cavities/Parts 
Runners 

(a) 

(b) 

Figure 6.66 Schematic of different runner system arrangements. 

The runner system in Fig. 6.66 (a) is symmetric where all cavities fill at the 
same time causing the polymer to fill all cavities in the same way. The 
disadvantage of this balanced rwmer system is that the flow paths are long, 
leading to high material and pressure consumption. On the other hand, the 
asymmetric runner system shown in Fig. 6.66 (b) leads to parts of different 
quality. Equal filling of the mold cavities can also be achieved by varying 
runner diameters. There are two types of runner systems - cold and hot. Cold 
runners are ejected with the part, and are trimmed after mold removal. The 
advantage of the cold runner is lower mold cost. The hot runner keeps the 
poJymer at its melt temperature. The material stays in the runner system after 
ejection, and is injected into the cavity in the following cycle. There are two 
types of hot runner system: externa11y and internally heated. The externally 
heated rum,1ers have a heating element smrounding the runner that keeps the 
polymer isothermal. The internally heated runners have a heating element 
running along the center of the runner, maintaining a polymer melt that is 
warmer at its center and possibly olidified along the outer runner surface. 
Although a hot runner system considerably inCI"eases mold cost, its advantages 
include elimination of trim and lower pressures for injection. 

When large items are injection molded, the sprue sometimes serves as the 
gate, as shown in Fig. 6.67. The sprue must be subsequently trimmed, often 
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requi~ing further_ ~urface finishing. On the other hand, a pin-type gate (Fig. 
6.67) 1s a ~mall ?nfice that connects the sprue or the runners to the mold cavity. 
The part 1s easily broken off from such a gate, leaving only a small mark that 
usua~ly does not require finishing. Other types of gates, also shown in Fig. 6.67, 
are film gates, used to eliminate orientation, and disk or diaphragm gates for 
symmetric parts such as compact discs. 

Sprue gate 

\ 
Sprue 

Part 

Pin gate Diaphragm gate Film gate 

Part 
Disk-shaped runner/ 

Sprue~ 
- DOph,agm ga>e t \ / 

Figure 6.67 Schematic of different gating systems. 

6.3.3 Related Injection Molding Processes 

Although most injection molding processes are covered by the conventional 
process description discussed earlier in this chapter, there are several important 
molding variations including: 

• Multi-color 
• Multi-component 
• Co-injection 
• Gas-assisted 
• Injection-compression 

Multi-component injection molding occurs when two or more polymers, or 
equal polymers of different color, are injected through different runner and 
?~te systems at different stages during the molding process. Each component is 
m1ected using its own plasticating unit. The molds are often located on a 
turntable. Multi-color automotive stop lights are molded this way. 

In pr~ciple, the multi-component injection molding process is the same as 
the multi-color process. Here, either two incompatible rnateiials are molded or 
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During mold filling, the melt flows through the sprue and is distributed
into the cavities by the runners, as seen in Fig. 6.66.

SprueI
| Cavities/Parts

Runners lI ”f
‘ t

 

(b)

Figure 6.66 Schematic of different runner system arrangements.

The runner system in Fig. 6.66 (a) is symmetric where all cavities fill at the
same time causing the polymer to fill all cavities in the same way. The
disadvantage of this balanced runner system is that the flow paths are long,
leading to high material and pressure consumption. On the other hand, the
asymmetric runner system shown in Fig. 6.66 (b) leads to parts of different
quality. Equal filling of the mold cavities can also be achieved by varying
runner diameters. There are two types of runner systems — cold and hot. Cold
runners are ejected with the part, and are trimmed after mold removal. The
advantage of the cold runner is lower mold cost. The hot runner keeps the
polymer at its melt temperature. The material stays in the runner system after
ejection, and is injected into the cavity in the following cycle. There are two
types of hot runner system: externally and internally heated. The externally
heated runners have a heating element surrounding the runner that keeps the
polymer isothermal. The internally heated runners have a heating element
running along the center of the runner, maintaining a polymer melt that is
warmer at its center and possibly solidified along the outer runner surface.
Although a hot runner system considerably increases mold cost, its advantages
include elimination of trim and lower pressures for injection.

When large items are injection molded, the sprue sometimes serves as the
gate, as shown in Fig. 6.67. The sprue must be subsequently trimmed, often
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requiring further surface finishing. On the other hand, a pin—type gate (Fig.
6.67) is a small orifice that connects the sprue or the runners to the mold cavity.
The part is easily broken off from such a gate, leaving only a small mark that
usually does not require finishing. Other types of gates, also shown in Fig. 6.67,
are film gates, used to eliminate orientation, and disk or diaphragm gates for
symmetric parts such as compact discs.

Sprue gate Pin gate Diaphragm gate Film gate

 

 
 

 

. Gate ——-par‘l Part
— Disk-shaped runner /'

' Sprue j i I“
Diaphragm gate date A {   

Sprue Part '
Part Runner f

 
Figure 6.67 Schematic of different gating systems.

6.3.3 Related Injection Molding Processes

Although most injection molding processes are covered by the conventional
process description discussed earlier in this chapter, there are several important
molding variations including:

- Multi-color

0 Multi-component
' Co-injection
' Gas—assisted

' Injection-compression

Multi—component injection molding occurs when two or more polymers, or
equal polymers of different color, are injected through different runner and

gate systems at different stages during the molding process. Each component is
injected using its own plasticating unit. The molds are often located on a
turntable. Multi-color automotive stop lights are molded this way.

th In principle, the multi-component injection molding process is the same as
e multi-color process. Here, either two incompatible materials are molded or
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one component is cooled sufficiently so that the two components do not adhere 
to each other. For example, to mold a ball and socket system, the socket of the 
linkage is molded first. The socket component is allowed to cool somewhat and 
the ball part is injected inside it. This results in a perfectly movable sy t~. 
This type of injection molding process is used to replace tedious asse.~blmg 
tasks and is becoming popular in countries where labor costs _a~e ~1gh. In 
addition, today, a widely used application is the multi-component m3echon of a 
hard and a soft polymer such as polypropylene with a thermoplastic elastomer. 

In contrast to multi-color and multi-component injection molding, co
injection molding uses the same gate and runner system. Here, the component 
that ends as the outer skin of the part is injected first, followed by the core 
component. The core component displaces the first and a con:wination of the 
no-slip condition between polymer and mold and the freezmg of the melt 
creates a sandwiched structure as depicted in Fig. 6.68. 

In principle, the gas-assisted injection molding proc~s js similar t? c~
injection molding. Here, the second or core compon~t 1s nitrogen, which IS 

injected through a needle into the polymer melt, blowing th melt out of the 
way and depositing it against the mold surfaces. 

Injection-compression molding .first injects the ~aterial into a p~ti~lly 
opened mold, and then squeezes th material by closmg th: mold: In1ect1~n
compression molding is used £or polymer products that req ~ire a high qu~ty 
surface finish, such as compact discs and other optically demandmg 
components because it practically eliminates tangential molecular orientation. 

Figure 6.68 

~~~"™'-~~~~~ .~~~~ 

" ::-+ Polymer B ,1 / ~ 
~~~..17~$,@"~,m-,~~~ 

~~~~~~~~~ 
Polymer B ~ 

~.,,W/47.$?~~~~~~,$}"~ 

Polymer A 
Schematic of the co-injection molding process. 
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6.4 Secondary Shaping 

Secondary shaping operations such as extrusion blow molding, film blowing, 
and fiber spinning occur immediately after the extrusion profile emerges from 
the die. The thermoforming process is performed on sheets or plates previously 
extruded and solidified. In general, secondary shaping operations consist of 
mechanical stretching or forming of a preformed cylinder, sheet, or membrane. 

6.4.1 Fiber Spinning 

Fiber spinning is used to manufacture synthetic fibers. During fiber spinning, a 
filament is continuously extruded through an orifice and stretched to diameters 
of 100 µm and smaller. The process is schematically depicted in Fig. 6.69. The 
molten polymer is first extruded th.rough a filter or screen pack, to eliminate 
small contaminants. The melt is then extruded th.rough a spinneret, a die 
composed of multiple orifices. A spinneret can have between one and 10,000 
holes. The fibers are then drawn to their final diameter, solidified, and wound 
onto a spool. The solidification takes place either in a water bath or by forced 
convection. When the fiber solidifies in a water bath, the extrudate undergoes 
an adiabatic stretch before cooling begins in the bath. The forced convection 
cooling, which is more commonly used, leads to a non-isothermal spinning 
process. 

L 

------- Point of solidification 

Ft 
Figure 6.69 The fiber spinning process. 
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244 Influence of Processing on Properties

one component is cooled sufficiently so that the two components do not adhere
to each other. For example, to mold a ball and socket system, the socket of the
linkage is molded first. The socket component is allowed to cool somewhat and
the ball part is injected inside it. This results in a perfectly movable system.
This type of injection molding process is used to replace tedious assembling
tasks and is becoming popular in countries where labor costs are high. In
addition, today, a widely used application is the multi-component injection of a
hard and a soft polymer such as polypropylene with a thermoplastic elastomer.

In contrast to multi—color and multi-component injection molding, co—
injection molding uses the same gate and runner system. Here, the component
that ends as the outer skin of the part is injected first, followed by the core
component. The core component displaces the first and a combination of the
no-slip condition between polymer and mold and the freezing of the melt
creates a sandwiched structure as depicted in Fig. 6.68.

In principle, the gas-assisted injection molding process is similar to co—
injection molding. Here, the second or core component is nitrogen, which is
injected through a needle into the polymer melt, blowing the melt out of the
way and depositing it against the mold surfaces.

Injection’cornpression molding first injects the material. into a partially
opened mold, and then squeezes the material by closing the mold. Injection»
compression molding is used for polymer products that require a high quality
surface finish, such as compact discs and other optically demanding
components because it practically eliminates tangential molecular orientation.

%» Polymer A g
WWW/[V/AWWW.W/WflV/WW/W/Wfl

5, -> Polymer B‘. ‘ _ -_ 19’

 
.\ ‘ ' ’ ' ’ ' k> . Polymer B 2, - ~ - 7» /

Polymer A

Figure 6.68 Schematic of the co-injection molding process.
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6.4 Secondary Shaping

Secondary shaping operations such as extrusion blow molding, film blowing,
and fiber spinning occur immediately after the extrusion profile emerges from
the die. The thermoforming process is performed on sheets or plates previously
extruded and solidified. In general, secondary shaping operations consist of
mechanical stretching or forming of a preformed cylinder, sheet, or membrane.

6.4.1 Fiber Spinning

Fiber spinning is used to manufacture synthetic fibers. During fiber spinning, a
filament is continuously extruded through an orifice and stretched to diameters
of 100 um and smaller. The process is schematically depicted in Fig. 6.69. The
molten polymer is first extruded through a filter or screen pack, to eliminate
small contaminants. The melt is then extruded through a spinneret, a die
composed of multiple orifices. A spinneret can have between one and 10,000
holes. The fibers are then drawn to their final diameter, solidified, and wound

onto a spool. The solidification takes place either in a water bath or by forced
convection. When the fiber solidifies in a water bath, the extrudate undergoes
an adiabatic stretch before cooling begins in the bath. The forced convection

cooling, which is more commonly used, leads to a non-isothermal spinning
process.

ff i
i _

2:0 TK ‘ )““Uniform axial velocity/Z

\i

------- Point of solidification

K ‘vZ=DHv
a °

Figure 6.69 The fiber spinning process.
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The drawing and cooling processes determine the morphology and 
mechanical properties of the final fiber. For example, ultra high molecular 
weight HDPE fibers with high degrees of orientation in the axial direction can 
have the stiffness of steel with today's fiber spinning technol gy. 

0£ major concern during fiber spinning are the instabilities th.at arise 
during drawing, such as brittle frachue, Rayleigh disturbances, and draw 
resonance. Brittle fracture occurs when tl1e elongati.ona1 stress exceeds th melt 
strength 0£ the drawn polymer melt. TI,e instabilities. c.aus~d by_ Ray~~gh 
disturbances are like tl,ose causing filament break-up durmg d1spers1ve m1xmg 
as discussed in Chapter 5. Draw resonance appears under certain conditions and 
manifests itself as periodic. fluctuations that result in diameter oscillation. 

6.4.2 Film. Production 

6.4.2.1 Cast Film Extrusion 

In a cast film extrusion process, a thin film is extruded through a slit onto a 
chilled, highly polished, turning roll where it is quenched from one side. The 
speed of the roller controls the draw ratio and final film thickness. The film is 
then sent to a second roller for cooling of the other side. Finally, the film passes 
through a system of rollers and is wound onto a roll. A typical film casting 
process is depicted in Fig. 6.70 and 6.71. The cast film extrusion process exhibits 
stability problems similar to those encountered in fiber spinning [36]. 

Cast film die -----.. 
~ 

Air gap 
with 
molten 
web 

o· inlet 

Edge trim slitter 
~ 

Casting roll 

Figure 6.70 Schematic of a film casting operation. 

P II rolls 

~ 
Wind up rolls 
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Slit die 

L 

To winder 

Figure 6.71 Film casting. 

6.4.2.2 Film Blowing 

In film blowing, a tubular cross-section is extruded through an annular die, 
normally a spiral die, and is drawn and inflated until the freezing line is 
reached. Beyond this point, the stretching is practically negligible. The process 
is schematically depicted in Fig. 6.72 [37] and Fig. 6.73. The advantage of film 
blowing over casting is that the induced biaxial stretching renders a stronger 
and less permeable film. Film blowing is mainly used with less expensive 
materials such as polyolefins. Polymers with lower viscosity such as PA and 
PET are better manufactured using the cast film process. 

The extruded tubular profile passes through one or two air rings to cool the 
~ateria1. The tube interior is maintained at a certain pressure by blowing air 
mto the tube th.rough a small orifice in the die mandrel. The air is retained in 
the tubular film, or bubble, by collapsing the film well above its freeze-off 
point and tightly pinching it between rollers. The size of the tubular film is 
calibrated between the air ring and the collapsing rolls. 
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The drawing and cooling processes determine the morphology and l
mechanical properties of the final fiber. For example, ultra high molecular
weight HDPE fibers with high degrees of orientation in the axial direction can

I‘ have the stiffness of steel with today‘s fiber spinning technology.l
‘ ‘ Of major concern during fiber spinning are the instabilities that arise

during drawing, such as brittle fracture, Rayleigh disturbances, and draw
resonance. Brittle fracture occurs when the elongational stress exceeds the melt
strength of the drawn polymer melt. The instabilities caused by Rayleigh
disturbances are like those causing filament break-up during dispersive mixing Molten film
as discussed in Chapter 5. Draw resonance appears under certain conditions and
manifests itself as periodic fluctuations that result in diameter oscillation.

 
6.4.2 Film Production

‘ Chill roll 1

L l l 6.4.2.1 Cast Film Extrusion

 
chilled, highly polished, turning roll where it is quenched from one side. The . F' 6 71 F' _
speed of the roller controls the draw ratio and final film thickness. The film is lgure ‘ 11m caShng‘

I

then sent to a second roller for cooling of the other side. Finally, the film passes
l

‘ i In a cast film extrusion process, a thin film is extruded through a slit onto a _ To winder
l “

 
‘ ‘ through a system of rollers and is wound onto a roll. A typical film casting 6 2 . . .‘ process is depicted in Fig. 6.70 and 6.71. The cast film extrusion process exhibits ’4' '2 Fllm Blowmg ‘I

stability problems Similar to those encountered in fiber spinning [36]. In film blowing, a tubular cross-section is extruded through an annular die ll

 
normally a spiral die, and is drawn and inflated until the freezing line is

  
 

     
 

 
 

‘ ‘ Dje inlet reached. Beyond this point, the stretching is practically negligible. The process ‘ ‘
I . . 1 “f . . is schematically depicted in Fig. 6.72 [37] and Fig. 6.73. The advantage of film

‘ ‘ Cast MN 8:9an roll blowmg over casting is that the induced biaxial stretching renders a stronger
y” d “V Edge trim slitler and less permeable film. Film blowing is mainly used with less expensiveHi / mA/ materials such as polyolefins. Polymers with lower viscosity such as PA and i‘

.‘ ‘ Air gap . J )9, (9‘, Pull rolls PET are better manufactured using the cast film process.with l"; " A 1" ’1? The extruded tubular rofile thr h ' ‘ ‘‘ ‘ ”A . ‘ p passes oug one or two air rm 5 to cool the ‘molten ._ . :1 ‘R I Ier roll «2) (Q lj\ material. The tube interior is maintained at a certain pressure bygblowing air
web Wind up rolls into the tube through a small orifice in the die mandrel. The air is retained in

I I Casting roll the tubular. film, or bubble, by collapsing the film well above its freeze-off I‘point and tightly pinchmg it between rollers. The size of the tubular film is l
Figure 6.70 Schematic of a film casting operation. calibrated between the air ring and the collapsing rolls. l
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in -up system 

Extruder Air cooling 
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Figure 6.72 Film blowing. 
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Figure 6.73 Film blowing. 
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6.4.3 Blow Molding 

The predecessor of the blow molding process was the blowing press developed 
by Hyatt and Burroughs in the 1860s to manufacture hollow celluloid articles. 
Polystyrene was the first synthetic polymer used for blow molding during 
World War II and polyethylene was the first material to be implemented in 
commercial applications. Until the late 1950s, the main application for blow 
molding was the manufacture of LOPE articles such as squeeze bottles. 

Blow molding produces hollow articles that do not require a homogeneous 
thickness distribution. Today, HOPE, LOPE, PP, PET, and PVC are the most 
common materials used for blow molding. 

6.4.3.1 Extrusion Blow Molding 

In extrusion blow molding, a parison or tubular profile is extruded and inflated 
into a cavity with the specified geometry. The blown article is held inside the 
cavity until it is sufficiently cool. Figure 6.74 [38] presents a schematic of the 
steps in blow molding. 

Figure 6.74 Schematic of the extrusion blow molding process. 

During blow molding, one must generate the appropriate pa.rison length 
such that the trim material is minimized. Another means of saving material is 
generating a parison of variable thickness, usually referred to as parison 
progmmming, such that an article with an evenly distributed wall thickness is 
achieved after b·etchmg the material An example of a programmed parison 
and .finished bottle thickness distribution is presented in Fig. 6.75 [39]. 
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Nip rolls 6.4.3 Blow Molding

 

The predecessor of the blow molding process was the blowing press developed l
by Hyatt and Burroughs in the 18605 to manufacture hollow celluloid articles.
Polystyrene was the first synthetic polymer used for blow molding during
World War II and polyethylene was the first material to be implemented in
commercial applications. Until the late 19505, the main application for blow
molding was the manufacture of LDPE articles such as squeeze bottles.

Blow molding produces hollow articles that do not require a homogeneous l
thickness distribution. Today, HDPE, LDPE, PP, PET, and PVC are the most

“IV-up system common materials used for blow molding. ‘

 
,—_

 
, Lit/l 4:? ll 6.4.3.1 Extrusion Blow Molding*". 7 ; 7 _~_.»’

Extruder Air cooling unltz" ’ ‘fl;"; —4 E l

 
In extrusion blow molding, a parison or tubular profile is extruded and inflated

Figure 6.72 Film blowing- into a cavity with the specified geometry. The blown article is held inside the
l ‘ cavity until it is sufficiently cool. Figure 6.74 [38] presents a schematic of the i

i‘ steps in blow molding. ‘

leeuido rolls /‘\x H ll 1" " [ll ixfi—‘t

:fl ‘ xx‘ . l A T , ',

  
   

‘ l . l

l . ' , , , ‘i‘
‘ I Cooling air Cooling air ‘

I I I Figure 6.74 Schematic of the extrusion blow molding process. ii

              ‘ ‘ | H H i ‘ l
l i Molten polymer Dle l During blow molding, one must generate the appropriate parison length N

"0'" “mar such that the trim material is minimized. Another means of saving material is
' - = generating a parison of variable thickness, usually referred to as parison

‘ gAlrsupply Programming, such that an article with an evenly distributed wall thickness is
p _ achieved after stretching the material. An example of a programmed parison ‘

Figure 6.73 Film blowmg. and finished bottle thickness distribution is presented in Fig. 6.75 [39].
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0.034---
--■-1---1--- 0.100 

Figure 6.75 Wall thickness distribution in the parison and the part. 

A parison of variable thickness can be genernted by moving the mandrel 
vertically during extrusion as sh wn in Fig. 6.76. A thinner wall not only 
results in material savings but also reduces the cycle time due to the shorter 
required cooling times. 

As expected, the largest portion of the cycle time is the c oling of the blow 
molded container in the mold cavity. Most machines war with multiple molds 
in order to increase production. Rotary mold are often used in conjmiction 
with vertical or horizontal rotating tables (Fig. 6.77 (37]). 

Figure 6.76 Moving mandrel used to generate a programmed parison. 
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Die 

Part ejection 

Extruder 

Rotating table / 

Blowing 

Figure 6.77 Schematic of an extrusion blow molder with a rotating table. 

6.4.3.2 Injection Blow Molding 

Injection blow molding depicted in Fig. 6.78 [38] begins by injection molding 
the parison onto a core and into a mold with finished bottle threads. The 
formed parison has a thickness distribution that leads to reduced thickness 
variations throughout the container. Before blowing the parison into the 
cavity, it can be mechanically stretched to orient molecules axially, Fig. 6.79 
[38]. The subsequent blowing operation introduces tangential orientation. A 
container with biaxial molecular orientation exhibits higher optical (clarity) 
and mechanical properties and lower permeability. In the injection blow 
molding process one can go directly from injection to blowing or one can have 
a re-heating stage in-between. 

The advantages of injection blow molding over extrusion blow molding 
are: 

• Pinch-off and therefore post-mold trimming are eliminated 
• Controlled container wall thickness 
• Dimensional control of the neck and screw-top of bottles and containers 

Disadvantages include higher initial mold cost, the need for both injection 
and blow molding units and lower volume production. 

MacNeil Exhibit 2072
Yita v. MacNeil IP, IPR2020-01139

Page 52

 
 
 
 

 

 

 
 
 
 

 

 
 
 
 
 
 
 
 

 

 

 
 

 

 

 
 

250 Influence of Processing on Properties
__——____—__4————
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0027 0.090

0031 0.066

0.031 0.084

0.034 —b— 0.100

Figure 6.75 Wall thickness distribution in the parison and the part.

A parison of variable thickness can be generated by moving the mandrel
vertically during extrusion as shown in Fig. 6.76. A thinner wall not only
results in material savings but also reduces the cycle time due to the shorter
required cooling times.

As expected, the largest portion of the cycle time is the cooling of die blow
molded container in the mold cavity. Most machines wor With multiple molds
in order to increase production. Rotary molds are often used in conjunction
with vertical or horizontal rotating tables (Fig. 6.77 [37]).

 

j Ia, f. 1 ._ .

.f ‘\\_ I; 4/ \‘ in.. I!l' ,1 i
A ——'8

Figure 6.76 Moving mandrel used to generate a programmed parison.  
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Part ejection

Blowing CGOHHQ

Figure 6.77 Schematic of an extrusion blow molder with a rotating table.

6.4.3.2 Injection Blow Molding

Injection blow molding depicted in Fig. 6.78 [38] begins by injection molding
the parison onto a core and into a mold with finished bottle threads. The
formed parison has a thickness distribution that leads to reduced thickness
variations throughout the container. Before blowing the parison into the
cavity, it can be mechanically stretched to orient molecules axially, Fig. 6.79
[38]. The subsequent blowing operation introduces tangential orientation. A
container with biaxial molecular orientation exhibits higher optical (clarity)
and mechanical properties and lower permeability. In the injection blow
molding process one can go directly from injection to blowing or one can have
a re—heating stage in—between.

The advantages of injection blow molding over extrusion blow moldingare:

° Pinch-off and therefore post-mold trimming are eliminated
' Controlled container wall thickness

' Dimensional control of the neck and screw—top of bottles and containers

Disadvantages include higher initial mold cost, the need for both injection
and blow molding units and lower volume production.
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Figure 6.78 Injection blow molding. 
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Figure 6.79 Stretch blow molding. 
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6.4.3.3 Thermoforming 

Thermoforming is an important secondary shaping method of plastic film and 
sheet. Thermoforming consists of warming the plastic sheet and forming it into 
a cavity or over a tool using vacuum, air pressure, and mechanical means. 
During the 18th century, tortoiseshells and hooves were thermoformed into 
combs and other shapes. The process was refined during the mid-19th century 
to thermoform various cellulose nitrate articles. During World War II, 
thermoforming was used to manufacture acrylic aircraft cockpit enclosures, 
canopies, and windshields, as well as translucent covers for outdoor neon signs. 
During the 1950s, the process made an impact in the mass production of cups, 
blister packs, and other packaging commodities. Today, in addition to 
packaging, thermoforming is used to manufacture refrigerator liners, pick-up 
truck cargo box liners, shower stalls, bathtubs, as well as automotive trunk 
liners, glove compartments, and door panels. 

A typical thermoforming process is presented in Fig. 6.80 [37]. The process 
begins by heating the plastic sheet slightly above the glass transition 
temperature, for amorphous polymers, or slightly below the melting point, for 
semi-crystalline materials. Although, both amorphous and semi-crystalline 
polymers are used for thermoforming, the process is easiest with amorphous 
polymers because they have a wide rubbery temperature range above the glass 
transition temperature. At these temperatures the polymer is easily shaped, but 
still has enough rigidity to hold the heated sheet without much sagging. Most 
semi-crystalline polymers lose their strength rapidly once the crystalline 
structure breaks up above the melting temperature. 

The heating is achieved using radiative heaters and the temperature reached 
during heating must be high enough for sheet shaping, but low enough so the 
sheets do not droop into the heaters. One key requirement for successful 
thermoforming is to bring the sheet to a uniform forming temperature. The 
sheet is then shaped into the cavity over the tool. This can be accomplished in 
several ways. Most commonly a vacuum sucks the sheet onto the tool, 

, stretching the sheet until it contacts the tool surface. The main problem here is 
the irregular thickness distribution that arises throughout the part. Hence, the 
main concern of the process engineer is to optimize the system such that the 
differences in thickness throughout the part are minimized. This can be 
accomplished in many ways but most commonly by plug-assist. Here, as the 
plug pushes the sheet into the cavity, only the parts of the sheet not touching 
the plug-assist stretch. Since the unstretched portions of the sheet must remain 
hot for subsequent stretching, the plug-assist is made of a low thermal 
conductivity material such as wood or hard rubber. The initial stretch is 
followed by a vacuum for final shaping. Once cooled, the product is removed. 
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6.4.3.3 Thermoforming

Thermoforming is an important secondary shaping method of plastic film and
sheet. Thermoforming consists of warming the plastic sheet and forming it into
a cavity or over a tool using vacuum, air pressure, and mechanical means.
During the 18th century, tortoiseshells and hooves were thermoformed into
combs and other shapes. The process was refined during the mid—19th century l
to thermoform various cellulose nitrate articles. During World War II, ‘
thermoforming was used to manufacture acrylic aircraft cockpit enclosures,
canopies, and Windshields, as well as translucent covers for outdoor neon signs. ‘
During the 19505, the process made an impact in the mass production of cups,
blister packs, and other packaging commodities. Today, in addition to l

packaging, thermoforming is used to manufacture refrigerator liners, pick—up l
truck cargo box liners, shower stalls, bathtubs, as well as automotive trunk
liners, glove compartments, and door panels.

  
Injection blow molding. A typical thermoforming process is presented in Fig. 6.80 [37]. The process .

begins by heating the plastic sheet slightly above the glass transition ‘

’ temperature, for amorphous polymers, or slightly below the melting point, for
l ‘ semi—crystalline materials. Although, both amorphous and semi-crystalline .

l u ‘3 . polymers are used for thermoforming, the process is easiest with amorphous ‘ l

/ i ‘x.\ polymers because they have a wide rubbery temperature range above the glass
[ transition temperature. At these temperatures the polymer is easily shaped, butI still has enough rigidity to hold the heated sheet without much sagging. Most

Figure 6.78

 

 
 

 

 

 
.. semi-crystalline polymers lose their strength rapidly once the crystalline

TT/ _ ~.__E_-- structure breaks up above the melting temperature.
_’—-   

Mold closed Stretch The heating is achieved using radiative heaters and the temperature reached
during heating must be high enough for sheet shaping, but low enough so the

V ‘TT sheets do not droop into the heaters. One key requirement for successful
". thermoforming is to bring the sheet to a uniform forming temperature. The I

‘ sheet is then shaped into the cavity over the tool. This can be accomplished in iseveral ways. Most commonly a vacuum sucks the sheet onto the tool,

‘ 'r/r . stretching the sheet until it contacts the tool surface. The main problem here is
,__l 1—. the irregular thickness distribution that arises throughout the part. Hence, the ‘

main concern of the process engineer is to optimize the system such that the H
as” differences in thickness throughout the part are minimized. This can be ‘H‘ . l

accomplished in many ways but most commonly by plug-assist. Here, as the II “
Figure 6,79 Stretch blow molding. plug pushes the sheet into the cavity, only the parts of the sheet not touching I .l

H the plug-assist stretch. Since the unstretched portions of the sheet must remain it

hot for subsequent stretching, the plug—assist is made of a low thermal l‘l ‘
conductivity material such as wood or hard rubber. The initial stretch is l
follOWed by a vacuum for final shaping. Once cooled, the product is removed.
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Stre~ching 

Figure 6.80 Plug-assist thermoforming using vacuum. 
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To reduce thickness variations .in th prodntt, the. sheet c?1-1 _b pre stre!ched 
by forming a bubble at the beginning of th p ·ocess. Tlus lS sch.ematic~y 
depicted in Fig. 6.81 [37]. Th~ mold is raised u.1~0 _the bubble: or_a plug-assist 
pushes the bubb1e into the cavity, and a vacuum fuushe.s the process. 

/ Heated sheet 
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Figure 6.81 Reverse draw thermoforming with plug-assist and vacuum. 
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One of the main reasons for the rapid growth and high volume of 
thermoformed products is that the tooling costs for a thermoforming mold are 
much lower than for injection molding. 

6.5 Calendering 

In a calender line, the polymer melt is transformed into films and sheets by 
squeezing it between pairs of co-rotating high precision rollers. Calenders are 
also used to produce certain surface textures which may be required for 
different applications. Today, calendering lines are used to manufacture PVC 
sheet, floor covering, rubber sheet, and rubber tires. They are also used to 
texture or emboss surfaces. When producing PVC sheet and film, calender lines 
have a great advantage over extrusion processes because of the shorter 
residence times, resulting in a lower requirement for stabilizer. This can be 
cost effective since stabilizers are a major part of the overall expense of 
processing these polymers. 

Figure 6.82 [37] presents a typical calender line for manufacturing PVC 
sheet. A typical system is composed of: 

• Plasticating unit 
• Calender 
• Cooling unit 
• Accumulator 
• Wind-up station 

Internal batch mixer Calender 
Strainer extruder 

Cooling rolls 

ssing 

Figure 6.82 Schematic of a typical calendering process (Berstorff GmbH). 

In the plasticating unit, which is represented by the internal batch mixer 
and the strainer extruder, the material is melted and mixed and is fed in a 
continuous stream between the nip of the first two rolls. In another variation 
of the process, the mixing may take place elsewhere, and the material is simply 
reheated on the roll mill. Once the material is fed to the mill, the first pair of 
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I,.Heated sheet PI lassist ‘1
I ug Vacuum hole

 

   
l Stretching

Figure 6.80 Plug-assist thermoforming using vacuum.

To reduce thickness variations in the product, the sheet can be pre stretched
by forming a bubble at the beginning of the process. This is schematically
depicted in Fig. 6.81 [37]. The mold is raised into the bubble, or a plug«aSSist
pushes the bubble into the cavity, and a vacuum finishes the process.

Heated sheet Pressure

  
Vacuum

Figure 6.81 Reverse draw thermoforming with plug—assist and vacuum.
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One of the main reasons for the rapid growth and high volume of
thermoformed products is that the tooling costs for a thermoforming mold are
much lower than for injection molding.

6.5 Calendering

In a calender line, the polymer melt is transformed into films and sheets by
squeezing it between pairs of co-rotating high precision rollers. Calenders are
also used to produce certain surface textures which may be required for
different applications. Today, calendering lines are used to manufacture PVC
sheet, floor covering, rubber sheet, and rubber tires. They are also used to
texture or emboss surfaces. When producing PVC sheet and film, calender lines
have a great advantage over extrusion processes because of the shorter
residence times, resulting in a lower requirement for stabilizer. This can be
cost effective since stabilizers are a major part of the overall expense of
processing these polymers.

Figure 6.82 [37] presents a typical calender line for manufacturing PVC
sheet. A typical system is composed of:

° Plasticating unit
° Calender

- Cooling unit
' Accumulator

° Wind-up station

Internal batch mixer Calender Cooling rolls

*1 Strainer extruder  
 

 

  

E b _ Take—up system

m ssrng Trimming \
 

   
   ILL—“:1 " -   
 

  

Figure 6.82 Schematic of a typical calendering process (Berstorff GmbH).

In the plasticating unit, which is represented by the internal batch mixer
and the strainer extruder, the material is melted and mixed and is fed in a

continuous stream between the nip of the first two rolls. In another variation

of the process, the mixing may take place elsewhere, and the material is simply
reheated on the roll mill. Once the material is fed to the mill, the first pair of
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rolls control the feeding rate, while subsequent roll.s in the calender calibra~e 
the sheet thickness. Most calender systems have four rolls as does the one m 
Fig. 6.82, which is an in.vetted L- or F-type sy$tem. 0th~ typical roll arrang:
men.ts are shown in Fig. 6.83 and 6.84. After passmg ~ough the_ marn 
calender, the sheet can be passed through a secondary calendenng operauon_f~r 
embossing. The sheet is then passed through a series of chilling_toll.s whe~e Lt JS 

cooled £row both sides in an alternating .fashion. After cooling, the film or 
sheet is wound. 

One of the major concerns in a calendering system is generating a film or 
sheet with a uniform thickness distribution with tole.ranees as _low ~s 
±0.005 mm. To achieve this, the dimensions of the rolls must be precise. It _is 
also necessary to compensate for roll bowing resulting from high p_r~sures m 
the nip region. Roll bowing is a structural problem that can be nutigated by 
placing the ro11s in a slightly crossed pattern, rather than comple~ely parall~l, 
or by applying moments to the roll ends to counteract the separatmg forces m 
the nip region. 

Calendering can be modeled by assuming steady state, laminar flow and 
isothermal conditions. 

L-type 

Figure 6.83 Calender arrangements. 

F-type 

Z-type 

I j 
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{+ 
2h 

+ 

Figure 6.84 Schematic of the calendering process. 

6.6 Coating 

In coating a liquid film is continuously deposited on a moving, flexible or rigid 
substrate. Coating is done on metal, paper, photographic films, audio and 
video tapes, and adhesive tapes. Typical coating processes include wire coating, 
dip coating, knife coating, roll coating, slide coating, and curtain coating. 

In wire coating, a wire is continuously coated with a polymer melt by 
pulling the wire through an extrusion die. The polymer resin is deposited onto 
the wire using the drag flow generated by the moving wire and sometimes a 
pressure flow generated by the back pressure of the extruder. The process is 
schematically depicted in Fig. 6.8513_ The second normal stress differences, 
generated by the high shear deformation in the die, help keep the wire centered 
in the annulus [40]. 

Dip coating is the simplest and oldest coating operation. Here, a substrate 
is continuously dipped into a fluid and withdrawn with one or both sides 
coated with the fluid. Dip coating can also be used to coat individual objects 
that are dipped and withdrawn from the fluid. The fluid viscosity and density 
and the speed and angle of the surface determine the coating thickness. 

13 Other wire coating processes extrude a tubular sleeve which adheres to the wire via stretching and 
vacuum. This is called tube coating. 
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rolls control the feeding rate, While subsequent rolls in the calender calibrate .
the sheet thickness. Most calender systems have four rolls as does the one in
Fig. 6.82, which is an inverted L— or F—type system. Other typical roll arrange-

, ments are shown in Fig. 6.83 and 6.84. After passing through the main
i calender, the sheet can be passed through a secondary calendering operation for
‘ embossing. The sheet is then passed through a series of chilling rolls where it is

{ cooled from both sides in an alternating fashion. After cooling, the film orsheet is wound.

One of the major concerns in a calendering system is generating a film or
I sheet with a uniform thickness distribution with tolerances as low as

‘ i0.005 mm. To achieve this, the dimensions of the rolls must be precise. It is
also necessary to compensate for roll bowing resulting from high pressures in
the nip region. Roll bowing is a structural problem that can be mitigated by
placing the rolls in a slightly crossed pattern, rather than completely parallel,
or by applying moments to the roll ends to counteract the separating forces in
the ni re ion. .p g Figure 6.84 Schematic of the calendering process.

Calendering can be modeled by assuming steady state, laminar flow and
isothermal conditions.

 
6.6 Coating

In coating a liquid film is continuously deposited on a moving, flexible or rigid

substrate. Coating is done on metal, paper, photographic films, audio and
Video tapes, and adhesive tapes. Typical coating processes include wire coating
dip coating, knife coating, roll coating, slide coating, and curtain coating. I

 
In wire coating, a wire is continuously coated with a polymer melt by

pulling the wire through an extrusion die. The polymer resin is deposited onto
the wire using the drag flow generated by the moving wire and sometimes a
pressure flow generated by the back pressure of the extruder. The process is
schematically depicted in Fig. 6.8513. The second normal stress differences

generated by the high shear deformation in the die, help keep the wire centered
in the annulus [40].

 

 
. Dip. coating is the simplest and oldest coating operation. Here, a substrate
is continuously dipped into a fluid and withdrawn with one or both sides
coated with the fluid. Dip coating can also be used to coat individual objects
that are clipped and withdrawn from the fluid. The fluid viscosity and density
and the speed and angle of the surface determine the coating thickness.

  
 
 

‘ L-type Z-type

    
I I Figure 6.83 Calender arrangements. L____

13 . .
Other wire coating processes extrude a tubular sleeve which adheres to the wire via stretching and
vacuum. This is called tube coating. 
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Mandrel orifioo Torpedo 

Figure 6.85 Wire coating process. 

Knife coating, depicted in Fig. 6.86, consists of metering the coating 
material onto the substrate from a pool of material, using a fixed rigid or 
flexible knife. The knife can be normal to the substrate or angled and the 
bottom edge can be flat or tapered. The thickness of the coating- is nearly half 
the gap between the knife edge and the moving substrate or web. A major 
advantage of a knife edge coating system is its simplicity and relatively low 
maintenance. 

Roll coating consists of passing a substrate and the coating simultaneously 
tlu·ough the nip region between two rollers. The physics governing this process 
is similar to calendering, except that the fluid adheres to both the substrate and 
the opposing roll. The coating material is a low viscosity fluid, such as a 
polymer solution or paint and is picked up from a bath by the lower roll and 
applied to one side of the substrate. Tl1e thickness of the coating can be as low 
as a few ~un and is controlled by the viscosity of the coating liquid and the nip 
dimension. This process can be configured as either forward roll coating for co
rota ting rolls or rever e roll coating for counter-rotating rolls (Fig. 6.87). The 
reverse roll coating process deliver the most accurate coating thicknesses. 

---Knife 

Substrate 

Figure 6.86 Schematic of a knife coating process. 
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f Forward roll coating Reverse roll coating 

Figure 6.87 Schematic of forward and reverse roll coating processes. 

Slide coating and curtain coating, schematically depicted in Fig. 6.88, are 
commonly ~sed to apply multi-l~yered coatings. However, curtain coating has 
also been widely used to apply smgle layers of coatings to cardboard sheet. In 
both methods, the coating fluid is pre-metered. 

Slide surface \Coating roll 

Slide coating Curtain coating 

Figure 6.88 Slide and curtain coating. 
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Manifold i

  
 

 
Mandrei orifice Torpedo

Figure 6.85 Wire coating process.

Knife coating, depicted in Fig. 6.86, consists of metering the coating
material onto the substrate from a pool of material, using a fixed rigid or
flexible knife. The knife can be normal to the substrate or angled and the
bottom edge can be flat or tapered. The thickness of the coating is nearly half
the gap between the knife edge and the moving substrate or web. A major
advantage of a knife edge coating system is its simplicity and relatively low
maintenance.

Roll coating consists of passing a substrate and the coating simultaneously
through the nip region between two roflers. The physics governing this process
is similar to calendering, except that the fluid adheres to both the substrate and
the opposing roll. The coating material is a low Viscosity fluid, such as a
polymer solution or paint and is picked up from a bath by the lower roll and
applied to one side of the substrate. The thickness of the coating can be as low
as a few um and is controlled by the viscosity of the coating liquid and the nip
dimension. This process can be configured as either forward roll coating for co-
rotating rolls or reverse roll coating for counter—rotating rolls (Fig. 6.87). The
reverse roll coating process delivers the most accurate coating thicknesses.

 

 
Substrate

Figure 6.86 Schematic of a knife coating process.
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f Forward roll coating % Reverse roll coating

U1 U1

Figure 6.87 Schematic of forward and reverse roll coating processes.

Slide coating and curtain coating, schematically depicted in Fig. 6.88, are
commonly used to apply multi—layered coatings. However, curtain coating has
also been widely used to apply single layers of coatings to cardboard sheet. In
both methods, the coating fluid is pre—metered.

Slide surface \Coating roll

  
Slide coating Curtain coating

Figure 6.88 Slide and curtain coating.
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6.7 Compression Molding 

Compression molding is widely used in the automotive industry to produce 
parts that are large, thin, lightweight, strong, and stiff. It is also used in the 
household goods and electrical industries. Compression molded parts are 
formed by squeezing a charge, often glass fiber rein.forced, inside a mold 
cavity, as depicted in Fig. 6.89. Th matrjx can be either a thermoset or 
thermoplastic. The oldest and still widest used material for compression 
m lded ptoducts is phenolic. The thermoset materials used to manufacture 
fiber i:einforced compression molded articles is unsaturated polyester sheet or 
bulk, reinforced with glass fibers, known as sheet molding compound (SMC) or 
bulk molding compound (BMC). ln SMC, the 25 mm long reinforcing fibers are 
randomly oriented in the plane of the sheet and make up for 20-30% of the 
molding compow1d 1s volume fraction. A schematic diagram of an SMC 
production line is depicted in Fig. 8.90 [41]. When producing SMC, the chopped 
glass fibers are sandwiched between two carrier films previously coated with 
unsaturated polyester-filler matrix. A fiber reinforced thermoplastic charge is 
often called a glass 1nat reinforced thermoplastic (GMT) charge. The most 
common GMT matrix is polypropylene. More recently, long fiber reinforced 
themoplastics (LFT) have become common. Here, one squeezes sausage shaped 
charges deposited on the mold by an extruder. 

Charge 

Figure 6.89 Compression molding process ( h0 = charge thickness, hr = part thickness, 
and h = closing speed). 

6 Introduction to Processing 261 

During processing of thermoset charges, the SMC blank is cut from a 
preformed roll and is placed between heated cavity surfaces. Generally the 
~?~d is charged with 1 to 4 layers of SMC, each layer about 3 mm thick, ~hich 
~~t~ally cover about ~al£ the mold c~vity's surface. During molding, the 
imhally_ ra:1-domly _ o_nented glass fibers orient, leading to anisotropic 
properties m the fmished product. When processing GMT charges, the 
preforn:is ~re cut and heated between radiative heaters. Once heated, they are 
placed mside a cooled mold that rapidly closes and squeezes the charges before 
they cool and solidify. 

. One ~£_the ma~ advantages of the compression molding process is the low 
fiber attnhon durmg processing. Here, relatively long fibers can flow in the 
melt without the fiber damage common during plastication and cavity filling 
in injection molding. 

_ _ An alternate process is injection-compression molding. Here, a charge is 
mJect~d thro1:'-g~ a_ large gate followed by a compression cycle. The material 
used m the mJechon _ co~pr~ssion mol?ing process is called bulk molding 
co_mpound (BMC), which is reinforced with shorter fibers, generally 1 cm long, 
with an_ unsaturat_ed polyester matrix. The main benefit of injection 
comp~ess10n moldmg over compression molding is automation. The 
c_ombm~tion _of injecti~m and ~~mpression molding leads to lower degrees of 
fiber onentahon and fiber attnhon compared to injection molding. 

Continuous 
strand roving 

Carrier 
film 

\ 

Figure 6.90 SMC production line. 

Resin/filler 
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6.7 Compression Molding

Compression molding is widely used in the automotive industry to produce
parts that are large, thin, lightweight, strong, and stiff. It IS also used In the
household goods and electrical industries. Compression molded parts are
formed by squeezing a charge, often glass fiber reinforced, msrde a mold
cavity, as depicted in Fig. 6.89. The matrix can be either a thermoset-or
thermoplastic. The oldest and still widest used material for compressron

' ‘ molded products is phenolic. The thermoset materials used to manufacture
fiber reinforced compression molded articles is unsaturated polyester sheet or
bulk, reinforced with glass fibers, known as sheet molding compound (SMC) or

. bulk molding compound (BMC). In SMC, the 25 mm long reinforcmg fibers are
‘i randomly oriented in the plane of the sheet and make up for 20-30% of the

molding compound‘s volume fraction. A schematic diagram of an SMC
production line is depicted in Fig. 8.90 [41]. When producrng SMC, the chopped
glass fibers are sandwiched between two carrier films previously coated With
unsaturated polyester-filler matrix. A fiber reinforced thermoplastic charge IS
often called a glass mat reinforced thermoplastic (GMT) charge. The most
common GMT matrix is polypropylene. More recently. long fiber remforced
themoplastics (LFT) have become common. Here, one squeezes sausage shaped
charges deposited on the mold by an extruder.

         
  

Figure 6.89 Compression molding process (h0 = charge thicknesshf = part thickness,
and h= closing speed). 
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During processing of thermoset charges, the SMC blank is cut from a
preformed roll and is placed between heated cavity surfaces. Generally, the
mold is charged with 1 to 4 layers of SMC, each layer about 3 mm thick, which
initially cover about half the mold cavity's surface. During molding, the
initially randomly oriented glass fibers orient, leading to anisotropic
properties in the finished product. When processing GMT charges, the
preforms are cut and heated between radiative heaters. Once heated, they are
placed inside a cooled mold that rapidly closes and squeezes the charges before
they cool and solidify.

One of the main advantages of the compression molding process is the low
fiber attrition during processing. Here, relatively long fibers can flow in the
melt Without the fiber damage common during plastication and cavity filling
in injection molding.

An alternate process is injection-compression molding. Here, a charge is
injected through a large gate followed by a compression cycle. The material
used in the injection compression molding process is called bulk molding
compound (BMC), which is reinforced with shorter fibers, generally 1 cm long,
with an unsaturated polyester matrix. The main benefit of injection
compression molding over compression molding is automation. The
combination of injection and compression molding leads to lower degrees of
fiber orientation and fiber attrition compared to injection molding.

Continuous
strand roving

  
 

Resin/filler
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Carrier film
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Figure 6.90 SMC production line.
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6.8 Foaming 

In foam or a foamed polymer, a cellular or porous structure has been generated 
through the addition and reaction of physical or chemical blowing agents. The 
basic steps of foaming are cell nucleation, expansion or cell growth, and cell 
stabilization. Nucleation occurs when, at a given temperature and pressure, the 
solubility of a gas is reduced, leading to saturation, expelling the excess gas to 
form a bubble. Nucleating agents, such as powdered metal oxides, are used for 
initial bubble formation. The bubbles reach an equilibrium shape when their 
inside pressure balances their surface tension and surrounding pressures. The 
cells formed can be completely enclosed (closed cell) or can be interconnected 
(open cell). 

A physical foaming process is one where a gas such as nitrogen or carbon 
dioxide is introduced into the polymer melt. Physical foaming also occurs after 
heating a melt that contains a low boiling point fluid, causing it to vaporize. 
For example, the heat-induced volatilization of low-boiling-point liquids, such 
as pentane and heptane, is used to produce polystyrene foams. Also, foaming 
occurs during volatilization from the exothermic reaction of gases produced 
during polymerization such as the production of carbon dioxide during the 
reaction of isocyanate with water. Physical blowing agents are added to the 
plasticating zone of the extruder or molding machine. The most widely used 
physical blowing agent is nitrogen. Liquid blowing agents are often added to 
the polymer in the plasticating unit or the die. 

Chemical blowing agents are usually powders introduced in the hopper of 
the molding machine or extruder. Chemical foaming occurs when the blowing 
agent thermally decomposes, releasing large amounts of gas. The most widely 
used chemical blowing agent for polyolefin is azodicarbonamide. 

In mechanical foaming, a gas dissolved in a polymer expands upon 
reduction of the processing pressure. 

The foamed structures commonly generated are either homogeneous foams 
or integral foams. Figure 6.91 [42] presents the various types of foams and their 
corresponding characteristic density distributions. In integral foam, the 
unfoamed skin surrounds the foamed inner core. This type of foam can be 
achieved during injection molding and extrusion and it replaces the 
sandwiched structure also shown in Fig. 6.91. 
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Figure 6.91 Schematic of various foam structures. 

To~ay, foams are of great commercial importance and are primarily us din 
packagmg and as l1eat and noise insulating materials. Examples of foamed 
materials are polyurethane foams, expanded polystyrene (EPS) and expanded 
polypropylene particle foam (EPP). 

_Polyurethane foam is perhaps the most common foaming material and is a 
typical example of a chemical foaming technique. Here, two low viscosity 
components, a polyol and an isocyanate, are mixed with a blowing agent such 
as pentane. When manufacturing semi-finished products the mixture is 
deposited on a moving conveyor belt where it is allowed to rise, like a loaf of 
bread contained whithin shaped paper guides. The result is a continuous 
polyurethane block that can be used, among others, in the upholstery and 
matress industries. 

The basic material to produce expanded polystyrene products are small 
pearls ~roduced by suspension styrene polymerization with 6-7% of pentane as 
a blo:"'mg agent. !o process the pearls they are placed in pre-expanding 
machines heated with steam until their temperature reaches 80 to 100 oc. To 
enhance their expansion, the pearls are allowed to cool in a vacuum and 
allowed to age an~ ~ry in ventilated storage silos before the shaping operation. 
Polystyrene foam 1s 1s used exteusively in packaging, but its uses also extend to 
the construction industry as a thermal insulating material, as well as for shock 
absorption in children's safety seats and bicycle helmets. 

Expanded polypropylene particle foam is similar in to EPS but is 
characterized by its excellent impact absorption and chemical resistance. Its 
applications are pri.111.arely in the automotive industry as bumper cores, sun 
visor and knee cushions, to name a few. 
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262 Influence of Processing on Properties

6.8 Foaming

In foam or a foamed polymer, a cellular or porous structure has been generated
through the addition and reaction of physical or chemical blowing agents. The
basic steps of foaming are cell nucleation, expansion or cell growth, and cell
stabilization. Nucleation occurs when, at a given temperature and pressure, the
solubility of a gas is reduced, leading to saturation, expelling the excess gas to
form a bubble. Nucleating agents, such as powdered metal oxides, are used for
initial bubble formation. The bubbles reach an equilibrium shape when their
inside pressure balances their surface tension and surrounding pressures. The
cells formed can be completely enclosed (closed cell) or can be interconnected
(open cell).

A physical foaming process is one where a gas such as nitrogen or carbon
dioxide is introduced into the polymer melt. Physical foaming also occurs after
heating a melt that contains a low boiling point fluid, causing it to vaporize.
For example, the heat-induced volatilization of low-boiling-point liquids, such
as pentane and heptane, is used to produce polystyrene foams. Also, foaming
occurs during volatilization from the exothermic reaction of gases produced
during polymerization such as the production of carbon dioxide during the
reaction of isocyanate with water. Physical blowing agents are added to the
plasticating zone of the extruder or molding machine. The most widely used
physical blowing agent is nitrogen. Liquid blowing agents are often added to
the polymer in the plasticating unit or the die.

Chemical blowing agents are usually powders introduced in the hopper of
the molding machine or extruder. Chemical foaming occurs when the blowing
agent thermally decomposes, releasing large amounts of gas. The most widely
used chemical blowing agent for polyolefin is azodicarbonamide.

In mechanical foaming, a gas dissolved in a polymer expands upon
reduction of the processing pressure.

The foamed structures commonly generated are either homogeneous foams
or integral foams. Figure 6.91 [42] presents the various types of foams and their
corresponding characteristic density distributions. In integral foam, the
unfoamed skin surrounds the foamed inner core. This type of foam can be
achieved during injection molding and extrusion and it replaces the
sandwiched structure also shown in Fig. 6.91.
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Figure 6.91 Schematic of various foam structures.

Today, foams are of great commercial importance and are primarily used in
packaging and as heat and noise insulating materials. Examples of foamed
materials are polyurethane foams, expanded polystyrene (EPS) and expanded
polypropylene particle foam (EPP).

Polyurethane foam is perhaps the most common foaming material and is a
typical example of a chemical foaming technique. Here, two low viscosity
components, a polyol and an isocyanate, are mixed with a blowing agent such
as pentane. When manufacturing semi—finished products the mixture is
deposited on a moving conveyor belt where it is allowed to rise, like a loaf of
bread contained whithin shaped paper guides. The result is a continuous
polyurethane block that can be used, among others, in the upholstery andmatress industries.

The basic material to produce expanded polystyrene products are small
pearls produced by suspension styrene polymerization with 6-7‘}; of pentane as
a blowing agent. To process the pearls they are placed in pre—expanding
machines heated with steam until their temperature reaches 80 to 100 0C. To
enhance their expansion, the pearls are allowed to cool in a vacuum and

allowed to age and dry in ventilated storage silos before the shaping operation.
Polystyrene foam is is used extensively in packaging, but its uses also extend to
the construction industry as a thermal insulating material, as well as for shock
absorption in children’s safety seats and bicycle helmets.

Expanded polypropylene particle foam is similar in to BPS but is
Characterized by its excellent impact absorption and chemical resistance. Its
applications are primarely in the automotive industry as bumper cores, sun
Visors and knee cushions, to name a few.
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6.9 Rotational Molding 

Rotational molding is used to make hollow bjects. In rotational molding, a 
carefully measured amount of powdered polymer, typically polyethylene, is 
placed in a mold. The mold is then closed and placed i11 an oven where the 
mold turns ab ut two axes as the polymer melts, as depicted in Fig. 6.92. 
During heating and melting, whicl1 occur at oven temperatures b tween 250 
and 450 °C, the polymer is depo ited evenly on the mold's surface. To ensure 
uniform thickness, the axes of rotation should not coincide with the centroid of 
the molded product. The mold is then cooled and the solid part is removed 
from the mold cavity. The parts can be as thick as 1 cm, and still be 
manufactured with relatively low residual stresses. The reduced residual stress 
and the controlled dimensional stability of the rotational molded product 
depend in great part on the cooltng rate after the mold is removed from the 
oven. A mold that is cool d too fast yields warped parts. Usually, a mold is 
first cooled with air to start the cooling slowly, followed by a water spray for 
faster cooling. 

The main advantages of rotational molding over blow molding are the 
uniform part thickness and the low cost involved in manufacturing the mold. 
In addition, large parts such as play structures or kayaks can be manufactured 
more econ9mically than with injection molding or blow molrung. The main 
disadvantage of the process is the long cycle time for heating and cooling of the 
mold and polymer. 

~ 
~'.ZZZl=MZ1iZlnoir!Zax2ZiZ1s:z:a:z;r:zzziiJ/ Spider 

-eMajo_i:_ 
axis 

Spider -----

Off-set arm 

Figure 6.92 Schematic of the rotational molding process. 

6 Introduction to Processing 265 

Figure 6.93 presents the air temperature inside the mold in a typical 
rotational molding cycle for polyethylene powders [43]. The process can be 
divided into six distinct phases: 

1. Induction or initial air temperature rise 
2. Melting and sintering 
3. Bubble removal and densification 
4. Pre-cooling 
5. Crystallization of the polymer melt 
6. Final cooling 

The induction time can be significantly reduced by pre-heating the powder, 
and t~e b~b~le removal and cooling stage can be shortened by pressurizing the 
matenal ms1de the mold. The melting and sintering of the powder during 
rot~tional molding depends on the rheology and geometry of the particles. 
This phenomenon was studied in depth by Bellehumeur and Vlachopoulos [44]. 

Figure 6.93 

150 

10 20 30 
Time (min) 

Typical air temperature in the mold while rotomolding polyethylene 
parts. 
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264 Influence of Processing on Properties

6.9 Rotational Molding

Rotational molding is used to make hollow objects. In rotational molding, a
carefully measured amount of powdered polymer, typically polyethylene, is
placed in a mold. The mold is then closed and placed in an oven where the
mold turns about two axes as the polymer melts, as depicted in Fig. 6.92.
During heating and melting, which occur at oven temperatures between 250
and 450 0C, the polymer is deposited evenly on. the molds surface. To ensure
uniform thickness, the axes of rotation should not coincide with the centroid of

the molded product The mold is then cooled and the solid part is removed
from the mold cavity. The parts can be as thick as 1 cm, and still be
manufactured with relatively low residual stresses. The reduced residual stress
and the controlled dimensional stability of the rotational molded product
depend in great part on the cooling rate after the mold is removed trom the
oven. A mold that is cooled too fast yields warped parts. Usually, a mold is
first cooled with air to start the cooling slowly, followed by a water spray for
faster cooling.

The main advantages of rotational molding over blow molding are the
uniform part thickness and the low cost involved in manufacturing the mold.
In addition, large parts such as play structures or kayaks can be manufactured
more economically than with injection molding or blow molding. The main
disadvantage of the process is the long cycle time for heating and cooling of the
mold and polymer.
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Figure 6.92 Schematic of the rotational molding process. 
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Figure 6.93 presents the air temperature inside the mold in a typical
rotational molding cycle for polyethylene powders [43]. The process can be
d1v1ded into six distinct phases:

1. Induction or initial air temperature rise
2. Melting and sintering
3. Bubble removal and densification

4. Pre—cooling

5. Crystallization of the polymer melt
6. Final cooling

The induction time can be significantly reduced by pre-heating the powder
and the bubble removal and cooling stage can be shortened by pressurizing the
material inside the mold. The melting and sintering of the powder during
rotational molding depends on the rheology and geometry of the particles.
Tlus phenomenon was studied in depth by Bellehumeur and Vlachopoulos [44].
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Figure 6.93 Typical air temperature in the mold while rotomolding polyethyleneparts.
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266 Influence of Processing on Properties 

Examples 

6.1 You are to use a 45 mm diameter single screw extruder to create a polymer 
polycarbonate/polypropylene polymer blend. The maximum screw 
rotation is 160 rpm and the screw channel depth is 4mm. Assuming a 
barrel temperature of 300 °C, a surface tension, between the two 
polymers of 8x10-3 N/m, and using the viscosity curves given in in the 
appedix of this book, determine: 

• If one can disperse 20% PC into 80% PP 
• If one can disperse 20% PP into 80% PC 
• The minimum size of the dispersed phase 

We start this problem by first calculating the average speed in the 
extruder using 

v
0 

= 1tDn = n( 45)(160)(1 / 60) = 377 mm/ s 

which results in an average rate of deformation of 

. v0 377mm/s 
94 

_1 
y=-= = s 

h 4mm 

From the viscosity cw-ves we get 11Pc =600Pa-s and 171,p = 150Pa-s. 
Using Fig. 6.32 we can deduce that one cannot disperse polycarbonte 
into polypropylene using a single screw extruder that only induces 
shear deformation, since tJpc/11PP > 4. On the other hand, one can 
disperse polypropylene into polycarbonate using the same single 
screw extruder. 

Using Fig.6.32 we can see that dispersive mixing for a l'/i,c hr,, > 0.25 
will occur at Cacr;, = 0.7. Hence, neglecting the effects of coalescence we 
can calculate the minimun size of the dispersed phase using 

Ca. =0.7= -r:R = 600 94 R-D=2R=0.2 
cnl 8 Lo-3 µm 0

5 
X 

To achieve this dispersion we must maintain the stresses for an 
extended period. 

3
·5 200 °c 

en 3.o 
di 
c.. 
::::: 2.5 
c 
"iii 
8 2.0 
(f) 

z_ 
g> 1.5 

...J 

1.0 
0.0 0.5 1.0 1.5 2.0 

Log (shear rate) (1/s) 

6 Introduction to Processing 267 

PP (Novolen 1125 NX) 

I I I 
2.5 3.0 3.5 4.0 

Figure 6.94 Viscosity curves for a polypropylene. 

2.8 
300 °C PC (Makrolon 2800) 

2.7 

en 2.6 I 
Cll e:, 

2.5 20°c 
~ 
"iii 2.4 0 
(.) 
(f) 

z_ 2.3 40°C 
Ol 
0 2.2 ...J 

2.1 I 
1.0 1.5 2.0 2.5 3.0 3.5 

Figure 6.95 

Log (shear rate) (1 /s) 

Viscosity curves for a polycarbonate. 

6.2 You _are to determine the maximum clamping force and injection pressure 
reqmred t? mol? an ABS suitcase with a filling time, tJ!:11 , of 2.5 seconds. 
Use the dimensions shown in Fig. 6.96, an injection temperature, Ti , of 
227 °C _(500 K), and a mold temperature, Tm, of 27 oc (300 K). The 
properties necessary for the calculations are also given below. 

Table 6.8 Properties for ABS 

n = 0.29 

m0 = 29xl0 6 Pa-s" 

a = 0.01369 I K 

p = 1020kg / m3 

C P = 23431 I Kg I K 

k = 0.184W /m/K 

MacNeil Exhibit 2072
Yita v. MacNeil IP, IPR2020-01139

Page 60

 
  
  
 

    
  
  
  
  

    
  
      
  
   

   
   

 
    
  

 
   

266 Influence of Processing on Properties
___‘__—_:—_—————

Examples

6.1 You are to use a 45 mm diameter single screw extruder to create a polymer
polycarbonate/ polypropylene polymer blend. The maximum screw
rotation is 160 rpm and the screw channel depth is 4mm. Assuming a
barrel temperature of 300 0C, a surface tension, between the two
polymers of 8x103 N/m, and using the viscosity curves given in in the
appedix of this book, determine:

' If one can disperse 20% PC into 80% PP
. If one can disperse 20% PP into 80% PC
0 The minimum size of the dispersed phase

We start this problem by first calculating the average speed in the
extruder using

v0 = :1an = n:(45)(160)(1/60)= 377mm/s

which results in an average rate of deformation of

v _ 377mm/s _
fi= —° 94s"l11 4mm

From the viscosity curves we get 27,... :600Pa—s and n” =l50Pa—s.
Using Fig. 6.32 we can deduce that one cannot disperse polycarbonte
into polypropylene using a single screw extruder that only induces
shear deformation, since "m h)”, >4. On the other hand, one can

disperse polypropylene into polycarbonate using the same single
screw extruder.

Using Fig.6.32 we can see that dispersive mixing for a 1]”. MN, >025
will occur at Cam, ~07. Hence, neglecting the effects of coalescence we
can calculate the minimun size of the dispersed phase using

_ fl _ 600(94)R
U" i a 8x10";5 —>D=2R=0.2nm

To achieve this dispersion we must maintain the stresses for an
extended period.
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3.5
PP (Novolen 1125 NX)

  
 

3.0

2.5

2.0Log(viscosity)(Pa-s)
 

 

1.0 I

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3|.5 4|.0
Log (shear rate) (1/3)

Figure 6.94 Viscosity curves for a polypropylene.

300 °C
2.7 PC (Makrolon 2800)

2.5 20 “C

   
Log(viscosity)(Pa—s) N7 .5

2.1 .
1.0 1.5 2.0 2.5 3.0 3.5

Log (shear rate) (1/s)

Figure 6.95 Viscosity curves for a polycarbonate.

6.2 You are to determine the maximum clamping force and injection pressure
‘ required to mold an ABS suitcase with a filling time, {511 , of 2.5 seconds.

Use the dimensions shown in Fig. 6.96, an injection temperature, Ti , of
227 0C (500 K), and a mold temperature, Tm, of 27 0C (300 K). The
properties necessary for the calculations are also given below.

 
Table 6.8 Properties for ABS

'1 = 0-29 p =1020kg/m3

me = 29x106Pa—s" CF = 23431 /Kg/K
a=0.01369/K k=0.184W/m/K
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268 Influence of Processing on Properties 

To aid the polymer processing engineer in finding required injection 
pressures and corre ponding mold clamping forces, Stevenson [ 4] 
generated a set of dimensionless groups and corresponding graphs for 
non-isoth rmal mold filling of non- e,~rtonian polymer melts. We 
start this problem by first laying the suHcase flat and determining the 
required geometric factors (Fig. 6.97). From the suitcase geometry, the 
longest flow path, , is 0.6 m and the radius of the pr jected area, Rp, is 
0.32m. 

/,,...4-______ 0.8 m 

\ 

\ 
\ 

Figure 6.96 Suitcase geometry. 

A=0.68 m2 

Figure 6.97 Layed-flat suitcase. 

=/ 
0.002 m 

0.15 m 

6 Introduction to Processing 269 

Using the notation in Fig. 6.25 and a viscosity defined by 
1'/ = moe -a(T-r,,, 'lrln-l I four dimensionless groups are defined. 

• The dimensionless temperature /3 determines the intensity of the 
coupling between the energy equation and the momentum balance. 
It is defined by 

f3 = a(T-T) 
I Ill (6.30) 

where Ti and Tm are the injection and mold temperatures 
respectively. 

• The dimensionless time is the ratio of the filling time, tfill, and the 
time for thermal equilibrium via conduction, defined by 

(6.31) 

• T~e Brin~m~n ~umber Br is the ratio of the energy generated by 
VISC~us drns1pahon and the energy transported by conduction. For a 
non-isothermal, non-Newtonian model it is 

(6.32) 

• The power-law index n of the Ostwald and deWaale model reflects 
the shear thinnng behavior of the polymer melt. Once the 
dimensionless parameter are calculated, the dimensionless injection 
pressur s (t:,.pjt:,.p1 ) and dimensionless clamping forces (F/F

1 
)are read 

from Figs. 6.98 to 6.101. The isothermal pressure and force are 
computed using 

(6.33) 

and 

(6.34) 
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\

Using the notation in Fig. 6.25 and a viscosity defined by
”(T—T”! ) 4, four dimensionless groups are defined.

268 Influence of Processing 0n Properties

To aid the polymer processing engineer in finding required injection

pressures and' corresponding mold clamping forces, Stevenson [4] 11 = moe
generated a set of dimensionless groups and corresponding graphs for

—‘ th 4:] mold, fillin of non—Newtonian polymer melts. We . _3:26:15 Earl-fib‘lem by first lfymg the suitcase flat and determining the coupling between the energy equation and the momentum balance.
required geometric factors (Fig. 6.97). From the suitcase geometry, the It 15 dEmed by
longest flow path, , is 0.6 m and the radius of the prolected area, RP' 13 [3 = “(7;- _7:") (6.30)

l’

0 The dimensionless temperature [3 determines the intensity of the

  

0.32m. where T; and Tm are the injection and mold temperatures

fl————0.8 m

respectively.
 

/ ° The dimensionless time is the ratio of the filling time, tfiu, and the
\ time for thermal equilibrium via conduction, defined by

2 K

/ 17 = hfgc (6.31)F

' The Brinkman number Br is the ratio of the energy generated by
viscous dissipation and the energy transported by conduction. For a

b non—isothermal, non-Newtonian model it is

 

   
 

 
n+1

far, 2

Br=—m‘"h R (6.32)
INK—7:”) ‘thFigure 6.96 Suitcase geometry.

0 The power—law index n of the Ostwald and deWaale model reflects
the shear thinnng behavior of the polymer melt. Once the
dimensionless parameter are calculated, the dimensionless injection
pressures (Ap/Ap,) and dimensionless clamping forces (F/F,)are read
from Figs. 6.98 to 6.101. The isothermal pressure and force are
computed using

(g) (6.33) .
  

I
T )1’

_m0e"’" l+2n R
l—nAp —

2n rm]:  
and

 

”JAp, (6.34)  
Figure 6.97 Layed—flat suitcase.
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Figure 6.98 Dimensionless clamping force versus dimensionless groups. 
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Figure 6.99 Dimensionless clamping force versus dimensionless groups. 
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Figure 6.100 Dimensionless injection pressure versus dimensionless groups. 
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Figure 6.101 Dimensionless injection pressure versus dimensionless groups. 
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Figure 6.98

Figure 6.99
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Using the data given for ABS and the dimensions for the laid-flat 
suitcase we can compute the dimensionless groups as 

(3 = 0.01369(500- 300) = 2.74 

r= 2.5(0. l 4 = 0.192 
0.00 l) ~ (I 0_0)(2343) 

(29xl 06 e-O,OIJ69(500\o.oo lf ( 0 .. 6 )029+1 
Br=-'--------'---- ---- = 0.987 

0.) 84(500 - 300) 2.5(0.00 I 

The isothermal injection pressure and dampng force are computed 
using eqs. 6.30 to 6.34. 

11p, = 29xl06e-o.01369csooJ (' + 2(0.29) 0.6 )0,29(~) = 171MPa 
1- 0.29 ~(0.-9) _.5(0.001) 0.001 

F, = ;rr(0.6)2( I -0.
29 )(17.lxl0 7

) = 50.7xl0 6N 
-0.29 

We now look up 11p/ 11p, and FI F,in Figs. 6.98 to 6.101. Since little 
change occurs between n = 0.3 and n = 0.5, we choose n = 0.3. However, 
for other values of n we can interpolate or extrapolate. For (3 = 2.74, we 
interpolate between 1 and 3 as 

(3 = 1-1'!.p I 11p1 = 1.36 and FI F, = 1.65 

(3 = 2.74 - 11p I 11p, = 1.53 and FI F, = 2.04 

11p = (11¼Pi )11p, = 262MPa = 2,620bar 

F = (¼,, )F1 = 10.3xl0 7N = 10,300metrictons 

14 M 

6 Introduction to Processing 273 

Since the part are exceeds the projected area, Fig. 6.102 can be used to 
correct the computed damping force. The damping force can be 
corrected forn an Rp= 0.32 musing Fig. 6.102 and RP IR= 0.53. 

1.0 

0.8 

LL 0.6 ...... 
"O 
Q) 

t5 
Q) ·e 

0.4 0.. 
LL 

0.2 

0 

0 

Fproj,ctcc1 = (0.52)10,300 = 5,356metrictons 

0.2 0.4 0.6 

Rp/R 

0.8 1.0 

Figure 6.102 Clamping force correction for the projected area. 

For our suitcase cover, where the total volume is 1,360 cc and total part 
area is 0.68 n/, the above nwnbers are too high. A usefol'I rnlo-of
thurnb is a ma,'Ximun allowable clamping force of 2 tons/in 2

• Here, we 
have gratly exceeded that number. Normally, around 3,000 metric 
tons/m 2 are allowed in commercial injection molding machines. For 
example, a typical injection molding machine14 with a shot size of 2,000 
cc has a maxi.mun damping force of 630 metric tons with a maxi.mun 
injection pressure of 1,400 bar. A machine with much larger damping 
forces and injection pressures is suitable for much larger parts. For 
example, a mchaine with a shot size of 19,000 cc allows a maximum 
clamping force of 6,000 metric tons with a maximum injection pre
ssure of 1,700 bar. For this example we must reduce the pressure and 

INIFLOW, Injection Molding Simulation, The Madison Groups PPRC, Madison, WI. 
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Using the data given for ABS and the dimensions for the laid-flat
suitcase we can compute the dimensionless groups as

[5 = 001369600 — 300) = 2.74

2.5(0. I 84)‘1: =e7= 0.192
(0.00])'(10?.0)(2343)

B (39110")e“"””""‘-‘"”‘(o.001)2E 0.5
r=

029+|

] =0.987OAS-1600 — 300) 2.5(0001)

The isothermal injection pressure and clampng force are computed
using eqs. 6.30 to 6.34.

6 —0.01369(500) 0.29

Ala/391510 e [1+2(0.29) 0.6 ) [ 0,6 )_171Mpal— 0.29 2(0.29) 2.5(0001) 0.001

|—0.29

3—029

 

F, = ”(0.6)2( )(l7.1x107) = 50.7x106N
We now look up Ap/Ap, and F/F,in Figs. 6.98 to 6.101. Since little
change occurs between 11 = 0.3 and n = 0.5, we choose n = 0.3. However,
for other values of n we can interpolate or extrapolate. For 6 = 2.74, we

interpolate between 1 and 3 as

fi=l—>Ap/Ap, =1.36andF/F, =1.65

{3=3—>Ap/Ap, =1.55 andF/F, =2.1

[3’=2.74—>Ap/Ap, =l.53andF/F, =2.04

A

Ap =( %pl)Ap, = 262MPa = 2,620bar

F =(%I)F, =10.3x107N =10,300metrictons
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Since the part are exceeds the projected area, Fig. 6.102 can be used to
correct the computed clamping force. The clamping force can be

corrected forn an RP: 0.32 In using Fig. 6.102 and R], /R = 0.53.

Fprojz'cwrl = (0.52)10,300 = 5,356metric tons

1.0

0.8

0.6

Fprojected/F 0.4

0.2

0 0.2 0.4 0.6 0,3 1_o

Rp/R

Figure 6.102 Clamping force correction for the projected area.

For our suitcase cover, where the total volume is 1,360 cc and total part
area is 0.68 ml, the above numbers are too high. A useful] rule—of—
thumb is a maximun allowable clamping force of 2 tons/i112. Here, we
have gratly exceeded that number. Normally, around 3,000 metric
tons/mZ are allowed in commercial injection molding machines. For
example, a typical injection molding machinei‘1 with a shot size of 2,000
cc has a maximun clamping force of 630 metric tons with a maximun
injection pressure of 1,400 bar. A machine with much larger clamping
forces and injection pressures is suitable for much larger parts. For
example, a mchaine with a shot size of 19,000 cc allows a maximum
clamping force of 6,000 metric tons with a maximum injection pre-
ssure of 1,700 bar. For this example we must reduce the pressure and

______—

14 MINIFLOW, Injection Molding Simulation, The Madison Groups PPRC, Madison, WI.
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6.3 

clamping force requirements. This can be acomplished by increasing 
the injection and mold temperatures or by reducing the filling time. 
Recommended injection temperatui-es for ABS are between 210 and 
240 oc and recommended mold temperatures are between 40 and 
90 OC.15 As can be seen, there is room for adjustment in the processing 
condition, so one must repeat the above procedure using new 
conditions. 

Let us consider the multi-cavity injection molding process _shown in Fig. 
6.103. To achi ve equal part quality, the filling time for all cavities must be 
balanced. For the case in question, we need to balance the cavities by 
solving fo.r the runner radius. For a balanced runner system the flow rate 
into all cavities must match. For a given flow rate Q, length L, and radius 
R

1
, we can also solve for the pressure at the runner system junctures. 

Assuming an isothermal flow of-a non-Newtonian shear thinning polymer 
with viscosity T/, we can compute the ·adius for a part molded of 
polystyrene with a consistency index of 2.8xl0 4 Pa-s" and a power law 
index (n) of 0.28. 

Sprue 

P3 

Part late R 1 l--2L-
t 

P2 R 2L 
i2 

Figure 6.103 Runner system lay out. 

The flow through each runner section is governed by equation 5.46, 
and the variou sections can be representied using: 

15 A good reference for such values is the CAMPUS® material data bank. Books such as H 
Domininghaus, Plastics for E11gi1Ieers, Hanser Publishers (1992), Munich are also recommended. 

Section 2: 2Q=(1r(2R/)(2R1(P2 -PJ)' 
s+ 3 2m(2L) 

Section 3: Q=(n:R;)(R2(P2 -O))s 
s+ 3 2m(_L) 

Section 4: Q = ~- 1 1 3 . ( n:R.
3 )(R (P -0))' 

s+ 3 2m(2L) 

6 Introduction to Processing 275 

Using values of L=lOcm, R1 =4mm mm, and Q=20cm3/s, the 
unknown parameters, Fi, P2 , P3 , and R2 can be obtained using the 
preciding equations. The equation are non-linear and must be solved 
in an iterative manner. For the given values, a radius, R2 , of 3.4 mm 
would result in a balanced runner system, with pressures Fi= 265.7 bar, 
P2 = 230.3 bar, and P3 = 171.9 bar. For comparison, if one had assumed 
a Newtonian model with the same consistency index and a power law 
index of 1.0 a radius, R2, of 3.9 mm would have resulted, with much 
higher required pressures of Fi = 13,926 bar, P2 = 12,533 bar, and 
P3 = 11,140 bar. The difference is due to shear thinning. 

Problems 

6.1 You are to _extrude a :i-oo mm wide high density polyethylene sheet using a 
40 mm diameter smgle screw extruder with distributive as well as 
dispersive mixing heads. The screw characteristic curve is shown in Fig. 
6.10416. 

The die can be approximated with a 100 mm wide and 100 mm long slit. 
On the graph below draw the die characteristic curves for dies with 1mm 
and 1.5mm thick slits. Will it be feasible to extrude a sheet through a 
1.5mm thick slit? If yes, what screw speed would you choose? What about 
a 1 mm thick slit. 

16 Courtesy of ICIPC, Medellin, Colombia. 
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clamping force requirements. This can be acomplished by increasing
the injection and mold temperatures or by reducing the filling time.
Recommended injection temperatures for ABS are between 210 and
240 0C and recommended mold temperatures are between 40 and
90 0C.15 As can be seen, there is room for adjustment in the processing

condition, so one must repeat the above procedure using new
conditions,

6.3 Let us consider the multi—cavity injection molding process shown in Fig.
6.103. To achieve equal part quality, the filling time for all cavities must be
balanced. For the case in question, we need to balance the cavities by
solving for the runner radius. For a balanced runner system the flow rates
into all cavities must match. For a given flow rate Q, length L, and radius

RI, we can also solve for the pressure at the runner system junctures.
Assuming an isothermal flow of a non—Newtonian shear thinning polymer
with viscosity 1], we can compute the radius for a part molded of
polystyrene with a consistency index of 2.8x104 Pa—s“ and a power law
index (n) of 0.28.

  
Figure 6.103 Runner system lay out.

The flow through each runner section is governed by equation 5.46,
and the various sections can be representied using: .
 

15 A good reference for such values is the CAMPUS® material data bank. Books such as H.
Domininghaus, Plastics for Engineers, Hanser Publishers (1992), Munich are also recommended.
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 3 r.) _ 5

Section 1: 4Q=(”(2Rl) )( "RI(PI ’33))5+ 3 ZmL

 .‘ J

Section 2: 2Q = (”:iRg) 1%)
3

Section 3: Q = (HZ—13+ 3 2m(2L)M)

Section 4: Q =(fi)(R1(P3 ‘ 0) Vs+ 3 2m(2L)  
Using values of L =100m, R1 = 4mm mm, and Q=200m3/SI the
unknown parameters, P,,PZ,P3, and R2 can be obtained using the
preciding equations. The equation are non-linear and must be solved
in an iterative manner. For the given values, a radius, R2, of 3.4 mm
would result in a balanced runner system, with pressures P} = 265.7 bar,
P2 = 230.3 bar, and P3 = 171.9 bar. For comparison, if one had assumed
a Newtonian model with the same consistency index and a power law
index of 1.0 a radius, R2, of 3.9 mm would have resulted, with much
higher required pressures of P1 = 13,926 bar, P2 = 12,533 bar, and
P3 = 11,140 bar. The difference is due to shear thinning.

Problems

6.1 You are to extrude a 100 mm wide high density polyethylene sheet using a
40 mm diameter single screw extruder with distributive as well as
dispersive mixing heads. The screw characteristic curve is shown in Fig.
6.10416.

The die can be approximated with a 100 mm wide and 100 mm long slit.
On the graph below draw the die characteristic curves for dies with 1mm
and 1.5mm thick slits. Will it be feasible to extrude a sheet through a
1.5mm thick slit? If yes, what screw speed would you choose? What about
a 1 mm thick slit.

 

16 Courtesy of ICIT’C, Medellin, Colombia.
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Why do your die characteristic curves cross ver the ones shown in the 
.graph? Note that the data in the graph was mea u ed experimentally with 
a variable restriction (valve) die. 

Typical power law constants for HDPE at 180 °Care m=20,000 Pa-sn and 
n=0.41. Use a specific gravity for HDPE of 0.95. 

50 ~------------------, 

40 

30 

20 

rnmtn 

10 

100 200 

D=40 mm 
HDPE 

300 
P (bar) 

400 

120 rpm 

2/60 
90rpm 

500 

Figure 6.104 Process characteristic curves for a 45 mm diameter conventional 
extruder. 

6.2 Estimate the striation thickness of a 3mm diameter pigmented polystyrene 
pellet in a polystyrene matrix after traveling through a 20 turn, 45 mm 
diameter, 5 mm constant channel depth, single screw extruder. Assume 
open discharge conditions. Use 100 rpm rotational speed. 

6.3 Someone in your company proposes to use an existing square pitch 150 
mm diameter plasticating single screw extruder as a mixing device for a 
40/60 PS/PP polymer blend. The metering section is 5 turns long and has a 
channel depth of 10 mm. Will dispersion of the polystyrene occur for a 
screw rotation of 60 rpm? Assume open discharge and a temperature. ~f 
220 °c. Use viscosity data given in example 6.1 and Fig. 6.106. 

6 Introduction to Processing 277 

6.4 Someone in your company proposes to use an existing square pitch 150 
mm diameter plasticating single screw extruder as a mixing device for a 
40 / 60 PP /PS polymer blend. The metering section is 5 turns long and has a 
channel depth of 10 mm. Will dispersion of the polypropylene occur for a 
screw rotation of 60 rpm? Will there be enough time for dispersion? 
Assume open discharge and a temperature of 220 °c. Use viscosity data 
given in problems 6.3 and below. 

4.5 
4 

170 °c 
PS (Polystyrol 144 CH) 

3.5 
uf 200 °c di 3 
a. 
:: 2.5 230 °c 
;!= 
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_j 0.5 

0 7t-------,,.-----;-,----.,-----,-t ----,-, ___ _1_, 
-1 0 1 2 3 4 5 

Log (shear rate) (1 /s) 

Figure 6.105 Viscosity curves for a polystyrene. 

6.5 A thin polyamide 66 component is injection molded under the following 
conditions: 

• The melt is injected at 275 °c to a maximum pack/hold pressure of 800 
bar. 

• The 800 bar pack/hold pressure is maintained unt~l the gate freezes off, 

at which point the part is at an average temperature of 175 oc. 
• The pressure drops to 1 bar as the part cools inside the cavity. 

• The part is removed from the mold and cooled to 25 oc. 
• Draw the whole process on the PvT diagram. 
• Estimate the final part thickness if the mold thickness is 1 mm. For thin 

injection molded parts, most of the shrinkage leads to part thickness 
reduction. 

6.6 Does the screw and die characteristic curves, correspond to a conventional 
or a grooved single screw extruder? 

A die can be approximated with a 1 mm diameter and 30 mm long 
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Why do your clie characterislic curves cross over the ones shown in the
graph? Note that the data in the graph was measured experimentally with
a variable restriction (valve) clie.

Typical power law constants for HDPE at 180 0C are m=20,000 Par-sn and
n=0.41, Use a specific gravity for HDPE of 0.95.
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Figure 6.104 Process characteristic curves for a 45 mm diameter conventional
extruder.

6.2 Estimate the striation thickness of a 3mm diameter pigmented polystyrene

pellet in a polystyrene matrix after traveling through a 20 turn, 45 mm
diameter, 5 mm constant channel depth, single screw extruder. Assume

open discharge conditions. Use 100 rpm rotational speed.

6.3 Someone in your company proposes to use an existing square pitch 150
mm diameter plasticating single screw extruder as a mixing device for a
40/60 PS/PP polymer blend. The metering section is 5 turns long and has a
channel depth of 10 mm. Will dispersion of the polystyrene occur for a
screw rotation of 60 rpm? Assume open discharge and a temperature‘of
220 0C. Use viscosity data given in example 6.1 and Fig. 6.106.
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64 Someone in your company proposes to use an existing square pitch 150
mm diameter plasticating single screw extruder as a mixing device for a
40/ 60 PP/PS polymer blend. The metering section is 5 turns long and has a
channel depth of 10 mm. Will dispersion of the polypropylene occur for a
screw rotation of 60 rpm? Will there be enough time for dispersion?
Assume open discharge and a temperature of 220 0C. Use viscosity data
given in problems 6.3 and below.
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NOJ cream
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Figure 6.105 Viscosity curves for a polystyrene.

6.5 A thin polyamide 66 component is injection molded under the following
conditions:

‘ The melt is injected at 275 0C to a maximum pack/hold pressure of 800
bar.

° The 800 bar pack/hold pressure is maintained until the gate freezes off,

at which point the part is at an average temperature of 175 0C.
' The pressure drops to 1 bar as the part cools inside the cavity.

' The part is removed from the mold and cooled to 25 0C.
° Draw the whole process on the PVT diagram.
' Estimate the final part thickness if the mold thickness is 1 mm. For thin

injection molded parts, most of the shrinkage leads to part thickness
reduction.

6.6 Does the screw and die characteristic curves, correspond to a conventional
or a grooved single screw extruder?

A die can be approximated with a 1 mm diameter and 30 mm long
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capillary. On the graph below draw the die characteristic curve for the 
given die? 

Typical power law constants for HOPE at 180 °C are m=20,000 Pa-sn and 
n=0.41. Use a specific gravity for HDPE of 0.95. 

400 K1 K2 K3 K4 K5 HMWPE 

l TM=195 °C 
~ 

~ 300 
2---... 

-:2 
3~ ----Ol 

~ 200 ·E 
2~ 

100 
12~ 
n(min- 1) 

0 
100 200 300 400 500 600 700 800 900 

M(bar) 

Figure 6.106 Process characteristic curves for a 45 mm diameter extruder. 

6.7 An internal batch mixer maintains shear rates, y, of 100 s-1 for extended 
periods. In the mixer you want to disperse LDPE in a PS matrix at 170 °c. 
What is the si.ze of the dis_persed phase? Will the PS still be transparent? 
Use viscosity data given in Problem 6.4 and below. 
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VJ 2.5 -
d:s 
~ 2.25 -
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~ 1.5 Ol 
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...J 1.25 

1 7 
0 
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I I 
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I 
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I 
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I 
2.5 

Log (shear rate) (1/s) 

I 
3 

I 
3.5 

Figure 6.107 Viscosity curves for a low density polyethylene. 
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6.8 D~sign a balanced runner system for the mold in Exam--ple 6.3 if you are to 
injection mold a polystyrene product. Assume a power-law model with a 
consistency index, m, of 2.8x104 Pa-sn, and a power-law index, n, of 0.28. 

6.9 Estimate the cooling time for the ABS suitcase presented in Example 6.2 if 
demolding occurs when the average part temperature is below 60 oc. 

6.10 What are the required clamping force and injection pressure if the filling 
time in Example 6.2 is increased from 2.5 s to 3 s? 

6.11 What are the required clamping force and injection pressure if the mold 
temperature in Example 6.2 is increased from 27 oc to 90 oc ? 

6.12 What are the required clamping force and injection pressure if the 
injection temperature in Example 6.2 is increased from 227 to 240 OC? 

6.13 Measure and plot the wall thickness distribution on a PE-HD one gallon 
milk container. 

6.14 Measure and plot the wall thickness distribution on a small thermoformed 
individual coffee cream container. 
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‘ ———————— l

i capillary. On the graph below draw the die characteristic curve for the . 6.8 Design a balanced runner system for the mold in Example 6.3 if you are to
injection mold a polystyrene product. Assume a power—law model with a' die?

glven consistency index, In, of 2.8x104 Pa—sn, and a power-law index, n, of 0.28.
Typical power law constants for HDPE at 180 0C are rn=20,000 Pa—sI1 and

= ' ' ' HDPE £0.95.

) n 041' Use a Spemflc grav1ty for 0 6.9 Estimate the cooling time for the ABS suitcase presented in Example 6.2 if. ' demolding occurs when the average part temperature is below 60 0C.
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‘ Tm=195 00 6.10 What are the required clamping force and injection pressure if the filling

l 300 R time in Example 6.2 is increased from 2.5 s to 3 s?
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4% 6.12 What are the required clamping force and injection pressure if the
100 injection temperature in Example 6.2 is increased from 227 to 240 0C?1 2

mm 6.13 Measure and plot the wall thickness distribution on a PE-HD one gallon
0 I _1_ | _, I milk container.
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AP (bar) 6.14 Measure and plot the wall thickness distribution on a small thermoformed

Figure 6.106 Process characteristic curves for a 45 mm diameter extruder. individual coffee cream container.

6.7 An internal batch mixer maintains shear rates, 7'1, of 100 5'1 for extended

periods. in the mixer you want to disperse LDPE in a P8 matrix at 170 0C.
What is the size of the dispersed phase? Will the PS still be transparent? References
Use Viscosity data given in Problem 6.4 and below.

 
1. Tadmor, Z., and Gogos, C.G., Principles of Polymer Processing, John Wiley &

Sons, New York, (1979).

LDPE (Lupolen 2410 T) 2. Rauwendaal, C., szmg m Polymer Processmg, Marcel Dekker, Inc., New York,
275 (1991).

A 2 5 3. Osswald, T.A., Turng, LS, and Gramann, P.I., Injection Molding Handbook, ‘
g ‘ ‘ Hanser Publishers, Munich, (2001). ‘
E; 2.25 _. I 4. Menges, G., and Predohl, W., Plastverurbeiter, 20, 79, (1969). l l
3 2 5. Menges, G., and Predohl, W., Plastoemrbeiter, 20, 188, (1969). ‘
'3 6. Scott, CE, and Macosko, C.W., Polymer Bulletin, 26, 341, (1991).

g 1-75 _ I 7. Gramann, P.I., Stradins, L., and Osswald, T.A., Intern. Polymer Processing, 8, 287, t
v 1_ 5 (1993).

E, 1 25 I 8- (Olsgsgméald, T.A., Polymer Processing Fundamentals, Hanser Publishers, Munich,
1 -, . . . . * . I I J, 9, Erwin, L., Polym. Eng. s Sci., 18, 572, (1978).

o 0.5 1 1.5 2 2-5 3 3-5 4 10. Erwin, L., Polym. Eng. o 5a., 13, 738, (1978).
Log (shear rate) (VS) 11. Ng, K.Y., Master of Science Thesis, University of Wisconsin-Madison, (1979).

Figure 6.107 Viscosity curves for a low density polyethylene. I 12‘ Tadmor, Z" Ind. Eng. Fundam., 15' 346' (1976)"  
MacNeiI Exhibit 2072

Yita v. MacNeiI IP, lPR2020—01139

Page 66



280 Influence of Processing on Properties 

13. Cheng, J., and Manas-Zloczower, I., illtcmat. Polym. Proc., 5, 178, (1990). 
14. Grace, H.P., Chem. Eng. Commun., 14, 225, (1982). 
15. Cox, R.G., ]. Fluid Mech., 37, 3, 601-623, (1969). 
16. Bentley, 13.J. and Leal, L.G., 7-Fl11id Mc.cir., 167, 241-283, (19 6). 
17. Stone, H.A. and Leal, L.G., J. Fluid Mech., 198, 3 9-427, (1989). 
18. Biswas, A., and Osswald, T.A., unpublished research, (1994). 
19. Gran10rn1, P.J., M.S. Thesis, University of Wisconsin-Madison, (1991). 
20. Manas-Zloczower, I., b:, A., and Tadmor, Z., Rubber ChemistnJ and Technology, 

55, 1250, (1983). 
21. Bomist:ra, B.B., and Medalia, A.I., R11bber Age, March and April, (1963). 
22. RauwendaaJ, C., Polymer Ex.1:msicm, Hanser Publishers, Munich, (1990). 
23. Menges, G., and Harms, E., Knutsdwk 1111d Gummi, Kunststoffe, 25, 469, (1972). 
24. RauwendaaJ, C., SPE ANTEC Tech. Pap., 39, 2232, (1993). 
25. Rauwendaal, C., Mixi11g in Reciprocating Extrudcrs, A chapter in Mixi11g mid 

Compozmdillg of Polymers, Eds. I. Manas-Zloczower and Z. Tadmor, Hanser 
Publishers, Munich, (1994). 

26. Elemans, P.H.M., Modeling of the cok:neater, A chapter in Mixing and 
Compo1111di11g of Polywers, Eds. I. Manas-Zloczower and Z. Tadmor, Hanser 
Publishers, Munich, (1994). 

27. Lim, S. and White, J.L., Intern. Polymer Processing, 8, 119, (1993). 
28. Lim, S. and White, J.L., Intcm. Poly111cr Processing, 9, 33, (1994). 
29. Bird, R.B., Steward, W.E., and Ljghtfoot, E.N., Trmzsport Phenomena, John Wiley & 

Sons, New York, (1960). 
30. Erwin, L., Polym. £11g. {,.; Sci., 18, 1044, (1978). 
31. Suetsugu, Tntem. Polymer Processing, 5, 184, (1990). 
32. Greener, J., Polym. E11g. Sc:i., 26, 886 (1986). 
33. Michaeli, W., and Lauterbach, M., Kur1ststofJI!, 79, 852 (1989). 
34. Stevenson, J.F., Polym. Eug. Sci., 18, 577 (1978). 
35. Osswald, T.A., and Menges, G., Materials Scie11ce of Polymers for Engineers, Hanser 

Publishers, Munich (1996). 
36. Anturkar, N.R, and Co, A., J. Non-Newtonian Fluid Mech., 28, 287 (1988). 
37. Menges, G., Einfiilmmg in die Kunststoffoerarbeitung, Hanser Publishers, Munich 

(1986}. 
38. Rosato, D.V., Blow Molding Hrmdbook, Hanser Publishers, Munich (1989). 
39. Modem Plastics Encyclopedia, 53, McGraw-Hill, New York (1976). 
40. Tadmor, Z., and Bird, R.B., Polym.E11g.Sci, 14, 124 (1973). 
41. Denton, D.L, The Meclumicnl Properties of an SMC-RSO Composite, Owens-Coming 

Fiberglas Corporation (1979). 
42. Shutov, F.A., [11tegml/Slmctur11/ Polymer Foams, Springer-Verlag, Berlin (1986). 
43. Crawford, R.J., Rotational Molifing of Plnsfics, Researdt Studies Press, Somerset 

(1992). 
44. Bellehumeur, C.T., and Vlachopoulos, ]., SPE 56th 11tcc, (1998). 
45. Mascia, L., Tire Role of Additives i11 Plnstics, John Wiley & Sons, New York, (1974). 
46. Hildebrand, J. and Scott, R.L., The Solubility of No11-E/ectralytr:s, 3rd Ed., Reinhold. 

Publishing Co., New York, (1949). 
47. Rosen, S.L., Amdamcntal Principles of Polymeric Materials, 2nd. Ed., John Wiley & 

Sons, Inc., New York, (1993). 

6 Introduction to Processing 281 

48. Janssen, J.M.H., Ph.D. Thesis, Eindhoven University of Technology, The 
Netherlands, (1993). 

49. van Krevelen, D. W., and Hoftyzer, P.J., Properties of Polymers, 2nd ed., Elsevier, 
Amsterdam, (1976). 

MacNeil Exhibit 2072
Yita v. MacNeil IP, IPR2020-01139

Page 67

   

  
  

   
   
 
 
 
  
  
  

 
  
  
  
  
  

 
   

 
   
  
  

   
  
  
  
  
  

 
  

  

 
  
  
  
  

   
  

   
  
  

 

280

13.
14.
15.
16.
17.
18.
19.
20.

21.
22.
23.
24.
25.

26.

27.
28.
29.

30.
31.
32.
33.
34.
35.

36.

37.

38.
39.
40.
41.

42.
43.

44.
45.
46.

47.

Influence of Processing on Properties

Chang, 1., and Manas-Zloczower, 1., Internet. Polym. Proc., 5, 178, (1990).
Grace, H.P., Chem. Eng. Connnua., 14-, 225, (1982).
Cox, R.G., ]. Fluid Much, 37, 3, 601—623, (1969).
Bentley, 3.]. and Lea], LG, I. Plaid Much, 167, 241—283, (1986).
Stone, HA. and Lea], LG, I, Fluid Mair, 198, 399-427, (1989).
Biswas, A., and Osswald, T.A., unpublished research, (1994).
Graniann, P.]., MS. Thesis, University of Wisconsin-Madison, (1991).
Manas~Zloczower, 1., Nir, A., and Tadmor, 2., Rubber Chemistry and Technology,
55, 1250, (1983).
Boonstra, 3.3., and Medalia, A.l., Rubber Age, March and April, (1963).
Rauwandaal, C., Polymer Extrusion, Hanser Publishers, Munich, (1990).
Manges, G., and Harms, E., Kautsclmk and Ground, Kimststofic, 25, 469, (1972).
Rauwendaal, C, SPE ANTEC Tech. Fan, 39, 2232, (1993).
Rauwendaal, C., Mixing in Reciprocating Extruders, A chapter in Mixing and
Compounding of Polyn-iers, Eds. I. Manas-Zloczower and Z. Tadmor, Hanser
Publishers, Munich, (1994).
Elemans, P.H.M., Modeling of the cokneater, A chapter in Mixing and
Compounding of PUlytllt‘l‘S, Eds. I. Manas-Zloczower and Z. Tadmor, Hanser
Publishers, Munich, (1994).
Lim, S. and White, IL, Intern. Polymer Processing, 8, 119, (1993).
Lim, S. and White, I.L., Intern. Polymer Processing, 9, 33, (199—1).
Bird, R.B., Steward, W.E., and Lightfoot, E.N., Transport Phenomena, John Wiley 8t
Sons, New York, (1960).
Erwin, L., Poll/m. Eng. 8 Sci” 13, 1044, (1978).
Suetsugu, intern. Polymer Processing, 5. 184, (1990).
Greener, ]., Polym. Eng. 50., 26, 886 (1986).
Michaeli, W., and Lauterbach, M., Kunststoffl‘ , 79, 852 (1989).
Stevenson, ].F., Polym. Eng. Sci, 18, 577 (1978).
Osswald, T.A., and Menges, G., Materials Science of Polymers for Engineers, Hanser
Publishers, Munich (1996).
Anturkar, NR, and Co, A., I. Non—Newtonian Fluid Mech., 28, 287 (1988).

Menges, G., Einfiihrang in die Kunststofi‘oerarbeitung, Hanser Publishers, Munich
(1986).
Russia, D.V., Blow Molding Handbook, Hanger Publishers, Munich (1989).
Modern Plastics Encyclopedia, 53, McGrawrl—Iill , New York (1976).
Tadmor, 2., and Bird, R.B., Poljnnfngfici, 14, 124 (1973).
Denton, D.L, The Mechanical Properties of an SMC—REU Composite, Owens-Corning
Fiberglas Corporation (1979).
Shutov, F.A., intcgrai/Striictnml Polymer Foams, SpringersVerlag. Berlin (1986).
Crawford, R.]., Rotational Aviolding of Plastics, Research Studies Press, Somerset
(1992).
Bellehumeur, C.T., and Vlachopoulos, 1., SP5 56th Ania: (1998).
Mascia, L., The Role ofAdditioes in Plastics, John Wiley 8: Sons, New York, (1974).
Hildebrand, I. and Scott, R.L., The Solubility of Non-Electrolytes, 3rd Ed, Reinhold. .
Publishing Co, New York, (1949).
Rosen, S.L., Fundamental Principles of Polymeric Materials, 2nd. Ed., John Wiley «5:
Sons, Inc., New York, (1993).

6 Introduction to Processing 281x

48. Ianssen, I.M.H., PhD. Thesis, Eindhoven University of Technology, The
Netherlands, (1993).

49. van Krevelen, D. W., and Hoftyzer, P.I., Properties of Polymers, 2nd ed., Elsevier,
Amsterdam, (1976).    

  

 
 

 
V."- ' oit2072

Yita v. MacNeil IP, |PR2020—01139

Page 67


