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plate 1o menitor pressure for safety and to in-
diewte when filter screens are plugped, and
ideally one in the head for process ML Oring .
Transducers along the barrel are vital in tess
libs for acquiring screw design data. and can
be used in production for feed loss and vent
port flooding alarms. The industry has stan-
dardized on a 0,31 2-inch-dizmeter hole in the
barrel with a 45 gest and 3-20 thrends for
gauge interchangability and easy replacement,

Drive Power Measurement. Dirive power
consumplion, un imponant process indication,
is readily available in DC or AC drives in the
form of a motor ammeter showing either per-
cent load or actual amps. The correlating pa-
rameter in hydraulic drives is pump pressure.

Screw Speed Sensors.  Extruders, although
not positive displacement pumps, normally ex-
hibit a fairly linear relationship between screw
speed and output; so screw speed indication {5
a critical control parameter, On approach is to
mout rpm counters on the screw drive shaft or
any of the other shafts on the gear case. but the
simplest methed is (o wilize the output of the
drive motor's tachometer scaled o serew spead,

Temperature Contral

Barrel temperture control is one of the most
important and difficult requirements of the ex-
trusion process, Barrel temperature setpoints af-
fect the linal output rate, quality. temperature,
and stability. The bamel heating and cooling
system nol only must maintain a 500 inBer-sur-
Face temperature, but must do 50 while provid-
Ing varying amounts of heating to compensate
for the melting requirements or cooling be-
rause of excessive internal hest gencration, The

w—— —tontrol problem is complicated by the physical

irmangement of the barrel. OF necessity, ihe
barrel his o substantial wall thickness: so the
source of heating or cooling is at a significant
thermal distance from the desired comtrol sur-
face, causing a sont of “thermal inertiz."" A
simple on-off controller cycles wildly abour the
setpoint becawse by the time the sensor “sees™
the required temperature, the heates/cooler is
already much too hot or cold. The idenl extru-

Ko fermperaturs controller not only must com.
pensate for this thermal ineria. but should an-
ticipate the required heating or cooling during
@ process change or upset,

PID Contrallers.  Most commercial temper-
ature controllers mcorporate a PID control
scheme with propomional, integrl, and deriv-
ative functions that can be adjusted 1o provide
o melatively sible temperatare. The propor-
tional band adjustment on heating and coeling
is the most important feature. It simply reduces
the amount of heating or cooling as the indi-
cated lemperature approaches the setpoint, For
instance. the comtroller might call for 100%
heating al a 50° error, $0% at 25°, and 10%
il 3%, Other features help to reduce over- and
undershoot, and “offset™ allows the controller
vo stabilize at & fictithous setpoint that results in
the desired setting, Modem controllers usually
are affered with some type of auto-tuning, thus
eliminating the extremely difficult chore of cor-
rectly adjusting a PID controller. Barrel con-
trallers are typically heat/cool models, whereas
die, head, and adaptor zones are normally heat
omly.

Dual Sensor Controllers.  Even the most so-
phisticated PID controllers rely on schemes and
“Axes" to compensate for the inerfia coused by
the thermal distanee between the sensor and the
heat or cooling source, A unigue solution 1o the
problem is a patented, two-thermocouple con-
trol system that incorporates a second sensor
mounted directly in the heater/cooler and,
through the use of a special computer alpo-
rithm, eliminates the problem of thermal ineria
and temperature cycling. These controllers are
microprocessor-based and often are incorpo-
rated into complete line computer control or su-
PEMVISOrY 2yslems,

Controller Output, The output of any tem-
perature controller, even with a proportions|
heating band, is usually on-off. The required
heating or cooling ratio is achieved by time-
proportioning the output during a sct duty
cycle, The heat output is energized for 5 out of
every M seconds, for expmple, for 25% aul-
put. With the stabilizing effect of aluminum
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heaters and the lurge thermal muss of (he bar-
ml, this approach is entirely sutisfactory. Low
valiage heat outputs in torm activate line voll-
age contuctors, prefembly mercury relavs, ina
beat control cabinet, Cooling solencids are
connected directly, amd clectric blower motors
can be either dircct-wired for small single-phase
s or connected to three-phase motor darer
rebays for larger designs. Tempersture control-
lers often are available with proportional con-
tml output connected o an SCR or other type
of variable power supply for the barrel heaters,
Abhough this is theorctically a superior sys-
temn, it s of little valwe i extrusion barrel con-
trid.

Pressure Control

Ieally behuved Auid processes normmally con-
tmol pressure directly because the output fow
rate i3 @ direct function of pressure, In plastics
extmsion, however, this dircct relationship
does not exist. Variations in mell lempernure,
shear rte, materal deviation, and other uncon-
irdlable parameters all can independently af-
fect pressure and owtpul, In extreme circum-
sances, an increase in screw speed, which
mcreases shear rate und melt lemperature, not
paly increases the output rate; becawse of the
loweer viscosity that results from the higher meli
epperatere, the head pressure actually can de-
crease] Controlling the extreder speed directly
with a head pressure controller 15 rarely done
because of these problems. Pressure indicators
often are used for alarmingly high or low con-
ditions, Full control is applied to extrusion melt
pumg systems. where the pump establishes the
putput rate, and the extruder 15 controlled 1w
maintzin a constant pump inlet pressure. The
other common use of pressure control is in the
operation of gulomatic screen changers, where
quite aften two pressure mansducers, one be-
firre @ ome after the filter, are used o control
a comstant pressure differential.

Melt Temperatore Control

Exirudate mell tempersture control has long
bezn a desirable goal in extrusion, but in prac-
tice it is extremely difficull w achieve. Practi-
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cal approaches change the setpoint lemperatune
of the last one of two barrel zones, but their
use must be limited because the barrel temper-
ature also can affect the output rate and upsct
the process; hence they are rarely vsed.

Siee Controls

At the owtpur of mos extrusion heads or dics,
whether the product is sheet, wire, film, jub-
ing, or any of the wile variety of shapes cn-
coumterad in indusiry, i is always desirable (o
muke some sont of measurement of the extr-
date. This 15 the first opportunity to “'see’” di-
rectly into the process and effect some sorl of
change. Extrusion, being a continsous process,
is a difficult one for on-line ingpection, ax the
product cannot be held and mepsured or in-
spected in traditiona] ways until the end of the
line. Often, the line involves a large invenory
of product, which all cun be off-spec if adjusi-
menis are not mode until the end. Size moni-
toring and conrol devices on-line allow im-
mediate feedbuck and reduction of scrap.
Whatever the method of measurement or giug-
ing, corrective aclion usoally is faken on the
meost easily controlled parameter, Single extru-
der lines with simple downstream equipment
configurations should change line speed in ne-
sponse to size variations. More complex lines
and tandem extrusion systems need to change
extruder speed. but must do so gradwally and
with an awareness of possible related effects,
such as melt lempervture and pressure changes.
Large-step extruder speed changes often huve
a two-stage response—initially an immediaie
reaction, followed by a gradual change due 1o
femperatune, viscosity, and pressure changes,
barrel control setting, and screw inventory re-
newal, Coextrusion lines must discriminae
messurement a5 well a5 control mesponses
among the machines.

Diameter and Profile Gaoges. Among the
first and presently among the most successful
on-line gauges are laser pauges, which project
a heam across a critical dimension of the pant
causing @ '‘shadow'’ on the receiver on the
other side. Optical gauges differ only in their
light source. These gauges have evolved into
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highly reliable units, with compensation for en-
vironment and product movement, and with so-
phisticated controls. They usually represent
very good value and can be justified easily in
MOS0 round-section, continuows extrusion lines
siech as wire coating, whing, hose, and pipe.
They alse can be applied to profile extrusions
that have a eritical prominent dimension. Com-
pound gange heads can provide X-¥ daty, and
rodary heads can give ovality information.

Thickness Gaoges. Sheet and film thickness
gauging usually is accomplished by a scanning
head that either transmits to & receiver on the
ather side of the web or reflects back through
it, utilizing radiation to measure density, The
imponant aspect of web thickness gauging is
that iransverse as well as in-line profiles are de-
tecied. The transverse profile data can be psed
to automatically control adjustable die gap de-
vices. Wall thickness gauging for pipe is avail-
able utilizing ultrasonic sensors and for wire
using capacitance devices; both types can be
combined with diameter gauging,

Rate Cont rols

Hopper Weight-Loss Feeders  Exrruder
throughput is not directly measurable uil the
end of the process line, but output rate can be
derived and controlled in several ways, The
simplest method is to accurately measure the
amount of material flowing through the feed
hopper. This can be accomplished by timing
and weighing small batches in an intermediare
hopper amd calculating the rate or by doing
weight-loss calculations on a continuously
monitored feed hopper. Both systems require
accurate load cell sensing, isolation of outside
effects. and o means of ensuring a constam-
flood feed supply 10 the extruder. They work
well with pellet or granule feedstocks and not
as well with powders, Feed hopper rate deter-
mination has a few drawbacks, as it is blind 1o
changes within the inventory time of the SCTEW;
however, it provides a very accurate long-term
average rate and can be used to control extruder
speed in a slow response manner,

Gravimetric and Volumetric Feeders. Gra-
vimetric and volumetric feeders require starve

feeding; and although long-term average raies
can be gtcumte, starve-fed single screw exin-
ders are notoriows for surging and shori-ierm
instability.

Calibration Curves. The extrusion I
rate can be calibrated and calculated quite ac-
cumately in @ three-dimensional grid of screw
speed, pressune, and owpur, Test data st be
collected at several speed and pressure levels
ard input into & simple curve fit program to find
the proper function and constants; onee this is
done, the output rute is quickly calculated from
spead and pressure. The technique can be i
corporated info a computerized control scheme
and used to adjust the extruder to compensate
for the slow plugging of filters or other gradugl
changes,
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The extruder's function is complete when 2
good melt is pumped through the die system a
an acceplable output rate, but suceess i ot at
hand until & usable product is formed in the
downstream sizing and cooling SqUipL,
Various products of countless shapes can be
formed in & continuous manner with extrusion,
making this process quite versatile. A brief de-
scriplion of some of the most popular products
made with the extrusion process follows. The
reader also is referved 10 Chapters 12 and 22,
on blow maolding and compounding.

Blown Film

In the blown film process. plastic melt passes
through a die that forms it into an anmlar
shape, usually directed upward. (See Figs.
d-11 and 4-12.) Adr is introdeced into the b
to inflate it and around the outside of the ““hub-
ble™ to cool and solidify the mell, The cooled
bubble is closed in a set of rolls (nip rolls)
placed wt some distance above the die. The
amount that the bubble diameter is expandad s
cilled the blow-up ratio (BUR), and is noe
mally in the range of 2: 1 to 4: 1. Both stretch-
ing the bubble radially and pulling it away from
the die uxially impan orientation 1o the plastic,
improving its strength and other properics.
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Figs. 4-11 and 4-12. Blown Glm process, (Coauresy Dvis-Siosdmed )
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The distance that the tube travels upward be-
fore its diameter increases is called the stafk
heighr. Most materials are blown with i shomn
stalk, with bubble diameter being increased to
its final size shortly afier leaving the dic lips,
Some materials (such as HDPE and espocially
high melecular weight HDPE) are processed
with & long stalk (six 10 eight die diameters
above the die lips), which gives improved film
sirength both in the direction of flow (machine
direction) and across the film (transverse direc-
tion). After the bubble is conled and collapsed
into & flat shape, the product (layflat) is rolled
up on a high-speed winder. In some cases, the
layflat is slit w0 form rwo separate sheets and
wioid onto individual rolls, requining twi in-
dependent winding shafts.

Cooling air is directed upward along ihe
bubble’s oaler surface at high speed, using an
airring, Some sophisticated air ring designs are
available that allow minimal turbulence. When
high outpui rates are desired, additional bubhle
conling can be accomplished by using a cool-
ing device that sits on fop of the die inside the
bubble. Cooling Auid is passed through orifices
inside the dic body and into the intemal cowsling
device, known generally as an IBC or internal
Bubble cooler,

After trveling a fairly shont distance from
the die exit. the melt becomes solid ina usually
moticeable area known as the frost line, Be-
cause the solidified material s more CHpacyne
than the melt, the frost line is casily visible, If
the extruder is pumping melt comsistent|y with
uniform temperature, the die is doing an effi-
cient flow distrbution job, and the cooling air
is being uniformly applied, then the frost line
will appear quite well defined and in a horizon-
tal plane. If there is instability in the extruder/
dielcooling system. there usually is a rapged
frost line and poor film thickness (gauge) uni-
formity, due 1o uneven mel pumping and so-
lidification.

The dies used to form the thin annular mel:
can be fed from cither the bottom or the side,
with the bottom-fed die being prevalent today .
The extruder usually has a low centerline hizight
(15 o 20 inches, instead of the Typical 42 inches
for other processcs) o reduce the distinee from
the top of the die to the floor. The material en-

ters the die through an sdaptor pipe and is splil
ko 3 number of smaller fow channels {ports )
that extend radially in the base of the die. The
typical die is designed with 4 spiral Aow path
for cach of the Aow chunnels, with overlapping
spirals 1o aid in flow uniformity out of the die
lips. This design eliminates the use of *‘spider
leps™” of the wype vsed in pipe dies. The mate-
rial spreads radially and upward as it moves
through the spiral channel section of the die;
the die lips set the thickness of the melt exifing
the die. There usually is an increased volume
section just before the die lip arca, to offer
chance for the melt to ““relax™ and 10 remove
some of the liow “memory™ from the path
through the die system. Some materials de-
velop visible flow problems from the die ports
(port lines) or from uneven radial exit flow from
the spirals. The dic lips are ser by experience
for given polymers and product sizes, The lip
Eap is set larger than the final gauge to allow
ample drvwdown of the melt. The die lip gap
for a 0,001 inch thick LDPE film miay be set a1
abtwowst (LO20 10 0,040 inch.

If the lip gap is set too tight (0.010 inch or
smaller) the die pressure at the end of the screw
can resch undesirable levels (6000 10000 il
amd some materials will exhibi a roaigh surface
due w a phenomenon called melt fracture. Re-
ducing this surface roughness (because of the
poor slip properties of the melt on restrictive
metal passages) is difficul except by opening
the lip clearance to reduce the shear ERpPEri-
enced by the melt. This phenomenon is quile
prevalent with muterials such as LLDPE and
HDPE.

Die designs that must process high viscosity
matesials such a5 LLDPE and HDPE are given
special consideration, in onder to maximiee the
intermal ¢learances and reduce pressune drops
while still cnsurng good flow ki foermiey s the
mell exits the die fips. It is easier to achieve
uniform die Aow with tight die lips and resteie-
tive intermal passages. but the negative effect
of the resulting pressurce drop on ot rete and
melt lemperature of the screw is seldom ge-
veptaltle 10 the blown film producer. Fubble
formation in this case is aided by having rhe
lonwest possible melr viscosity and. henee, the
towest practical melt temperature, The cxperi-
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ence and the knowledge pained in today's die
design decisions allow a much lower pressure
drap through the die while preserving good flow
uniformity .

Blown filn is typacally thin, with 00001 inch
filny possible with some matenals, Film thick-
neises of 00125 inch and thicker are possible
under some circumstances, but the typical range
nf film gauges encountered with this process is
1001 -.050 inch. ther than the gauge di-
mension, a layflat width usually is given, which
is simply the width of the bubble after collaps-
ing imto a Aat film of double widih, The Loyl
width dinsension 15 the bubble circumference
(314 ® final bubble diameter) divided by 2.

A growing trend in this process is cocxiru-
5ion, just as is secn in the flat die sheet process.
The die 15 designed with multiple flow distri-
bution channels so the layers come together
gfter they have been evenly disteibuted in the
annular configuration. prior to the dic lips.
Many layer configurations are uged w achieve
a vanety of [lm properics. Barmer materials
[for oxygen, moisture. odor barrices, 1.1 uau-
ally require adhesive lyyers for adherenee 1o the
puter lavers of the film structure. The barrier
layer tvpacally must be placed mside the film
stmaciure because environmendal effccts {mois-
lure, ebe. ) can noticeably reduce the barmer ma-
lerial’s effectiveness. The number of lavers can
be from the simple two materials up o eight o
len layers with very comples die systems, Typ-
ically, four o seven layers are found o cover
s Sualons,

There ix no trimming necessary in this pro-
s to make the Alm edges uniform in dimen-
sin. because of the cylindrical die opening.
There is some amount of regrind material ore-
aled with the blown film process, due (o stanup
swrap while the lines are being tuned (o the final
gage and scrap Formed when the layflot is shit
bo form sheets. In coextreded film, regrind can
ke Bidden i an inside layer, The reprind wso-
ally 15 added to the virgin feed masterial in the
extrsder hopper at B0 fo 30% levels 1o avoid
dismuption of extruder processing efficiency due
ta the bulk density reduction seen with Auffy
reprinnds of these films, An altemative approech
o reusing the regrind is wo repelletize the fluf
im & reclaim extruder and add the pellets to the

EXTRUSHIN PROCESSES 109

wirgin material on the production line, with li-
tle or no feeding eficiency boss,

Some extrusion lines have printing eguip-
ment on-ling as well as bag-making machines,
which form the sealed edges and the opening
configurations. The folds, or gussers, typical on
the sides of some bap constructions can be
made in-line with this process by using a fold-
ing apparatus in the collapsing area, Simpler
extrusion lines form the flm or sheet and per-
formn the printing and bag-making fenctions off-
line, Depending wpon the line speeds, there are
arguments that support both methods of per-
forming post-exirusion (unctions. Films mpde
by the bloam flm process usually are of lower
clarity than their cast film counlerparts,

Some of the products formed by the blown
film process arc garbage bags, can liners, ag-
ricultural films, grocery bags (T-shint bags,
etc.), and thin films for paper and tissue prod-
(1 T

Common polymer materials used in this pro-
cessonclude polyethylenes, polypropylenss,
EVA, und flexible PYC,

Sheet, Extrusion Coating, and Cast Film

Sheet.  The extrusion process used 1o form
sheets continuously s lustrated in Fig. 4-13,
The melt is formed through a die having & nar-
row sl aperre that forms the sheet and di-
rets the melt to conling amd polishing molls.
The die takes the melt from the extruder, typ-
ically im a continuows rod shape, and unifonmnly
sprewds the melt into a wide sheet of uniform
thickness, The die that spresds the melt into a
uniform sheet is shown in Fig. 4-14.

The manifold of the typral sheet or film die
resembles the shape of a coathanger and is de-
signed, along with the remainder of the die
clearanees, to uniformly distribute the melt
from the exrruder into a wide, thin shape. Be-
cuuse many sheet and film extrusion lines must
produce a range of products with different
thicknes=es over a mange of output rates, melt
temperatures, and sometimes different poly-
mers, the dic must perform its uniform distei-
bution function under various conditions. The
versatiliny of one die manifold conhguration has
Iimitations that are sometimes eliminated
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Fig. 4=13.  Sheet entrugaon lime. (Courtery Dmils- Shandard b

throwgh the aid of a distributor or choker bar,
especially with thicker sheet products, The
die’s oniformty can be mughly adjusted by
[rwering or raising the choker bar, and final
gange adjustmemts are made through the vse of

hp adjusting bolts. 2ome mmenals (such as vi-
inyls) are more degradable than others and make
the use of the choker bar impractical, because
of the small potential hang-up arcas on each
siche of the bar.

Piz d=1d. rlmh:lﬁn_ﬂl dic, (Cogetery Dvovir-Steandmrd|




The die lips are the hinal surfaces {lands)
thriough which the material passes before exit-
ing the die. The lengths of the lip lands are de-
signed through experience and are usoally 11
o 20 mes the expected lip opening. The final
lip opening wswally iz adjusted 1w approxi-
mately the thickness of the fnal sheer gaupe,
Based on experience, the amount of polymer
swell or the desired drwdown of the material
coming from the die lips will determine of the
initial lip opening should be larger or smaller
than the desired sheet gaupe. Should a die be
required to extrude products over a wide thick-
ness range, the die must be designed so that the
lower lip 85 removable for changing lip gaps
over the broad range. The die's inerior sur-
faces are highly polished and usually plated
with & material such as chrome o ensure noe
flvw imermuption wnd o wvedd any melt hang-
up and resultant degradation or shest uniform-
ity prohlems.

The die has several heating sections {zones),
which are controlied near the material’s extn-
s temperature. Adpssting these die heater
zones independently of one amother also will
aid i altering material low through the die and
will give an additional parameter for rough
sheed gauge adjustment, as the polvmer fiowing
throwgh the die is affected somewhat by the
mictal temperature of the die surfaces. Some so-
phisticated sheet extrusion systems incorporate
an individual heater on each die Bip adjusting
bolt, Each of the lip bolt heaters 15 closely con-
trdled to a iemperature that will give a required
gxpansion or contruction of the boll and o re-
silting lip adjustment. These fine lip adjust-
ments are determined by o microprocessor con-
tredler, which reads the sheet gauge from a
scanming device placed after the ¢opling rolls,
determines where the gauge needs cormecting,
andd controls the proper die lip heaters to effect
the change, The puuge must be set manually
first, 10 & range close to the eguired uniform
gauge, and final slight adjustments can be made
by the lip bolt controtler as the line s renning

The melted material fiows out of the die lips
und 15 wrapped around several cooling nolls,
which impart the final gauge and surface finish
charactenstics, The most typical sctup utibizes
three rolls in & vertical amangement with the
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mell entenng between the top end middle rolls.
The middle roll, which determines the surface
finish, may be highly polished for a high-gloss
sheet or embossed o produce a pattern on the
malten material.

The molls are driven either by a zingle DC
drive connected o the rolls through a chain
system, or by individual drives that all are
closely coordinated for accurate speed control.
The separate drive package usually is chosen
for critical applications such as optical-guality
sheat, where chain drives can impart “‘chatter
marks™" al o frequency related o the chain’s
pitch dimension.

The roll entry point (called the mip) is ad-
justed o 4 gap dimension 3 to 10% larger than
the Anal sheel gaupe o adjust for shrinkape of
the material as it cools along the later roll sur-
faces. After passing throagh the mp, the ma-
terial travels inan 87 wrap pattern, with one
surface in comtact with the cemer roll for 1307,
and then does a reverse wrap, with the other
surface contacting the lower roll for about
270, The nip pomnt between the middle and
lowwer rolls wsoally is sof close to the final sheet
gavge because much of the shrinkage ocours ax
the material cools prior o emering the lower
i,

Sometimes the material i extuded “up-
sack,” entering the rolls berwean the lower and
muhdle molls, Upstack extrusion allows the sheet
i travel down the line with its embossed side
up. An altemate amangement 15 for the rolls to
be set up on a horizontal plane with the mate-
mal extruded downwand, This allows very low
vizscosity materials to flow more uniformly to
the rolls withowt drooping,

The cooling rolls are temperature-controlled
by ol or waler passing through thesr imenor,
Maintaining a minimal temperature differsntial
across the moll surface is important, and the de-
sign of the cooling fiow path must ensure high
velocities and furbulent flow {a high Reynolds
rumber) for the cooling Auid passing throogh
the rall. The temperature of the coaling Auid
for each roll 13 contralled by a separate system
o allow different roll temperatures as reguired
by the process. Usually the upper and middle
roll= {downstack extrusion) are controlled at o
higher temperature than the lower roll o tem-
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per the initial sheet cooling, contral emboss-
ing, and control initial sheet surface cooling
thence surface appearsnee, ete.). The lower roll
nomelly will be quite cool to maximize heat
removal, Some atmospheric conditions may
produce mgisture condensation on cold ol
surfaces, and increased roll temperatures may
be mequired to avoid sheet surface marring by
rolf surface water droplets,

The size of the cooling rolls will depend upon
the cooling time required, based on the extru-
der’s outpul rate and melt temperature along
with the sheet dimensions. which determing the
line speads and hence the time in comact with
the rolls. The rolls are typically between 8 and
24 inches in diameter, with larger and smaller
molls possible under some conditions. The frame
thut holds the main rolls must be of sufficient
mass and design o avoid vibrations and sheet
quality problems (such as the chatter marks
caused by the vibrations), The sheet line may
require additional cooling afler passing the
three main rolls, which is accomplished through
the use of auxiliary rolls placed downstream,
The auxiliary rolls are often aluminum because
of its good heat removal properties and the Faet
that the shect's surface already is determined
by the highly polished main steel rolls. The
auxiliary rolls typically are controlled at as cool
i lemperatine as is practical,

The dic typically is a heavy block of steel
with & wedged-shaped exit end. Because of the
drawdown of the melted material after it exitg
the dic and the timming of the sheer’s edges,
the width of the die is gremter than the finished
sheet width by abour 10 to 20%, When nar-
rower sheel is requined from a wide die, deckle
bars may be nsed, which are resirictive bars that
clamp onto and block off some distance from
the die edges and across the lip surface. Instead
of bars, rods muy be used, which slide into
grooves machined along or just prior to the die
land. The pressures prescnt in the dic along
with the sizable widths typically seen (up 1o 100
inches) require thick steel dic body halves with
many large connecting bolts, set on the exin-
der side of the flow manifold, 1o resis defiee-
tion and hence increased opening at the die lips,
which would couse uncontrollable gauge. The

die lips must extend between two of the main
cooling rolls to a point fairly close 1o the nip i
avoid excessive sagging of the melt. When very
low viscosity materials ane processed (such as
polyesters), it becomes very critical to use sham
angles on the front of the die to allow close
proximity of the lips to the nip point. Stiffer
melts are 1ol as great a concem in this respect
Bocause their melt strength will allow them w
travel greater distances prior w the nip withouw
drooping drastically and causing sheet forming
priblems. compared to the lower-viscosity ma-
ferials.

After pussing through the roll stack and any
auxiliary rolls, the sheet wsvally is rimmed on
cach edge {with sliter knives) 1o produce uni-
form sheet dimensions, and is passed through
& two-roll nip with rubber rolls that are speed-
controlled to create some tension in the sheet.
The sheet line tension can be set by using a
torgue controller of just through the speed sat-
ting versus the main roll stack speed. The ma-
terial trimmed off the sheet edges nomally i
groumd into fairly small picces and re-extruded
ue & blend with the virgin material. Typically,
a L0 o 0% blend of reprind is wtilized in this
manfer. Downstream from the ubber molls
there is & winder or shear, depending upon the
sheet’s thickness and pliabiliy. Thin sheel
(0.020-0.030 inch thickness and thinner) or
very soft sheet (flexible vinyl) can be easily
rolled up on o winder: thicker sheet (up 1o |
imich thick) or sl sheet is typically cut to spec-
ified lengths and stacked lor subsequent Gper-
ationg, The very thin sheet (0.010 tnch and
thinner) usually is called film, When the film
thicknesses become very small (0005 inch or
thinner), the nip poeint of a three-roll stack will
star w present as problems. Maintaining a uni-
form contact acress the nip surfeces becomes
difficult because of the tiny nip dimensions re-
quired. Sometimes the top ol can be lified
away from the middle roll, and having no nip
may produee an aceeprable film. IF the material
is not contacting the roll uniformly, and per-
haps is crealing air entraginent between the ma-
terizl amd the roll surface, an *air knife'* some-
times may be used to force the material 1o the
rodl through a uniform jet of air blowing on the




melt wward the roll surface. Sometimes the
wery thin films must be prodwced through 2 cast
film method {see helow),

Some of the uses for sheet and flm made by
the extrusion tlechmigue discussed here include
thermeforming in molds, packaging, window
glazing. and laminating.

Oz of the lastest-prowing extrusion proce-
dures is coextrusion, where several material
layers are combincd o create unique product
properies compared to monolayer materials.
Sheet and film production are enjoying much
growth in the area of coextresion i applica-
tions such as food packaging, where the maois-
bz and oXyEen barner requiremems ane sal-
isfied with differemt motenals (EVOH, PV,
ete_) and. hence, muliilayvered sheet strectures,
The combining of the varous lavers for o mul-
tilavered coextrusion sometimes is done in the
die system and at ather tmes 15 done after the
melt exits the die, in a lamination process. The
most efficient coextgion is accomplished with
the melt streams combined in the die or die
adaptor system. The melr streams usually are
combined in 3 coextrusion adaptor block posi-
tioped prior to the die, and the die Aow chan-
mels form the final sheet dimensions of dhe
combined layers of melt. The melt streams meet
m & sjuare, rectungular, or round adaptor ge-
omeiry and then flow in & laminar fashion
through the dic sysiem. As the coexinsion
geometrics become more complex with in-
creasing layers because of the necessary prixd-
wet end properties. the various adhesive loyers
reqquired, amd the typical necd for an adhesive
Layer in the struscture, the number of extrudens
and the complexity of the die coextrusion adap-
o system increase. A coextrusion sheet line
can consist of a simple (Wwo-exirder setup or
may comtain fve or seven extruders inoo sys-
temt, making seven o ten layers in the product.

Some matenils exhibil noticeable property
improvemenis. such as tensile sirength and tear
resistance, when the sheet 12 orienied bath in
the machine direction and across the sheet. This
15 4 termicd biaxial oriengation. The natural
pulling of the =olidifying melt in the machine
direction a3 the cooling and polishing is heing
performed  will give some  onentation, bt
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cross-shest orientation and  high-machine-di-
rection oricntation are achicved by using lenier
frames (see Fig. 4-15), These devices stnaich
the flm"s length and width by a desired amount
up to 10 1), depending on ihe properies
gought, The emperature of the Alm s con-
trolled in ovens on the sheet line during orien-
tation 13 vield the proper physical properties in
the final sheet,

Some of the many polymers used in sheet
production are polypropylenes, polvethylenes,
PYC, polycarbonate. ABS, styrenes, and

acryvlics,

Extrusion Coating. The extrusion of a meh
through a flat sheet die also can be used o pro-
duee a thin film for coating on a paper, fodls,
fabrc, or some other substrate matenal, which
15 unwound off a feeder mll on an wnwind sta-
tion and passed through the fisst nip point of
the moll stack, (See Fig. 4-16.) Sometimes the
substrate is treated prior e the coating [or en-
hanced adhesion. The coating typically is
(M2 to (.05 inch thick. and the substrate
materials typically are 005 w 0,024 inch
thick. Common coating materials involved in
this process include polvethiylenes, polypropyl-
enes, urcthanes. ionomers, EVAs, nylons,
palyesters, and PYCs, Extrusion coating often
requires an elevited temperature {as high as
650°F] 10 produce a very low viscosity mell 1o
enhance the flow propertics and adhesion of the
material. Pamameters defermining adhesion of
the coating material to the substrate include the
chemical structure of the resin, oxidation of the
mielted material berween leaving the die lips amd
meeting the substmute, melt viscosity, line
speed, coating thickness, pretreatment used on
the substrate {corona, chemical, flame, ec.),
and cooling rates of the coated stnaciune,

To provide elevated melt temperatres. coat-
ing extruders typically arc long (3021 or 34 |
L/ wnd employ a valve in the die adaptor fo
increase the resistance that the screw has o
OVETCTE,

The melt covers the surface of the moving
substrate, which then tmvels through nip rolls
where the surface finish 15 determined and
conling is performed. The molls are cooled, as
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with the sheet process, and the temperature of
the cooling fuid vsually is quite low w maxi-
mize heat removal, Some products are lami-
nated with other layers, (e.g., scratch-resistant
films), which arc applied from rolls after the
CONnE process,

In extrusion coating, the die normally is po-
sitioned so that the mel exits downward be-
tween a larger cooling roll and a smaller pres-
sare oll, The material progresses around the
large roll and exits to a secondary pressure roll
about I70° from the initial contsct. Some-
times, coating can be ran with a vertical stack
and a sharp die front angle 1o obtain close prox-
imity of the lips and the nip peint. Because of
the low viscosity and weak melt strength of the
thin extrudate, however, downward extrusion
15 mest [ypical.

Aller cooling, the surface of the coated stock
mity be treated on-line for subsequent printing;

&

Takagt

emrd Crying

Abidap

untreated polyethylene, & common coating ma-
tenigl, does nut pecept printing inks well, The
coated material is trimemed 1o provide unifom
edpes and rolled up on a winder.

Cast Film. The cust film process i= used i
produce very thin films, down to gauges of
000 w 0,003 inch, The dic, as with the ex-
trugion coating process, is directed downwand
to lay a thin, low viscosity melt onto the pei-
mary cooling mll in a tangential orientation,
The muterials utilized for cast film are similarly
low in viscosity, with melt temperatures of 350
ter 350°F wsed to enhance thin film deavwdown,
Long extrsders and die sdaptor valves are psed
o clevate the melt temperaure. The gap be-
tween the die lips is typically 0,000 o 0,020
inch, and the melt draws down from that dj.
mension. {See Fig. 4-17.)

If the melt will not deposit uniformly on the

W rdn

Fig. 4-16.  Typical extrussan coating line. §Comress £, [, du Po die Sewrires o Co., fac. )
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conling roll with no air entrapment, an air knife
18 required; OF uses air jeis to force the thin melt
cartarn onto the roll surface, The melt fmavels
ibout 2T0° around the mamin roll, which is
conled with chilled water. The majority of the
coarling and surfece finish production sceurs on
the main roll. which wsually is highly polished
and chrome-plated w0 produce a smonth eleai
film.

The cooling process is completed as the filim
meverses its arientation and the opposite film
surface contacts the secondary roll. The wem-
perature of the cooling ralls is set on the ais
of experience with the material being extruded
and the degree of clarity required. Becaose the
film is thin, it cools quickly, but linc speeds are
guaite high and residence times thus are shon.
The rolls are driven at very precise speeds with
D drive systems to ensure consistent [ilm di-
mensions. Gauge uniformity also depends on
the extruder’s pumping stability, die adjust-
featl, conling rate, alignment of dic and cool-
ing ez {10 avoid wrinkles), and mell uniform-
iy from the screw.
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Fig. #-17.  Chill roll extrusion seeup. (Courtesy £ 1 o
Pemr dhe Mewwoers & Ca.,, T

| Cinarivaua' )

After cooling, the film is slit for edge 1rim
ming ami perhaps for producing multiple film
products at once. Edge trim s removed for re
gnnding and typically s re-extruded ar low
percentages (5-20%) with the virgin material.
The: low-bulk-density trim from these very thin
products does nod readily flow in a hopper and
can cause feeding problems in the extruder a1
any high or even moderate pereentage level,
The possibility of introducing contumination in
the regrind process, which would be very det-
rimental in thin film production, often pre-
cludes any reuse of trim or scrap.

The film winding tension is comrodled by the
specd of & set of rubber rells and their relation
to the cooling rolls” speed. The film is wound
on @ high-speed tarret winder, which is capable
of high-speed roll changes.

Profiles and Pipe

Profile Extrusion. Profile shapes can be pro-
duced by the extrusion process, from simple
tuhing or rods to complex custom shapes such
as those used in window frame components (see
Fig. 4-18). Methods of cooling and shaping the
final products vary as widely as the number of
shapes possible. from simple water trough
conling to complex vacuum sizing equipmen
that holds the outer surfaces Fxed during solid-
ificution, The mar comvmon material formed
by profile extrusion is rigid PVC, which has the
needed processing and physical property bal-
ance. Other materials. such as polvolefins.
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Fig, 4-18. Window pecdile. {Comreny Davis-Sammdand}

styrenics, and various ¢lastomers, also are uti-
lized in profile applications.

Extruders utilized in profile extrision 1y pi-
cally have barrel lengths of 24:1 L /D, with
20:1 and 30: 1 occasionally used. The paELput
of a profile line is limited by the downstream
cooling efficiency and the reluted ability 1o hold
tolerances on the finished product; as a result,
the extruder is not so fully utilized as in a pro-
cess such as sheet extrusion. The wllowable
mell temperatures in most profile applications
are lower than the remperatures for ma king film
or sheet, where lower viscosities aid in forming
the end product. The custom profile extruder
may have o process multiple materials over
wide processing ranges. Enhanced operational
versatility may be achieved by using 1 modern
barrier screw desizn,

Any shape with a large, solid cross section
tends 10 present problems due (o voids that de-
welop in the center after the outer sirlaces have
cooled, The cooling rate at the center is much
slower than at the outer surfaces because the

material is insulated from the conling medium
Beoause the polymer shrinks upon cooling,
woids are formed in the center. This effect can
be minimized by cooling the product in sheps.
starting with air or warm water before going
o the cold water bath. Voids in rod exirozion
also muy be eliminated by cooling the die itself
and wsing the puller to retand the exit of mare-
rial. In this way, the shrinking center is filled
under the pressure of incoming material,
Difficulties of predicting polymer flow in a
three-dimensional die, coupled with drswdown
bnknowns, cooling rates. and so on. make the
design of complex profile die systems very dif-
fiealt, Dimensional corrections to the dic are
wsually necessary after il is tried for the fimst
time, Persons proficient in profile die work lean
hewvily on experience, sometimes combined
with computerized die flow analysis, when
building & new die, (See Figs. 4-19 and 4-20)
Wery nmarmow die openings can produce a
rough surface on the extrudate due to a phe-
nomenon called melt fracture, which is relaed
ter the ability of the material to slide smoothly
across the die’s serface. The die opening may
be increased to reduce shear, forcing higher
drivdowns o achieve the final dimensions,

Fig. 419, Profile die. (Corrtery Doavis-Saancarg )
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Fiig. 4-30.

Alermatively, the die metal may be polished
further and/or coated with a material to reduce
frction. If mechanical adapdations ane nod suc-
cessful, it may be necessary to substitute a less
viscous polymer

Downstream from the profile cxiresion line
dig, the material 15 pulled through a cooling
ama o a cutodl or coiling station. Cooling
methods are desigoed 1o produce an sccurate
shape for the profile, minimize cooling vods
and other distorfions, ensure & good surface fin-
ish, and maximize line speeds, Simple shapes
made from high viscosity materials such as
rigid PVC can be successfully sized and cooled
by air blowers, using jigs that hold the part as
il passes over a table. Thicker aneas of the pan
will cood more slowly than thinner arcas and
must be favored with exire cooling medium if
possible. When water conling baths are used,
strpighiness sometimes 15 maintained by using
radiant heaters posimoned to alter the cooling
PEOCESS,

When hollow shapes are made, vacuum wsu-
ally is emploved to hold the outer walls of the
par in place during cooling. Vacuum cooling
of intricate parts such as window profiles is

Profle cagmpsin lies:

[Cesertery Dre-Shmmdand' )

done in one or more cooling stations built with
the part’s ouwter shape on their intemal open-
ings, Vuruom pessapes and conling fluid pas-
sages are bored in these stations (vacuom cali-
bratogs) so that heat §5 transferred from the pan
as it 15 held in posifion. {See Fig. 4-21. ) Allowe-
ances for pan shrinkage are designed into the
calibrator(s}. As the culpul rate increases (long
with the extruded pat’s lingar specd), the cool-
ing time in each calibrator decreases, requiring
MOre units t ensure pan toberences, Some sys-
tems use water sprays hetween and directly on
the calibrators" outer surfaces o add cooling
capacity. These calibrators usually are made of
aluminum with wear-resistant coatings applicd
to the inner contact surfaces. The calibrators
are from about & inches to 36 inches long. As
the number of calibrators increases, the wdd

tive drag over the units increases, requiring a
fairly lorge-copacity puller,

Profile pullers have long contact lengths (up
to abour d0-B0 inches) and high squeezing
force capacity. There are some limitations o
the amount of force that the puller can exert in
the holding function, due W possible pan de-
formation. These forces usually are quite high
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Fig. 4:21.  Vacuum calibrator. { Cowrrery Davis-Suamdord ]

with rigid P¥C window profiles, and an intri-
cate part with small protrusions can be rus on
a puller with formed belts or cleats for the par
ticular prafile. This way. the part’s main body
will absork the forces, and the protrusions are
protected by reliefs cut inio the belts or cleats.
The part then is cut o length with a traveling
suww and stacked on & collection table.

Less intricate parts are extruded and pulled
through & water bath. and their shape can be
held withoul external fixtures. Between the
simiple und complex shapes are a host of pro-
files that are cooled and sized with differing
levels of shaping fixture complexilty, The dif-
ficulty in cooling and sizing a particular pan
determines the output rate possible from an ex-
irwder. Melt tempersture and corresponding
viscosity also play a large part in determining
attainzble line speeds,

Cocxirusion is seen in the profile processes
with such products as window profiles, where
there may be a ngud PVC profile with Aexible
FVC senling ribs for the window panes, which

are shi o some of the window frame pro-
filzs. Some pipe or mbing alzo 13 produced with
coextiuded wall geometines to achieve some
unigue propertics, such as foam inner layers for
welght and material cost reductions or coes-
truded weather-resistant material over & cheaper
substrate for parts that must be used oulside,
When a pant is 1o be made of foam for weight
reduction, sizing wsually is initiated in a sizing
hiock at the beginning of the cooling tank. Once
the outside of the part 15 set, the sizing block is
not needed and thus vsually is guite short (2-
12 inches longh. Ofen, vacuum iz applied to
the sizing hox through small orifices, forcing
the matcrial’'s outer surfaces to be in positive
combact with the sizing block. There are natursal
lorces from the foaming materal that cause it
tov awell and contact the block’s surfaces; none-
theless, some materials yield befier pan shape
uvniformity and surface fnwsh when vacuum is
used, Most profile foam shapes are produced
by using chemical blowing agents (CBAs),
which are added to the polymer prior to extn-
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sion. This method allows density reductions of
up 1o about 30% . If lower density is required,
i physical blowing ageni such 3z nitrogen, pen-
tans. or a chlorofluorocarbon must be em-
ploved, Coextrusion may be selected 1o form a
profibe with low density and a smooth surfuce,

Pipe and Tubing Extrusion. Pipe and tobing
are produeced from similar die designs, except
for very large pipe (10 to 6 inches in diame-
ter), where the dies more closely resemble those
pead in making blown film. Ta form the mod-
shaped extrudate imo a hollew shape, pipe dies
contain & spider, a contoured inner section held
n position by several ribs. Afler the pipe exis
the die, it is pulled through a cooling and sizing
apparatus. (See Fig 4.223.)

As the pipe comes out of the die, the melt
normatly swells alightly; the extrudate ficst is
drawn down inte a sliphtly oversized (com-
pared to the final pipe O.D_) slecve at the cnd
of & water-filled tank, Adr 1z introduced inssde
the pipe through a hole in the die pin, helping
1 maintain the infernal dimension. Most com-
monly vsed pipe muteniols (ngid PYVC, ABS,
HDPE) will easily slip through the sizing
slepve; for matenals that tend to stick. a pre-
coling stream of water, perhaps containing a
lobrscant, 15 dripped onto the melt as it exits

Fig. 4-21. Ewrding vinyl pipe. {Coverresy Cinod v b
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the die. The cooling tank contains enough water
i ¢over the pipe completely, and vacuum is
drawn in the air spece between the water and
the tank cover,

The length of the initial coeling tnk may be
as shom as & feet, depending upon cooling re-
quirements of the pipe and ling speeds being
run. Additional cooling is performed in sec-
codary water tanks with no vacuum. Afer the
final tank, the pipe passes through a bell puller
and is sgwn into lengths.

Some pipe processcs do mol use vacuum siz-
ing bt insicad have a plug attached to the dic
pin. The plug is placed ar a distance of | o 12
inches from the die and sets the LD, ruther than
the 0.0, of the product.

The extra buoyancy of large-dunneier pipes
in water baths makes it difficulf (o maintain
sirmightness, o spray cooling often is chosen.
High-velocity water sprnys provide improved
ear removal for thick-walled large pipes. The
takeolf equipmen for large pipe also is differ-
ent; in place of belt pullers, special devices are
wied that have driven mbber tires located
around the perphery. Cutting saws  pdale
arpumd the pipe’s circumference while moving
along the line with the pipe.

Smaller-diameter pipe and whing (ender 1
ineh O, 0. ) usually con be sized withow the wse
of vacuum, The dimensions of the product are
determined by the woling dimensions and by
fine control of the air pressure inside the tube
as il goes nle the cooling tank, Some small
tubing {e.g. . with thin walls or mude from solt
melts} can benefit from vacuwem sizing.

Pipe amd tubing also can be produced by
using a crosshead dic. which directs the melt
perpendicular 1o the extruder axis, This tvpe of
die, which is widely used in wirc and cable
coating, is described in the following pan-
graphs. [ts advantapes in making tubing are the
ability 10 coat w core {another ube, & metal
pipe. etc.}) and o elimingte the dic spider,
which somefimes gives ““knit™ lines where the
meelt reconnects. The crosshesd die has one kil
lime om the side away from the extreder, whose
effect must be minimized by a well-streamlined
flow path.

Coextrusion 15 used 0 the pipe and wbing
indusiry to create products with  improved
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propertics over monolayer construciions, Fowm
inner lavers, for cxample, are used o reduce
weight and cost in ABS and PVC pipe. Coes-
truded tibing can be made in @ landem process
where a finished tube is passed through a cross-
head dic thar deposits the zecond layer on its
oer surface. Today's die technology, how.
ever. allows the different layers of the whe to
be produced in a single extrusion opemtion.

Wire and Cable

Wire coating is one of the oldest extrusion pro-
cesses for thermoplastics. The die used on a
win: coating extruder is unigue, 45 4 wire must
pass through the die for coating. (See Fig.
4-13.) There were some early attcmpts at pass-
ing the wire along the screw’s core, exiting out
of a clearunce hole in the screw tip and through
# simnight die. Scaling problems involved with
this method led to the development of today's
crosshend wire coating dics. A simplified
sketch is showm in Fig, 4-24.

Twa tooling designs are typical in wire coal-
ing with crossheads, One is pressure tooling
{shown in Fig, 4-24). where the melt is applicd
to the wire inside the die under whatever pres-

Fig- 423, Wire fine and crosshead die. | Covrmery: Dy
Sugirpgloers'y

sure exists after the wire exits the goider 1ip.
The space between the guider tip and the fa-
pered shape of the inside of the die is temmed
the gum spece; it can be adjusted by using bolts
o the back of the crossherd (where the wire i
entering), With the second design, called wh-
ing toling, the mel is applied as the wine exis
the die. Here there is no pressure forcing the
melt onte the wire: in some instances. a low
level of vacuum is drawn in the die core 10 aid
in pulling the melt onto the wire and avoiding
trapped air, (See Fig, 4-35)

In wire coating, the bare wire is unwound
from a recl and fed through the extrusion die.
Line speed is determined by a puller called a
belt wrap capstan. (See Fig, 4-26.) The coaned
wire then runs through a cooling trough for so-
lidification of the polymer, A winding deviee
al the end of the ling pulls the wire from the
trough and produces reels of finished product.
The rough lengths are determined by the size
of the wire amd the coating thickness, Some
materials require cooling in stages, with
warmer watcer used closer to the die.

Preheating the win: prior to costing enlanees
adhesion of the inzulation being applied. Both
flame and indection heating are commaonly
used. Wire straightening devices also are pop-
ular for ensuring uniform coating. Another ap-
tional auxiliary device is a spark tester, which
is placed after the cooling tough o detect wine
breaks or insulation defects. Printing equip-
ment and footage counters are wsed on the ma-
Jority of wire lines.

Because the mell is supported by the wire,
high line speeds are possible, and melt temper-
atures can be relatively high compared with
profile processing. Some small-diameter wire
comting (e.g.. under (030 inch O.D.) can be
men &t O to 10,000 ft /min. Winding of the
finished wire requires a sophisticated takeup
with automatic reel changeovers. Small wire
that is being coated a1 high line speeds may uti-
lize cooling troughs with the ability w handle
severyl loops of the wire {multi-pass) so that
the cooling residence time s muoltiplied, s op-
poesed 10 using single-pass troughs of very long
lengths. Also with the high-speed wire lings, &
series of sheaves on a sliding frame is used
accumulate the wire as o winder reel is heing



