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62 Rheology of Polymer Melts i 3.2 Rheometry

3.2.3 The Cone-and-Plate Rheometer

The cone-and-plate rheometer is another rheological measuring device widely accepted
in the polymer industry. Here, a disk of polymer is squeezed between a plate and a cone
as shown in Fig. 3.19. When the disk is rotated, the torque and the rotational speed are
related to the viscosity, and the force required to keep the cone at the plate is related to
the first normal stress difference. The secondary normal stress difference is related to the
pressure distribution along the radius of the plate.

y Force

I
| R } Pressure transducers

{ Figure 3.19  Schematic diagram of a cone-plate rheometer
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4 Extrusion

During extrusion, a polymer melt is pumped through a shaping die and formed into a
profile. This profile can be a plate, a film, a tube, or have any shape for its cross section.
Ram-type extruders were first built by J. Bramah in 1797 to extrude seamless lead pipes.
The first ram-type extruders for rubber were built by Henry Bewley and Richard Brooman
in 1845. In 1846 a patent for cable coating was filed for trans-gutta-percha and cis-hevea
rubber and the first insulated wire was laid across the Hudson River for the Morse
Telegraph Company in 1849. The first screw extruder was patented by Mathew Gray in
1879 for the purpose of wire coating. However, the screw pump can be attributed to
Archimedes, and the actual invention of the screw extruder in polymer processing by A.G.
DeWolfe of the United States dates to the early 1860s. The first extrusion of thermoplastic
polymers was done at the Paul Troester Maschinenfabrik in Hannover, Germany in 1935.

Although ram and screw extruders are both used to pump highly viscous polymer melts
through passages to generate specified profiles, they are based on different principles. The
schematic in Fig. 4.1 shows under what principles ram extruders, screw extruders, and
other pumping systems work.

Centrifugal pump

Positive displacement pump Roman aquedtiot

Figure 4.1 Schematic of pumping principles
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Table 4.1 Typical extruder dimensions and relationships (the notation for Table 4.1 is
defined in Fig. 4.5.)

L/D Length to Diameter ratio
20 or less for feeding or melt extruders
25 for blow molding, film blowing and injection molding
30 or higher for vented extruders or high output extruders

D Standard diameter
U.S. (inches) ~ 0.75, 1.0, 1.5, 2, 2.5, 3.5, 4.5, 6, 8, 10, 12, 14, 16, 18, 20, and 24
Europe (mm) 20, 25, 30, 35, 40, 50, 60, 90, 120, 150, 200, 250, 300, 350, 400, 450, 500, and 600

1] Helix angle
17.65° for a square pitch screw where Ls=D
New trend: 0.8 < LgD < 1.2

h Channel depth in the metering section

; (0.05-0.07)D for D<30 mm
(0.02-0.05)D for D>30 mm

! B Compression ratio: hfeeq = Bh
N
| 204
i

& Clearance between the screw flight and the barrel

| 0.1 mm for D<30 mm
0.15 mm for D30 mm

| N Screw speed
1-2 rev/s (60-120 rpm) for large extruders
1-5 rev/s (60-300 rpm) for small extruders

Vb Barrel velocity (relative to screw speed) = TDN
0.5 m/s for most polymers
0.2 m/s for unplasticized PVC
1.0 m/s for LDPE

The plasticating extruder can be divided into three main zones:

= The solids conveying zone
* The melting or transition zone
= The metering or pumping zone

4.1 The Plasticating Extruder 71

The tasks of a plasticating extruder are to:

» Transport the solid pellets or powder from the hopper to the screw channel
» Compact the pellets and move them down the channel

* Melt the pellets

* Mix the polymer into a homogeneous melt

* Pump the melt through the die

Figure 4.5 Schematic diagram of a screw section

The pumping capability and characteristic of an extruder can be represented with sets of die
and screw characterisctic curves. Figure 4.6 presents such curves for a conventional
(smooth barrel) single screw extruder.

0 100 200 300 400 500
AP (bar)

Figure 4.6 Screw and die characteristic curves for a 45 mm diameter extruder with an LDPE

The die characteristic curves are labelled Ky, Kz, K3, and K4 in ascending order of die
restriction. Here, K| represents a low resistance die such as for a thick plate, and K4
represents a restrictive die, such as is used for film. The different screw characteristic

EG_000216553

ClearCorrect Exhibit 1038, Page 44 of 125




72 Extrusion

curves represent different screw rotational speeds. In a screw characteristic curve the point
of maximum throughput and no pressure build-up is called the point of open discharge.
This occurs when there is no die. The point of maximum pressure build-up and no
throughput is called the point of closed discharge. This occurs when the extruder is
plugged.

Shown in Fig. 4.6 are also lines that represent critical aspects encountered during
extrusion. The curve labeled Tmax represents the conditions at which excessive
temperatures are reached as a result of viscous heating, The feasibility line ()
represents the throughput required to have an economically feasible system. The processing
conditions to the right of the homogeneity line render a thermally and physically
heterogeneous polymer melt.

4.1.1 The Solids Conveying Zone

The task of the solids conveying zone is to move the polymer pellets or powders from the
hopper to the screw channel. Once the material is in the screw channel, it is compacted and
transported down the channel. The process to compact the pellets and to move them can
only be accomplished if the friction at the barrel surface exceeds the friction at the screw
surface. This can be visualized if one assumes the matertial inside the screw channel to be a
nut sitting on a screw. As we rotate the screw without applying outside friction, the nut
(polymer pellets) rotates with the screw without moving in the axial direction. As we apply
outside forces (barrel friction), the rotational speed of the nut is less than the speed of the
screw, causing it to slide in the axial direction. Virtually, the solid polymer is then
"unscrewed" from the screw.

ANALYSIS OF SOLIDS CONVEYING ZONE

The most complete analysis of the solids conveying zone in single screw
‘extruders was performed by Darnell and Mol [1] and continued by Tadmor
and Klein [2].

A useful limiting case is when the friction on the screw surface is
negligible compared to the friction on the barrel, and when the pressure
build-up in the screw channel is negligible (open discharge). These
assumptions lead to a maximum mass throughput of

i ( 5 h
?i?::PMk?‘DLNm.!”(%(D:_Df)—‘:TD%) @.1)

To maintain a high coefficient of friction between the barrel and the polymer, the feed
section of the barrel must be cooled, usually with cold water cooling lines. The frictional
forces also result in a pressure rise in the feed section. This pressure compresses the solids
bed which continues to travel in down the channel as it melts in the transition zone. Figure
4.7 presents the pressure build-up in a conventional, smooth barrel extruder. In these
extruders, most of the pressure required for pumping and mixing is generated in the
metering section.

4.1 The Plasticating Extruder 73

0 T T T T 1
0 sD 10D 15D 20D 25D

Figure 4.7 Conventional extruder pressure distribution

The simplest mechanism for ensuring high friction between the polymer and the barrel
surface is grooving its surface in the axial direction [3, 4]. Extruders with a grooved feed
section are called grooved feed extruders. To avoid excessive pressures that can lead to
barrel or screw failure, the length of the grooved barrel section must not exceed 3.5D. A
schematic diagram of the grooved section in a single screw extruder is presented in Fig.
4.8. The key factors that propelled the development and refinement of the grooved feed
extruder were the processing problems, excessive melt temperature, and reduced
productivity posed by high viscosity and low coefficients of friction typical of high
molecular weight polyethylenes and polypropylenes.

seal thermal ingulator

grooves cooling lines

heated barrel
Figure 4.8 Schematic diagram of the grooved feed section of a single screw extruder

In a grooved feed extruder, the conveying and pressure build-up tasks are assigned to the
feed section. Figure 4.9 presents the pressure build-up in a single screw extruder with a
grooved feed section. The high pressures in the feed section lead to the main advantages
over conventional systems. With grooved feed systems, there is a higher productivity and
a higher melt flow stability and pressure invariance. This is demonstrated with the screw
characteristic curves in Fig. 4.10, which presents screw characteristic curves for a 45 mm
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| 76 Heead 4.1 The Plasticating Extruder 77
xtrusion

< ‘ screw extruder is the well known Tadmor Model [5]. Using the Tadmor Model, oné can
4.1.2 The Melting Zone accurately predict the solid bed profile in the single screw extruder. Figure 4.13 presents
the experimental and predicted solids bed profile of an LDPE in a single screw extruder.
The material properties and processing conditions used in the calculations arc given in
Table 4.2.

The melting or transition zone is the portion of the extruder where the material melts. ’I_*he

\ length of this zone is a function of the material properties, screw geometry and processing
conditions. During melting, the size of the solid bed shrinks as a melt pool forms at its side,
as depicted in Fig. 4.12a which shows the polymer unwrapped from the screw channel.

Solid bed

As X/W at barrel surface

0.1 4° X/W at screw root ]
ool 1 £ | 9 T 50 g | dakadokal
7 g 11 13 15 17 19 21 23

Tums

Unwrap ped channel

Reduced soild bed width, X/W
o
(4]
T

Figure 4.13 Predicted (Tadmor Model) and experimental solids bed profile

@
s Table 4.2 Extruder parameters, processing conditions, and material proprerties for the
Leading flight solids bed profile results in Fig. 4.13

Melt film

Trailing flight |

Extruder Geometry:

Square pitch screw, D=63.5mm, L/D=26.5, W=54.16mm
Feed zone - 12.5turns  h;=9.4mm

Transition zone - 9.5 turns  h1=9.4mm  hy=3.23mm
Metering zone - 4.5 turns  hp=3.23mm

Processing Conditions:

To=24°C  Tp=149°C N=60rpm Ap=204 bar =618 kg/hr

(b) Material properties (LDPE):
Figure 4.12 (a) Solids bed in an unwrapped screw channel and (b) screw channel cross section Viscosity: n=0.345 a=0.01 oC-1 mg=5.6x104 Pa-gn
Tm=110°C
. Thermal:  kp=0.1817 W/m°C  C,=2.596 ki/kgoC  C¢=2.763 kJ/kgoC
Figure 4.12b presents a cross section of the screw channel in the melting zone. 'I_'he sphd Phulk=595 kg/m? pe=915.1 kg/m3 Pm=852.7 + 5.018x10-7p - 0.4756T
bed is pushed against the leading flight of the screw as freshly molten polymer is wiped A=129.8 kI/kg
from the melt film into the melt pool by the relative motion between the solids bed and the )
barrel surface.
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80 Extrusion { 4.1 The Plasticating Extruder 81

4.1.3 The Metering Zone

| The metering zone is the most important section in melt extruders and conventional single
‘ screw extruders that rely on it to generate pressures sufficient for pumping. The pumping
‘ capabilites in the metering section of a single screw extruder can be estimated by solving the
equation of motion with appropriate constitutive laws. For a Newtonian fluid in an extruder
with a constant channel depth, the screw and die characteristic curves for different cases are
represented in Fig. 4.15. The figure shows the influence of the channel depth on the screw
characterisctic curves. A restrictive extrusion die would clearly work best with a shallow
channel screw, and a less restrictive die would render the highest productivity with a deep
channel screw.

® Operating points 4

Less restrictive die
(Thick sheet) )
Deep channel screw

N

Deep channel screw
(Higher heater temperatures) ! In both the grooved barrel and the conventional extruder, the diameter of the screw
determines the metering or pumping capacity of the extruder. Figure 4.16 presents typical !
Shallow channel screw ‘ normalized mass throughput as a function of screw diameter for both systems.

Restrictive die
(Thin film)

® Grooved Feed
Ap J 10=0 Gonventional 5
b
| — -
. Figure 4.15 Screw characteristic curves (Newtonian) _{:’i 5
| £ 3
3 E
1 ¥ - —
¥ £
-a: 1T
0.5
t 0.3
| 0.2
0. 1 1 LB L1111
10 50 100 200
} D (mm)

| Figure 4.16 Throughput for conventional and grooved feed extruders |
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Examples

4.1 Reproduce the predicted solids bed profile for the solids conveying section in the
system found in Fig. 4.13. Use the data presented in Table 4.2.

From the conditions given in Table 4.2, we can first compute the barrel
velocity with respect to the screw using

v, = Dn = m(0.0635)(1) = 0.1995m/s
The down and cross channel velocities are

vy, = v, cos¢ = (0.1995)cos(17.65) = 0.1901 m/s
v, = v sing = (0.1995)sin(17.65) = 0.0605m/s

The velocity of the solids bed is computed using Eq. (4.9)

(61.8/3600)

= =0.056T m/s
*(595)(0.05416)(0.0094)

The relative speed between the solids bed and the barrel is calculated using
Eq. (4.14)

v, = /(0.0605)" +(0.1901- 0.0567)" = 0.1465 m/s

and using Egs. (4.12), (4.11), and (4.15), we can compute

_ —0.01(149-110) _

: e -1.1304
1+1.1304 — '™
=g —————  _[=0.8155
E [—1.1304(8“““-1)
—  —1.1304/2+&""(1+1/(-1.1304)) = 1/(=1.1304) _
€= 11304+ —1 =

If we neglect the pressure effects, we can compute the melt density using an
average temperature of 129.5 °C as

p,, =852.7-0.4756(129.5) = 791.1 kg/m’

Using Egs. (4.13), (4.16), (4.10), and (4.8), we can compute

ot —1.1304~1}( -1.130 J’“‘”

= 2(5.6x10%)(0.1465)" 3 §°6%
U, = 2(5.6x10*)(0.1465) L1304y T

{ EG_000216561
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U, =2786.85%%%

[20.1817)149 - 110) + U, ]x "
(0.0605)(0.8155)(791.1)[2763(110 — 24) + 2596(0.7002)(149 — 110) + 129800]

& =2.418x10*[(14.7+0)x] "’

[ (0.0605)(791.1)(0.8155)[(0.1817)(149-110)+ U, /2] '
" | 2[(2763)(110 — 24) + (2596)(0.7002)(149 — 110) + 129800]

® = 4.72x107[1417+U,] "’

/2

_472x107[14.17+ U]
Y= 0.0567)(595)40.05416

w=6.01x10"[14.17+U,]

Assuming melting begins at the 7th turn,

_ (1-1)(0.0635)

o ~ =126m
sin(17.65)

at which point X, = W, Eq. (4.6) can be written as

% =[1-53.19y(z~1.26)]"

U, 8. ¥ and X must be solved simultaneously from the end of the 6th turn
to the middle of the 12th turn. The results are tabulated below.

Turns  z 8 (m) U (Nlsy v X (m) X/W

7.0 1466 0.0002967 13.63 0.003169 0.05416 1.0000
7.5 1.571 0.0002905 13.44 0.003158 0.05227 0.9651
8.0 1.675 0.0002844 13.26 0.003147 0.05043 0.9311
8.5 1.780 0.0002783 13.07 0.003137 0.04863 0.8979
9.0 1.885 0.0002723 12.88 0.003126 0.04688 0.8656
9.5 1990 0.0002664 12.70 0.003115 0.04517 0.8340
10.0 2.094 0.0002605 12.52 0.003105 0.04350 0.8032
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Extrusion

Qr

After assigning a coordinate system, and assuming the notation presgnted in
the figure below, the flow of the manifold can be represented using the
Hagen-Poiseuille equation as

R (4
Q0= (__pj
8n\ dz . '
and the flow in the die Jand (per unit width) using slit flow

_n (_ée]__hi. 2
=120\ ) " 12\

Manifold

Die land

Examples

91

A manifold that leads to a uniform sheet must deliver a constant throughput

along the die land. Performing flow balance within the differental element
shown below results in

O(z+Az)-0(2) - g(2)Az =0
and letting Az-->0 results in

i
a© = —q = constant
dz

Q(z+Az)

Q(z)
If we then integrate and let 0 = @, at z=0and Q=0 at z = L, we get

Q@) = Qr[l —Li]

‘D

Hence,

Q__0__ K @

dz Ly 12n L(z)
which results in

ML
L(z)= 1210, p(z)

where p(z) is unknown. We can now rewrite the manifold equation as

dp 8n z
i o ; )
dz R Q"[ LD)

and then, letting p = p, at z =0, we get
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Extrusion

4.10 Formulate the design equation for a

with a contant manifold angle o and a
for R(x) which results in uniform floy

4.11 Plot the manifold radius function, Eq

width of 50 cm, a die thickness of 1 n

4.12 Plot the manifold radius function, |

width of 50 cm, a die thickness of 1 1
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| Mixing

he quality of the finished product in almost all polymer processes depends in part how
ell the material was mixed. Mixing can occur in internal mixers or in processing (e.g.,
1 single and twin screw extruders). Both the material properties and the formability of
ie compound into shaped parts are highly influenced by the mixing quality. Hence, a
stter understanding of the mixing process helps one optimize processing conditions and
icrease part quality.

The process of polymer blending or mixing is accomplished by distributing or
spersing a minor or secondary component within a major component serving as a
atrix. The major component can be thought of as the continuous phase, and the minor
»mponents as distributed or dispersed phases in the form of droplets, filaments or
rglomerates.

When creating a polymer blend, one must always keep in mind that the blend will
‘obably be remelted in subsequent processing or shaping processes. For example, a
pidly cooled system, frozen as a homogenous mixture, can separate into phases because
"coalescence when re-heated. For all practical purposes, such a blend is not processable.
> avoid this, special macromolecules are commonly used to compatibilize the boundary
yers between phases [1].

The mixing can be distributive or dispersive. The morphology development of
dlymer blends is determined by three competing mechanisms: distributive mixing,
spersive mixing, and coalescence. Figure 5.1 presents a model, proposed by Macosko
id co-workers [1,2], that helps us visualize the mechanisms governing morphology
:velopment in polymer blends.

1 Distributive Mixing

istributive mixing or laminar mixing of compatible liquids is usually characterized by
e distribution of the droplet or secondary phase within the matrix. This distribution is
hieved by imposing large strains on the system such that the interfacial area between
lases increases and the local dimensions, or striation thicknesses, of the secondary
lases decrease. This concept is shown in Fig. 5.2 [3]. Here we have a Couette flow
vice with the secondary compenent having an initial striation thickness of 8. As the
ner cylinder rotates, the secondary component is distributed through the systems with
nstantly decreasing striation thickness.

EG_000216565

ClearCorrect Exhibit 1038, Page 56 of 125



96 Mixing

Morphology wil
compatibilizer

Raylei
disturk

Threau
secon
compc

Hole formati
interfacial in:

Fig

5.1.1 Effect of

Imposing large
type of mixing
significant role :
Fig. 5.2 homoy
streamlines cut
variation of init
secondary phase
throughout.

ive Mixing ¢

© oo
ogee @ Morphology

<) ee with compatibilizer
\
Dispersion
/
\
Distribution
Figure 5.2
\ )

| Sheet or ribbon of the
secondary component

development in polymer blends

iomogenize the mixture sufficiently. Tk
position of the fluid components play
tample, the mixing mechanism shown |
[t within the region contained by tt
:omponent. Figure 5.3 [4] shows anoth
t of the secondary component. Here, tt
hich can lead to a homogeneous mixtu

Experiment: hematic of the
final mixed

{

Fig
EG_000216566

ClearCorrect Exhibit 1038, Page 57 of 125



9¢

Diy
or

m
up.
pai

5.2

Thi
dis
Sys

agg
mu

EG_000216567

ClearCorrect Exhibit 1038, Page 58 of 125



100 Mixing

Figure £

If the mixing device ge
separation forces on the
continuously rotate dur
“agglomerate” is given b

Fshear =37

where 1 is the viscosity (
r the radii of the particles

HHE

Figure 5.6

However, if the flow field generated by
shown in Fig. 5.7, the particles alway
rce. The magnitude of the force for this

Felong =6 1Y r2

hich is twice the maximum tangential f
ongational flow, the agglomerate is alw
meration, whereas in simple shear flow
isition of maximum force.

kN
i
Felong®
v —v
A >
‘ (

Figure 5.7 Force applied to a two-|

[he above analysis makes it clear that
spersion of agglomerates, elongation i
ly valid if the magnitude of the rate o
mgation as in shear. Hence, when optir
tich mode of deformation dominates, w.
mber [9], defined by

N= Y
YT+ @m@

lere v is the magnitude of the rate of d
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5.2.2 Break-Up of Fluid Droplets

Droplets in an incompatible matrix tend to be spherical as a result of their naturz
tendency to maintain the lowest possible surface to volume ratio. However, a flow fiel
within the mixer applies a stress on the droplets, causing them to deform. If this stress i
high enough, it eventually causes the drops to disperse. The droplets disperse when th
surface tension can no longer maintain their shape in the flow field and the filament
break up into smaller droplets. This phenomena of dispersion and distribution continue
to repeat itself until the stresses of the flow field can no longer overcome the surfac
tension of the new droplets formed.

As can be seen, the mechanism of fluid agglomerate break-up are similar in nature t
solid agglomerate break-up in the sense that both rely on forces to disperse them. Henct
elongation is also the preferred mode of deformation when breaking up fluid droplets an
threads, making the flow number, A, indispensable when quantifying mixing processes.

A parameter commonly used to determine whether a droplet disperses is the capillar
number defined by

Ca :ﬁ (5"
Cs

where 1 is the flow induced or deviatoric stress, R the characteristic dimension of th

droplet and o5 the surface tension acting on the drop. The capillary number is the ratio ¢
flow stresses to droplet surface stresses. Droplet break-up occurs when a critical capillar
number, Cagrit, is reached. This break-up is clearly shown in Fig. 5.8 [10], which depicl
the disintegration of a Newtonian thread in a Newtonian matrix.

Figure 5.8 Disintegration of a Newtonian 0.35 mm diameter castor oil thread in a Newtonian
silicon oil matrix. Redrawn from photographs taken every second

3

-

=B 7 B ¢ = =
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5.3 Mixing Devices 105

ientioned earlier, when measuring the quality of mixing, one must also evaluate the
lixing efficiency. For example, the amount of power required to achieve the highest
lixing quality for a blend may be unachievable. This section presents mixing devices
»mmonly encountered in polymer processing.

In general, mixers can be classified into two categories: internal batch mixers and
ntinuous mixers. Internal batch mixers, such as the Banbury mixer, are the oldest
ixing devices in polymer processing but are slowly being replaced by continuous
ixers. This is becanse most continuous polymer processes involve mixing in addition to
eir normal processing tasks. Typical examples are single and twin screw extruders that
‘ten have mixing heads or kneading blocks incorporated into their systems.

3.1 Banbury Mixer

fie Banbury mixer, shown in Fig. 5.11, is perhaps the most commonly used internal
itch mixer. Internal batch mixers are high intensity mixers that generate complex
iearing and elongational flows which work especially well in the dispersion of solid
uticle agglomerates within polymer matrices. One of the most common applications
r high intensity internal batch mixing is the break-up of carbon black agglomerates
to rubber compounds. The dispersion of agglomerates depends strongly on mixing
ne, rotor speed, temperature, and rotor blade geometry [13]. Figure 5.12 [14,15] shows
e fraction of undispersed carbon black versus time in a Banbury mixer at 77 rpm and
)0 ©C. The broken line in the figure represents the fraction of particles smaller than
)0 nm.

Figure 5.11  Schematic diagram of a Banbury mixer

EG_000216570
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5.3 Mixing Devices 107

Figure 5.14  Pin barrel extruder

For lower viscosity fluids, such as thermoplastic polymer melts, often the mixing action
caused by the cross-flow is insufficient to re-orient, distribute, and disperse the mixture,
S0 one must use special mixing sections. Re-orientation of the interfaces between primary
and secondary fluids and distributive mixing can be induced by any disruption in the flow
channel. Figure 5.15 [16] presents commonly used distributive mixing heads for single
screw extruders. These mixing heads introduce several disruptions in the flow field which
IMprove mixing.

Figure 5.15  Distributive mixing sections: (a) pineapple mixing section, (b) cavity transfer

mixing section ‘ EG_000216571
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108 Mixing

As mentioned earlier, dispersive mixing is required when breaking particle
agglomerates or when surface tension effects exist between primary and secondary fluids.
To disperse such systems, the mixture must be subjected to large stresses. Barrier-type
screws are often sufficient to apply high stresses; however, more intensive mixing results
from a mixing head. When using barrier screws or a mixing head as shown in Fig. 5.16
[16] the mixture is forced through narrow gaps, causing high stresses in the melt. Most
dispersive and distributive mixing heads result in flow resistance, causing viscous heating
and pressure losses during extrusion.

i
R

\
N A

Z

Figure 5.16  Maddock or Union Carbide mixing section

Current dispersive mixing heads have two important drawbacks. One, they rely mostly
on shear rather than elongational stresses, and two, the material passes over the high
stress region only once. As already discussed earlier, elongational deformation achieves
dispersion more effectively than shear, but also, in terms of energy and power
consumption, simple shear flows are significantly inferior to any extensional flow.

Recently, a new mixing technology was developed that eliminates these disadvantages
of existing single screw extruder mixing heads [17]. The new mixing head has wedged-
shaped pushing flights with a large gap, and wedged-shaped slots within the flights, as
shown in Fig. 5.17. The wedge shapes generate strong elongational deformations with
little viscous dissipation. Experiments performed on PS/HDPE blends show that such a
mixing head can break down the dispersed PS phase to an average of 2 jim droplets, with
negligible pressure losses and viscous dissipation. The size of the dispersed phase is
comparable to co- and counter-rotating twin screw extruders, as discussed in section

5o
2

/

Wedged slot  weqged flight WiPing section

Thorermn & 17 DT civing nan Finm

1w UG w»

w D
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110 Mixing 5.3 Mixing Devices 111

Similar to dispersive mixers in single screw extrusion, a major drawback of existing static A simplified analysis of a cokneader gives the following number of striations per L/D
mixers is that their main mode of deformation is shear rather than elongation. Recently, a '0]

new dispersive static mixer was developed that generates elongational deformations, \

which lead to higher dispersive mixing [18]. Figure 5.20 presents a schematic of the new Ng=2 (5.11)

dispersive static mixer. ) ' .
P » that over a section of 4D the number of striations is 212(4) = 2.8E14. A detailed

scussion on the cokneader is given by Rauwendaal [20] and Elemans [21].

3.5 Twin Screw Extruders

the past two decades, twin screw extruders have developed into the most popular
mtinuous mixing devices. In general, they can be classified into intermeshing or non-
termeshing, and co-rotating or counter-rotating twin screw extruders. The intermeshing
/in screw extruders are self-cleaning which evens out the polymer residence time. The
ain characteristic of this configuration is that the screw surfaces slide past each other,
mstantly removing polymer stuck to the screw.
In the last two decades, the co-rotating twin screw extruder systems have established
emselves as efficient continuous mixers for most processes, including reactive
trusion. In essence, the co-rotating systems have a high pumping efficiency caused by
e double transport action of the two screws. The counter-rotating systems generate high
mperature pulses, making them inappropriate for reactive extrusion, but they generate
gh stresses because of the calendering action between screws, making them efficient
achines to disperse pigments and lubricants.*
Several studies evaluate the mixing capabilities of twin screw extruders. Two recent
idies by Lim and White [22, 23] evaluated morphology development in a 30.7 mm
rew diameter co-rotating [24] and a 34 mm screw diameter counter-rotating [13]
The cokneader is a single screw extruder with pins on the barrel and a screw that termeshing twin screw extruder. In both studies_, they dry-mixed a 75/25 blend of
oscillates in the axial direction. Figure 5.21 shows a schematic diagram of a cokneader. lyethylene and polyamide 6 p—el]gts and then fed into the hopper at ]5‘ k g/hou_r. Small
The pins on the barrel wipe the entire surface of the screw, making it the only self- I"nples were taken along the axis of the extruder and evaluated using optical and
cleaning single-screw extruder. This reduces residence time, which makes it appropri_ate "i_ffon TItToseon: ) o5 ‘ i o
for processing thermally sensitive materials. The pins on the barrel also disrupt the solids I'he blend dispersion is manifested by the reduction of the characteristic size of the

bed creating a dispersed melting [19], which improves the overall melting rate and lyamide 6 phase. Figure 5.22 is a plot of the weight average and number average
reduces the material temperature main size of the polyamide 6 phase along the screw axis with one kneading-pump

ment and three special mixing elements.

s Jsing a co-rotating twin screw extruder with three kneading disk blocks, a final
srphology with polyamide 6 weight average phase sizes of 2.6 pm was achieved.
zure 5.23 shows the morphology development along the screw axes. When comparing
unter-rotating (Fig. 5.22) with co-rotating (Fig. 5.23), both achieve similar final mixing
ality. However, the counter-rotating extruder achieved the final morphology much
tlier in the screw than the co-rotating twin screw extruder. A possible explanation for
s is that the blend traveling through the counter-rotating configuration melted earlier
i in the co-rotating geometry. In addition, the phase size was slightly smaller, possibly

a result of the calendering effect between the screws in the counter-rotating system.
EG_000216573

Figure 520  Schematic diagram of a disperive static mixer

5.3.4 Cokneader

1 )
7 T

There seems to be considerable disagreement about co- versus counter- rotating twin screw extruders
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Figure 5.21  Schematic diagram of a cokneader
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Problems

5.1

52

polypropylene using a single screw extruder that only induces shear
deformation, since n”% >4, On the other hand, one can disperse
I3

polypropylene into polycarbonate using the same single screw extruder.

. . s n £ &
Using Fig. 5.9 we can see that dispersive mixing for a %FC =0.25 will
occur at Ca,,, =0.7. Hence, neglecting the effects of coalescencewe can

calculate the minimum size of the dispersed phase using

o TR _ 600(94)R
S T T

.1

Ca —— D=2R=02um

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

Estimate the striation thickness of a 3mm diameter pigmented Ipolysty:wene pellet in;:
polystyrene matrix after traveling through a 20 turn, 45 mm dlame!er,_i? mm constar
channel depth, single screw extruder. Assume open discharge conditions. Use 10
rpm rotational speed.

eone in your company proposes to use an existing square pitch 150 mm diamete
gloaTticating );ingle scfewyel:(m?der as a mixing device for a 40/60 PP/PS polymf
blend. The metering section is 5 turns long and has a channel depth of 10_mm. Wil
dispersion of the polypropylene occur for a screw rotation of 60 rpm ? Will thcreob
enough time for dispersion ? Assume open discharge and a temperature of 220 C
Use viscosity data given in Example 5.1, and in Fig. 5.26.
4.5

1700 PS (Polystyrol 144 CH)

4
3.5
3
2.5+
2]

200 °C

230°C

1.5

Log (viscosity) (Pa-s)

1
0.5

T T

& 0 1 2
Log (shear rate) (1/s)
Viscosity curves for a polystyrene.

w -
-
i

Figure 5.26
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5.3 Someone in your company proposes to use an existing square pitch 150 mm diameter

54

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 7 Assume open

discharge and a temperature of 220 ©C. Use viscosity data given in Figs. 5.24 and
5.26.

An internal batch mixer maintains shear rates, 7, of 100 s! for extended periods. In
the mixer you want to disperse LDPE in a PS matrix at 170 ©C. What is the size of

the dispersed phase? Will the PS still be transparent? Use viscosity data given in
Figs. 5.26 and 5.27.
3

—160 O LDPE (Lupolen 2410 T
g7g 160 (Lup ¥
2.5
7 190 °C
o
L 229 papog
o=
B 2+
(=]
2 175
& 154
1.25-
1 T I 1 T T I I
0 0.5 i 15 2 2.5 3 35 4
Log (shear rate) (1/s)
Figure 5.27  Viscosity curves for a low density polyethylene.
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120 Injection Molding 6.1 The Injection Molding Cycle 121

matching times. The diagram reveals four basic processes: an isothermal injection (0-1)
with'pn:ssurc rising to Lt}e holdi‘ng pressure (1-2), an isobaric cooli.ng process during the 93"_3 Polystyrene
holding cycle (2-3), an isochoric cooling after the gate freezes with a pressure drop tc I
atmospheric (3-4), and then isobaric cooling to room temperature (4-5).
1.05
1 bar
par |
'/200 1
3 b - vl
L Polystyrene & i / / 1
9 ¢ E g | 7/
5 /]
= s
5 1.00 600 -
1.05 = 4 P 4
L = 7 /
o el Z
@ > Av %/ e i
GJ» f- -
£ ol e 1600
S 1.00
: e M
o
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o >
0.90 .
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Figure 6.5 Trace of two different injection molding cycles in a PyT diagram
0.0 ; ‘ '
0 50 100 150 200 °C
Temperature
: Lok : . . i Th
Figure 6.4 Trace of an injection molding cycle in a PvT diagram e erm;
g j g cy g al degradaﬁOn

The point on the PyT diagram where the final isobaric cooling begins (4), controls the tota
part shrinkage, Av. This point is influenced by the two main processing conditions - the
melt temperature, T,, and the holding pressure, P, as depicted in Fig. 6.5. Here the
process in Fig. 6.4 is compared to one with a higher holding pressure. Of course, there it
an infinite combination of conditions that render acceptable parts, bound by minimum anc
maximum temperatures and pressures. Figure 6.6 presents the molding diagram with al
limiting conditions. The melt temperature is bound by a low temperature that results in
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 to excessive shrinkage or low par
weight, and a high pressure that results in 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 it:
corresponding mold clamping force can be difficult.

MOLDING REGION
(Good parts)

Injection temperature

Holding pressure

Figure 6.6 The molding diagram EG_ 000216578
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».3 Related Injection Molding Processes

uthough most injection molding processes are covered by the conventional process
escription discussed earlier in this chapter, there are several important molding variations
icluding:

¢ Multi-color

¢ Multi-component

¢ Co-injection

* Gas-assisted

* Injection-compression

Multi-color injection molding occurs when two or more components are injected throu gh
ifferent runner and gate systems at different stages during the molding process. Each
ymponent is injected using its own plasticating unit. The molds are often located on a
irntable. Multi-color automotive stop lights are molded this way.

In principle, the multi-component injection molding process is the same as the multi-color
‘ocess. Here, either two incompatible materials are molded or one component is cooled
ficiently so that the two components do not adhere to each other. For example, to mold a
il and socket system, the socket of the linkage is molded first. The socket component is
lowed to cool somewhat and the ball part is injected inside it. This results in a perfectly
ovable system. This type of injection molding process is used to replace tedious
sembling tasks and is becoming popular in countries where labor costs are high.

In contrast to multi-color and multi-component injection molding, co-injection molding
ies the same gate and runner system. Here, the component that ends as the outer skin of
e part is injected first, followed by the core component. The core component displaces the
‘st and a combination of the no-slip condition between polymer and mold and the freezing
‘the melt creates a sandwiched structure as depicted in Fig. 6.20.

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

[njection-compression molding first injects the material into a partially opened mold, and
en squeezes the material by closing the mold. Injection-compression molding is used for
lymer products that require a high quality surface finish, such as compact discs and other
tically demanding components.

EG_000216583
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.
m“’%
>
A
>
7
V2
NN
é
T Figure 6.21 Finite element mesh and predicted filling pattern for a lawn-mover housing
ocess
6.4 Cor e e B & R A |
G‘yc;;Elllllillii\Ll{lil
Today, cc filling, fiber orientation DL o e SRS S S ey
thermal h [t is common practice, ¢
determine 1inate possible weldlines
reduce sh : finished product befor¢
ever cutti es. %
In injer lving three-dimensiona
orientatiol available programs solv¢
for the nc in non-planar injectior
molded p te the mold filling. Fo
example, idon during molding of :
complex 1 is computed using tenso
represent: to include complex flow
and heat t e 6.22 presents the fixec
finite elei «d filling pattern during
molding. ion distribution in thre«
different 1 Figure 6.22 Finite element mesh, predicted filling pattern and computed fiber orientation in three
different layers (0% corresponds to the center and 100% to the surface of the part)
Examples

6.1 Consider the multi-cavity injection molding process shown in Fig. 6.23. To achieve
equal part quality, the filling time for all cavities must be balanced. For the case in
question, balance your cavities by solving for the runner radius, R,. For a B@af00216584
runner system the flow rates into all cavities must match. For a given flow rate (),
length L, and radius R, , you must also solve for the pressures at the runner system
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34 Injection Molding

junctures. Assume an isothermal flow of a non-Newtonian shear thinning polymer
Compute the radius R, for a part molded of polystyrene with a consistency index (m
of 2.8x10* Pa-s" and a power law index (n) of 0.28. Use values of L=10 cm, R=:
mm, and Q = 20 cm?/s.

Figure 6.23 Runner system lay out

The flow through each runner section is governed by the Hagen-Poiseuille

equation:
0= R’ (RAp Y
“s+3\2mL

The various sections can be represented using

n(1.5R)'[1.5R(R-B)[
. 4 4 = 1
Section 1: 40 P [ B T
(1.5R)' [15R(B-B) |
. . 20=
Section 2: 2@ 13 [ Ao I

o TR [R(R-O)T
Section 3: Q—S+3 il

. _zR[R(B-0)]
Section 4: Q—S+3[ ik

The unknown parameters, F, F,, B, and R,, can be obtained using the above
equations. For the given values, a radius, R,, of 2.34 mm would result in a
balanced runner system, with pressures F = 562 bar, P, = 460 bar and P, =
292 bar. For comparison, if we assume a Newtonian model with p=m, a
radius R, of 2.76 mm would have resulted, with much higher required
pressures of P,=63030 bar, P,=49120 bar and P,=35210 bar.
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6.2 You are to determine the maximum clamping force and injection pressure required to
mold an ABS suitcase with a filling time, t;, of 2.5 seconds. Use the dimensions

shown in Fig. 6.24, an injection temperature, 7T,, of 227 °C (500K), and a mold

i

temperature, 7, , of 27 °C (300K). The properties necessary for the calculations are
also given below.

Properties for ABS

n=0.29 p=1020 kg/m’
m, =29x10° Pa—s" C,=2343J/kg/K
a=0.01369/K k=0.184 W/m/K

< 0.8m

Figure 6.24 Suitcase geometry

We start this problem by first laying the suitcase flat and determining the
required geometric factors (Fig. 6.25). From the suitcase geometry, the
longest flow path, R, is 0.6 m and the radius of the projected area, Ry, is
0.32 m. We can now compute the dimensionless parameters given in Egs.
(6.51t06.7),

B =0.01369(500 — 300) = 2.74

2.5(0.184)

= (0,001 (1020)2343) ~ 192

Br

(29x106)e—0.01369(500)(0 001)2 ( 0.6 02941
h ‘ = =0.98
0.184(500— 300) LZ.S(0.0{)I)} i

The isothermal injection pressure and clamping force are computed usi

Egs. (6.8 t0 6.9) 'BG_000216585
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6 _-0.01369(500) 0.29
_ 29x10% [1+2(o.29) 0.6 } [ 0.6 )=171Mm

! 1-0.29 2(0.29) 2.5(0.001) 0.001
F = n(0.6)2( s )(17. 1x107) = 50.7x10° N
3-0.29

A=0.68m2

=

0.45m

N 0.15 M-y

Figure 6.25 Layed-flat suitcase

We now look up %} and % in Figs. (6.8 to 6.11). 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 f8=2.74, we interpolate
between 1 and 3 as

B=1-2/, =136and £, =165
ﬁ:3—>%r=1.55andFFf=2.l
B=274-" =1.53and B =2.04

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

F= (% )f; =10.3x10" N =10,300 metric tons
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The clamping force can be corrected for an R, =0.32m using Fig. 6.12
and R, R = 0.53.

F

 ecied = (0.52)10,300 = 5,356 metric tons

For our suitcase cover, where the total volume is 1,360 cc and total part area
is 0.68 m2, the above numbers are too high. A usefull rule-of-thumb is a
maximum allowable clamping force of 2 tons/in2. Here, we have greatly
exceeded that number. Normally, around 3,000 metric tons/m? are allowed
in commercial injection molding machines. For example, a typical injection
molding machine” with a shot size of 2,000 cc has a maximum clamping
force of 630 metric tons with a maximum 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 machine with a shot size of
19,000 cc allows a maximum clamping force of 6,000 metric tons with a
maximum injection pressure of 1,700 bar. For this example we must reduce
the pressure and clamping force requirements. This can be accomplished by
increasing the injection and mold temperatures or by reducing the filling
time. Recommended injection temperatures for ABS are between 210 and
240 °C and recommended mold temperatures are between 40 and 90 °C.**
As can be seen, there is room for adjustment in the processing conditions,
so one must repeat the above procedure using new conditions.

Problems
6.1 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 until the gate freezes off, at which
point the part is at an average temperature of 175 °C.
- The pressure drops to [ bar as the part cools inside the cavity.
- The part is removed from the mold and cooled to 25 °C.

* 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.

Z EG_000216586
wMINTFLOW, Injection Molding Simulation, The Madison Group: PPRC, Madison, WI.
A good reference for such values is the CAMPUS® material data bank. Books such as H.

Nomininahane Dlastion fan Daalmaaue Hamoas Thbliohaes 100 R ficlal coe cloe ccccee 3.
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Pressure, P References
1.05 e
/ 200 ' 1. Pétsch, G., and W. Michaeli, Injection Molding: An Introduction, Hanser Publishers
/ 400 (1995), Munich
/ / 2. Greener, 1., Polym. Eng. Sci. (1986), 26, 886
1.00 s 3. Michaeli, W., and M. Lauterbach, Kunststoffe (1989), 79, 852
5 // T 4. Stevenson, L.F., Polym. Eng. Sci.((1978), 18, 577
mE 1600 5. Osswald, T.A., and G. Menges, Materials Science of Polymers for Engineers, Hanser
& / / / Publishers (1996), Munich
& 0.95 PA 66 / /. 6. Wimberger-Friedl, R., Polym. Eng. Sci. (1990), 30, 813
g / 7 7. Ehrenstein, G.W., Polymer Kunststaffe, Hanser Publishers (1978), Munich
] / 8. Verleye, V., and F. Dupret, Proc. ASME WAM (1993), New Orleans
£ / / 9. Crochet, M.]., F. Dupret, and V. Verleye, Flow and Rheology in Polymer Composites
§ 0.90 ] A/ Manufacturing, Ed. S.G. Advani, Elsevier (1994), Amsterdam
o = % 10. Hele-Shaw, H.S., Proc. Roy. Inst. (1899), 16, 49
%/
—
=
0'850 100 200 300

Temperature, T (°C)
Figure 6.26 PvT diagram for PAG6
6.2 Design a balanced runner system for the mold in Example 1 if you are to injection

mold a polystyrene product. Assume a power-law model with a consistency index, m,
of 2.8x10* Pa-s", and a power-law index, n, of 0.28.

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

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

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

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

6.7 Whatis the residual stress on the surface of a 1 mm thick injection molded polystyrene
ruler with a glass transition temperature of 100 °C and a mold temperature of 40 °C?
Assume a modulus of 3.2 GPa.

EG_000216587
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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 technology.

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 as discussed in Chapter 5. Draw resonance appears under certain
conditions and manifests itself as periodic fluctuations that result in diameter oscillation.

STABILITY ANALYSIS OF FIBER SPINNING

Fisher and Denn [1] performed a stability analysis of isothermal,
viscoelastic spinning. Figure 7.2 [1] presents the stable and unstable

regions in a draw ratio, Dy, versus De’* graph. The draw ratio is defined

by
D=2 (7.1
b
and for this case the Deborah number is given by
m(3)(x—u.’2 (V J
De=———| 2 7.2
e G i (7.2)

where n is the power-law index, m the consistency index, G the shear
modulus of the fiber, v, the material speed as it emerges from the spinneret
orifice, v, the fiber speed at the take-up roll and, L the distance between
the spinneret and the first contact take-up wheel.

1000

Unattainab le

Unstable

URLELEL AL

T T TFTITIm

Stable

1 L1 31y Ll tiagiil - W
10 10 pe1/n 107 10
Figure 7.2 Stable and unstable regions during fiber spinning
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7.2 Film Production

7.2.1 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. 7.3. The cast film extrusion process
exhibits stability problems similar to those encountered in fiber spinning [2].

Dl inet

Cast film die St'riy)ing roll
e Edge trim slitter

. A < Pyll rolls
Air gap P /"
with @
molten Idler roll O Mg
web

Wind up rolls
Casting roll

Figure 7.3 Schematic of a film casting operation

Thicker polymer sheets are manufactured similarly. A sheet is distinguished from a film by
its thickness; by definition a sheet has a thickness exceeding 250 pum; otherwise, it is called
a film.

STABILITY ANALYSIS OF FILM CASTING
Anturkar and Co [2] performed a stability analysis of isothermal,
viscoelastic film casting depicted in Fig. 7.4. In their analysis, they used

the White-Metzner viscoelastic model and represented the viscosity with the
Bird-Carreau model as

n=mn(1+ 272" (7.3)

If we relate the time constant of the White-Metzner model to first normal
stress differences and viscosity using 4 3%'%, we end with a similar

relation for the relaxation time:

A=A, (1+2272) " ‘ (7.4)
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146 Secondary Shaping

The extruded tubular profile passes through one or two air rings to cool the material. The
tube interior is maintained at a certain pressure by blowing air into the tube through a small
orifice on 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.

FILM BLOWING ANALYSIS

The important outcome of a film blowing process (Fig. 7.6) is the size or
diameter of the tubular film defined by the dimensionless blow-up ratio

Bt (7.6)

and the dimensionless draw ratio

v
D=L, 1.7

Yo

Conservation of mass leads to a dimensionless thickness defined by

% _p.p, (7.8)

hy

Pearson and Petrie [4] developed and solved a Newtonian model of film
blowing and plotted their results in dimensionless graphs. In addition to

dimensionless blow-up ratio, draw ratio, and thickness. they introduced a
dimensionless pressure, P,

p FRetp (7.9)
uo

a dimensionless take-up force, F,

p=2d (7.10)
Ho

and a dimensionless freeze-off point, X,

X=— (7.11)

7.2 Film Production

147

Nip rolls

Guide rolls

Freeze -line A

Z7
/\ 2 /—\
i B
Cooling air | Cooling air
|
Molten polymer I Die
from extruder

L

Air supply

Figure 7.6 Film blowing

where L is the Newtonian viscosity, R, is the radius of the extruded tube,
R, is the radius of the final tubular film, v, is the velocity of the material at
the exit of the die, v, is the take-up speed, © is the volumetric material
throughput, Ap is the pressure difference across the film, and f, is the film
take-up force. Figures 7.7[4] and 7.8[4] present results from the isothermal
Newtonian film blowing calculations using the above dimensionless

parameters. These graphs are helpful when determining effect of
processing conditions on film size and thickness.

EG_000216591
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Figure 7.7 Film blowing processing conditions for X=10

5 T T T T T

Blow-up ratio, By

Thidmess ratio, hg/hy

Figure 7.8 Film blowing processing conditions for X=20

7.3 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 LDPE articles such as squeeze
bottles.

Blow molding produces nearly hollow articles that do not require a homogeneous
thickness distribution. Today, HDPE, LDPE, PP, PET, and PVC are the most common
materials used for blow molding.
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7.3.1 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 7.9 [5] presents a schematic of the steps in blow molding.

During blow molding, one must generate the appropriate parison length such that the
trim material is minimized. Another means of saving material is by generating a parison of
variable thickness, usually referred to as parison programming, such that an article with an
evenly distributed wall thickness is achieved after stretching the material. An example of a
programmed parison and finished bottle thickness distribution is presented in Fig. 7.10 [6].

T

Figure 7.9 Schematic of the extrusion blow molding process

—_——_ 0.070 inch
0.027 - 0.090
== 0.065

0.031—=
- 0.084
0.034—m 0100

Figure 7.10 Wall thickness distribution in the parison and the part
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150 Secondary Shaping

A parison of variable thickness can be generated by moving the mandrel vertically during
extrusion as shown in Fig. 7.11. A thinner wall not only results in material savings but
also reduces the cycle time due to the shorter required cooling times.

aWa

Figure 7.11 Moving mandrel used to generate a programmed parison

As expected, the largest portion of the cycle time is the cooling of the blow molded
container in the mold cavity. For this reason, for high volume applications, rotary molds
are often used in conjunction with vertical or horizontal rotating tables (Fig. 7.12 [5]).

Die

Parison Part ejection

Extruder

Rotating table -

Blowing Cooling
Figure 7.12 Schematic of an extrusion blow molder with a rotating table

COOLING TIME FOR BLOW MOLDING

The same procedure used for injection molding can be used to estimate the
cooling time during blow molding. Since the article is cooled from one side
only, the inner surface can be considered insulated. The modified Eq. (6.3)

now becomes

L ap .

7.3 Blow Molding 151

7.3.2 Injection Blow Molding

Injection blow molding depicted in Fig. 7.13 [5], 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. 7.14 [5]. 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-

B =

fE=D Y
e ==
(ol L 2

Figure 7.13 Injection blow molding

=

[=

&
= | &

&
Heating

Mold closed Stretch
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" K
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Eject
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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 and the need for both injection and blow
molding units.

7.4 Thermoforming

Thermoforming is an important secondary shaping 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. 7.15 [3]. 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 the 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 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

7.4 Thermoforming 153

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.

Heated sheet | ‘
Plug-assist

I
Vacuum hole

Stretching Vacl'uum

Figure 7.15 Plug-assist thermoforming using vacuum

To reduce thickness variations in the product, the sheet can be prestretched by forming a
bubble at the beginning of the process. This is schematically depicted in Fig. 7.16 [3]. The
mold is raised into the bubble, or a plug-assist pushes the bubble into the cavity, and a
vacuum finishes the process.

EG_000216594

Vacuum

Fiaure 7 18 Reverca draur tharmaformina with nlnmoacciet and varimm
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ixamples

.1 Polyethylene fibers are spun to a draw ratio, D,, of 10 through 500 pwm diameter
orifices at mass flow rates, 1, of 0.18 kg/hr per fiber. For the data below, will draw
resonance occur for a spinning length of 2 m ?

Material data: n = 0.5, m = 2000 Pa— 5", G = 3000 Pa, and p = 960 kg/m".

To solve this problem, we must first compute the speed of the polyethylene
as it emerges from the spinneret

v, =ml(Ap) = 018 5 =0.265m/s
(60)(60)7(0.00025)7(960)

We can now compute the Deborah number using Eq. (7.2)

(n=1)/2
L 2000(3) (0.265) — 0.067
3000
This gives De'’" = 0.0045 which lies in the unstable regime in Fig. 7.2.

For a draw ratio of 10 and n = 0.5, the stable regime of De'’" lies between
0.035 and 0.1. To eliminate draw resonance, the distance between the
spinneret and the take-up wheel must be decreased to 0.72 m, which
requires faster cooling.

.2 An LLDFPE film is blown to a thickness of 50 pm from a 25 mm diameter annular die
with a 1 mm thick slit. Determine the required bubble pressure and take-up force for
an extruder mass throughput of 100 kg/hr and draw-down ratio, D,, of 4. The
freezing point is 200 mm above the die exit; the polymer is assumed to be Newtonian
with a viscosity of 1000 Pa-s; and the density is 920 kg/m3. What is the take-up
speed?

We start the solution by calculating the dimensionless freezing point, X, and
the thickness ratio, i,/ h -, S

X:ﬂ=16
12.5
0.001
) P et
ho /By 50x107°

From Eq. (7.8), we can compute the blow-up ratio as

_hlh 20 EG_000216595

D, 4
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Figures 7.7 and 7.8 represent the film blowing process for dimensionless Problems
freezing points of 10 and 20, respectively. We can get P and F from the
figures and iterpolate for a dimensionless freezing point of 16: 7.1 Polyethylene fibers are spun to a draw ratio, Dy, of 20 through 300 pm diameter

orifices at mass flow rates, 1, of 0.10 kg/hr per fiber. Using the data in Example
X=10—->P=008and F'=195 7.1, find the range of allowable distances between the spinneret and the take-up wheel.
X=20— P=0.055and F=1.50

X=16— P=0.065and F=1.68 7.2 A polyethylene film is cast as shown in Fig. 7.4 at a speed of 0.3 m/s with a draw

ratio of 10. Use Figs. 3.2 and 3.7 to determine the constants in Eqs. (7.3) and (7.4).

Using Eqgs. (7.9) and (7.10), we can now solve for the bubble pressure and

the take-up force as: 7.3 In Example 7.2, a faster cooling rate results in a freezing point of 130 mm above the

die. What is the new bubble pressure requirement?
_ 0.065(1000)(100)(1/60)(1/60)(1/920)

Ap 2 =319 Pa 7.4 What is the bubble pressure required for the process presented in Example 7.2, but
m(0.0125) with a blow-up ratio requirement of 47 What is the take-up speed?

L= HORIR00 0N S Sy 9200 =4.06 N 7.5 What is the cooling time required for a 0.5 mm thick HDPE blow molded bottle. The
(0.0125) extrudate temperature is 150 ©C, and the mold temperature is 40 °C. The bottle can be

The take-up speed can be computed using safely removed from the cavity when the average temperature is 60 °C. Material data:

=950 kg/m’, C, =2300 J/kg/K and k = 0.63 W/m/K
~(100)(1/60)(1/60)(1/920) P grm, L, g/ & an m

YT T (50x10°)(0.025)(5)

=1.54mls
1.6 Derive Eq. (7.13) which describes the thickness distribution in a thermoformed conical

container.
7.3 Derive Eq. (7.14) which describes the thickness distribution in a long cylindrical

thermoformed container. 7.7 Plot the thickness distribution along the wall of a 100 mm diameter, 400 mm deep

; ; : X ; cylindrical container thermoformed out of a polystyrene sheet initially 2 mm thick.
The first step in the drawing process is the formation of a spherical bubble

of thickness #. Through conservation of mass we can equate 7.8 Plot the thickness distribution along the wall of a thermoformed 100 mm deep

polystyrene juice cup. The cup mouth and bottom are 70 and 40 mm in diameter,
TR hy = 2Ry respectively. The sheet was initially 1 mm thick.
which results in i = %'i At any time, the bubble thickness as it travels
down the cylinder is h. As the contact point in Fig. 7.18 travels from References
S to S+dS, it deposits a cylindrical strip of thickness h and width dh on
the cylinder wall. A mass balance would result in I. Fisher, R.J., and M.M. Denn, AIChE J. (1976), 22, 236
2. Anturkar, N.R., and A. Co, J. Non-Newtonian Fluid Mech. (1988), 28, 287
2R = 23R (h + dh) + 2aRhds 3. Menges, G., Einfiihrung in die Kunststoffverarbeitung, Hanser Publishers (1986), Munich
L. Pearson, J.R.A., and C.J.S. Petrie, Plastics & Polymers (1970), 38, 85
5. Rosato, D.V, and D.V. Rosato, Blow Melding Handbook, Hanser Publishers (1989),
Munich
dh & 3. Modern Plastics Encyclopedia, 53, McGraw-Hill (1976), New York

h R

which reduces to

which can be integrated with a boundary condition & =k at s =0 to give
EG_000216596

pulo
7
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8 Other Important Polymer Processes

8.1 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 8.1 [1] 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 b alch mixer Calender Cooling rolls

Strainer extruder ; Take-up system
Emb pssing o
. Trimming

Figure 8.1 Schematic of a typical calendering process (Berstorff GmbH)

In the plasticating unit, the material is melted and mixed by an internal batch mixer or a
roll-mill before it is fed between the nip of the first two rolls. Here, the first pair of 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. 8.1, which is an inverted L-
or F-type system. Other typical roll arrangements are shown in Fig. 8.2. After the main
calender, the sheet can be passed through a secondary calendering Opeﬁgig“ 216597
embossing. The sheet is then passed through a series of chilling rolls where it 1s coole
from both sides in an alternating fashion. After cooling, the film or sheet is wound.
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8.1 Calendering 161

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

nip region.

Ftype

L-type Ztype

X
=
=

o]

Figure 8.2 Calender arrangements

ANALYSIS OF CALENDERING
Calendering can be modeled by assuming steady state, laminar flow and
isothermal conditions. Such an analysis is presented by Middleman [2] and

the main results are shown here. Assuming a power-law viscosity model
given by

n=mlif"” =me T 8.1

and the notation presented in the schematic shown in Fig. 8.3, the
maximum pressure in the nip region can be calculated using

Pz = MJ%P(H) (8.2)

Figure 8.3 Schematic of the calendering process

where P(n) is presented in Fig. 8.4[2]. The roll separating force caused by
the pressure distribution between the nip can be calculated using

f_m[%J RWE(n) (8.3)

; B
_ 3

e
0.8 e

0.6F
b= “-...\

0.4 -

0'30 Q2 DA TE0BN0.8 LY.
n

Figure 8.4 Pressure, force, and power functions versus power-law index

where W is the width of the sheet between the rolls and the quantity F(nFG—OOO21 6598
can be found in Fig. 8.4[2]. The power transmitted to the sheet between the
nips can also be calculated usine
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n=1
§=mv? [ﬁ] WEE(R)_ (8.4)

where E(n) is presented in Fig. 8.4 [2].

The sheet thickness, 2k, as it emerges from the rolls is also a function of
the power-law index and is presented in Fig. 8.5 for a system with a large
amount of material accumulated at the entrance of the nip region. For the
case where a finite sheet of thickness 2h,,, is fed through the nip region,
the thickness of the film or sheet can be calculated using the curves
presented in Fig. 8.6 [3].

1.30
1.28 -
1.26 1
1.24
1.22 +

1.20

hho

L 1 | 1
0 0.2 0.4 0.6 0.8 1
n

Figure 8.5 Sheet thickness as a function of power-law index for a large reservoir
thickness
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Figure 8.6 Sheet thickness as a function of upstream reservoir thickness for various
power-law indices
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8.2 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, 8.7." The second
normal stress differences, generated by the high shear deformation in the die, help keep the
wire centered in the annulus [4].

Manifold |

Mandrel orifice ~ 10rPed0

Figure 8.7 Wire coating process

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.

Knife coating, depicted in Fig. 8.8, 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
Wel_:}. 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 rollers. The physics governing this process is similar to

calendering, except that the fluid adheres to both the substrate and the opposing g. 386216599

%
Other wire coating processes extrude a tubular sleeve which adheres to the wire via stretching and
b B P Mmoo -t

AN —
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8.2 Coating 165

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. 8.9). The reverse
roll coating process delivers the most accurate coating thicknesses.

Knife

Substrate

a

Figure 8.8 Schematic of a knife coaling process

\

S

FILM THICKNESS IN FORWARD ROLL COATING

Using the nomenclature in Fig. 8.9, the thickness ratio of the film traveling
with the rolls after they split can be calculated using [5]

B
5:[.@;) 8.5)
T, \,

where the exponent E is related to the shear thinning effect of the polymer
melt. Figure 8.10 [5] presents E as a function of the power-law index.

L W

R
/_\ Tq
T
Forward roll coating Reverse roll coating
Uy U4 :

Figure 8.9 Schematic of forward and reverse roll coating processes

| I
Experiment
06 |-
E
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Finite element

| |

0204 06 0.8 1.0

Power law index, n
Figure 8.10 Constant E for Eq. (8.5) used to compute coating thickness in forward roll
coating

RIBBING IN ROLL COATING

A defect that often forms during roll coating is caused by the ribbing
instability. Here, sinusoidal waves across the web form, leaving so called
rake lines in the moving direction of the substrate. Figure 8.11[5] presents
the critical capillary number, which determines the onset of instabilities
during forward roll coating as a function of roll geometry. The capillary
number in Fig. 8.11 is defined by

ca=¥ 8.6)

where p is the viscosity of the coating fluid, ¥ is the ayerage roll speed,
and o is the surface tension of the fluid in air.

1 i

i 3
o
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FILM THICKNESS IN REVERSE ROLL COATING

Using the nomenclature used in Fig. 8.9, the film thickness in a reverse roll
coating operation can be computed using the graph presented in Fig. 8.12

[5].
1.0 TR U R T Tk VT T Tl Fatet. |_
- Theory Theory ]
§ 09F Ca=5 Ca=1 ]
b &
. 08 iExperimental Ca=1.5 ]
w = L
§ ot E
£ 2 I
E o6r 7
8 :
g 0.5 3
04F 7~ < Lubrication model
I PR o o P I YT s LY Y il e et o o ] [ e o Ui = B - vl vl £ By ¢ |:
0'?6.0 0.1 0.2 0.3 0.4 0.5 0.6

Speed ratio, U¢/Us

Figure 8.12 Film thickness versus roll speed ratio for various capilary numbers

Here, the capillary number is calculated using

Ca= BU, (8.7)

5

where U, is the speed of the applicator roll. The figure shows how well
theory agrees with experiments.

Slide coating and curtain coating, schematically depicted in Fig. 8.13, 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.
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Coating roll

Slide surface

),

Slide coating Curtain coating

Figure 8.13 Slide and curtain coating
8.3 Processing Reactive Polymers

Reactive polymers, such as thermosets, undergo a chemical reaction during solidification.
In processing, thermosets are often grouped into three distinct categories, namely those that
undergo a heat activated cure, those dominated by a mixing activated cure, and those
activated by the absorption of humidity or ultra violet radiation. Examples of heat activated
thermosets are phenolics; examples of mixing activated cure are epoxy resins and
polyurethane. Similarly to thermoplastics, thermosets either cure via condensation
polymerization or addition polymerization.

Condensation polymerization is the growth process that results from combining two or
more monomers with reactive end-groups, and leads to by-products such as alcohol, water
and acid. The by-product of the reaction when making phenolics is water. Another well
known example of a thermoset that cross links via condensation polymerization is the co-
polymerization of unsaturated polyester with styrene molecules, also called free radical
reaction, as shown in Fig. 8.14. The molecules contain several carbon-carbon double
bonds which act as cross linking sites during curing. An example of the resulting network
after the chemical reaction is shown in Fig. 8.15.

No matter which category of thermoset, its curing reaction can be described by the
reaction between two chemical groups denoted by A and B which link two segments of a
polymer chain. The reaction can be followed by tracing the concentration of unreacted As
or Bs, Ca or Cg, respectively. If the initial concentrations of As and Bs are defined as Ca,
and Cg,, the degree of cure can be described as

o=
CA.o
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The degree of cure or conversion, ¢, equals zero when there has been no reaction and
equals one when all As have reacted and the reaction is complete. It is difficult to monitor
reacted and unreacted As and Bs during the curing reaction of a thermoset polymer.
However, the heat released during curing can be used to monitor the conversion, c. When
small samples of an unreacted thermoset polymer are placed in a differential scanning
calorimeter (DSC), each at a different temperature, every sample releases nearly the same
amount of heat, Qr. This occurs because every cross link that occurs during a reaction
releases a little heat. For example, Fig. 8.16 [6] shows the heating rate during isothermal
cure of a vinyl ester at various temperatures.

....OD(l} ?OO-GHE-CHE-O/OC
CHz?H C{-I:CH CH=|CH +n-[CH2=C\H]
COO0-CH,-CH,-00C CQO.... @
Polyester Styrene

Styrene

Figure 8.14  Symbolic and schematic representations of uncured unsaturated polyester
| |
CH < >—CH
éH (')H CI:H
{2 2 @_ I
....CH~CH—COO-CHz-CHg-OOC-(i‘.H-CH-CDO-CHE-CHQ-OOC-?H-CH....

i
@?H ©_ CH ¢Ha

CHe Ho CH
{_)—CH
{OrcH @—CI:H

fH2 oo

-+ GH-CH-COO-CH,-CHy-00C-CH-GH
H
O O-¢H

CHy CH,

S

BlA
S A
e

Figure 8.15  Symbolic and schematic representations of cured unsaturated polyester
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Figure 8.16 DSC scan of the isothermal curing reaction of vinyl ester at various temperatures

CURING REACTION MODELS

The degree of cure of a thermoset resin can be defined by the following
relation

=L ®8.9)

where Q is the heat released up to an arbitrary time t. DSC data is
commonly fitted to empirical models that accurately describe the curing
reaction. Hence, the rate of cure can be described by the exotherm, Q and
the total heat released during the curing reaction, 0. The curing kinetics for
many heat activated cure materials, such as vinyl esters and unsaturated
polyesters, can be described fairly well using the Kamal-Sourour Model [7]
given by

; ol bl
%:Q%ﬂ:{a[e R "c"‘}(l—c)" (8.10)

where the six constants can be fit to DSC data. EG_000216602
On the other hand, mixing activated cure materials such as polyurethanes
instantly start releasing exothermic heat after the mixture of its two
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