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Preface xxxi

In preparing this book and ensuring its completeness and the correctness of the subjects
reviewed, use was made of the authors’ worldwide personal, industrial, and teaching expe-
rience that totals over a century, as well as worldwide information from industry (personal
contacts, conferences, books, articles, etc.) and trade associations.
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4 {1 The Complete Injection Molding Process

performance and mold products at the least
cost, meeting performance requirements, and
with ease (see the section on Molding Toler-
ances 1 Chap. 5).

Machine Characteristics

IMMs are charactenized by their shot ca-
pacity. A shot represents the maximum vol-
ume of melt that i1s injected into the mold.
It 1s usually about 30 to 70% of the actual
available volume in the plasticator. The dif-
ference basically relates to the plastic mate-
rial’s melt behavior, and provides a safety
factor to meet different mold packing con-
ditions. Shot size capacity may be given In
terms of the maximum weight that can be in-
jected into one or more mold cavities, usu-
ally quoted in ounces or grams of general-
purpose polystyrene (GPPS). Since plastics
have different densities, a better way to ex-
press shot size is in terms of the volume of
melt that can be injected into a mold at a spe-
cific pressure. The rate of injecting the shot
is related to the IMM’s speed and also the
process control capability for cycling the melt
into the mold cavity or cavities (fast-slow-
fast, slow—fast, etc.).

The injection pressure in the barrel can
range from 2,000 to at least 30,000 psi (14 to
205 MPa). The characteristics of the plastic
being processed determine what pressure is
required in the mold to obtain good products.
Given a required cavity pressure, the barrel
pressure has to be high enough to meet pres-
sure flow restrictions going from the plastica-
tor into the mold cavity or cavities.

The clamping force on the mold halves re-
quired in the IMM also depends on the plastic
being processed. A specified clamping force
is required to retain the pressure in the mold
cavity or cavities. It also depends on the cross-
sectional area of any melt located on the part-
ing line of the mold, including any cavities
and mold runner(s) that are located on the
parting line. (If a TP hot-melt runner 1s lo-
cated within the mold half, its cross-sectional
area 1s not included in the parting-line area.)
By multiplying the pressure required on the
melt and the melt cross-sectional area, the

clamping force required is determined. To
provide a safety factor, 10 to 20% should be
added.

Molding Plastics

Most of the literature on injection mold-
ing processing refers entirely or primarily to
TPs; very little, if any at all, refers to ther-
moset TS plastics. At least 90 wt% of all
injection-molded plastics are TPs. Injection-
molded parts can, however, include combi-
nations of TPs and TSs as well as rigid and
flexible TPs, reinforced plastics, TP and TS
elastomers, etc. (Chap. 6). During injection
molding the TPs reach maximum tempera-
ture during plastication before entering the
mold. The TS plastics reach maximum tem-
perature in the heated molds.

Molding Basics and Overview

The following information provides a com-
plete overview of the process of IM (Figs. 1-3
to 1-10). Continually required is better under-
standing and improving the relationship of
process-plastic-product and controlling the
complete process.

Injection molding is a repetitive process In
which melted (plasticized) plastic is injected
(forced) into a mold cavity or cavities, where
it is held under pressure until it is removed in
a solid state, basically duplicating the cavity
of the mold (Fig. 1-11). The mold may con-
sist of a single cavity or a number of similar
or dissimilar cavities, each connected to flow
channels, or runners, which direct the flow of
the melt to the individual cavities (Fig. 1-12).
Three basic operations take place: (1) heat-
ing the plastic in the injection or plasticizing
unit so that it will flow under pressure, (2) al-
lowing the plastic melt to solidify in the mold,
and (3) opening the mold to eject the molded
product.

These three steps are the operations in
which the mechanical and thermal inputs
of the injection equipment must be co-
ordinated with the fundamental properties
and behavior of the plastic being processed:
different plastics tend to have different
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Cost

Products
Properties

Appearance

Fig. 1-8

of heating—cooling cycles before appear-
ance and/or properties are affected. Ther-
mosets (TSs), upon their final heating
[usually at least to 120°C (248°F)]. be-
come permanently insoluble and infusible.
During heating they undergo a chemical
(cross-linking) change. Certain plastics re-
quire higher melt temperatures, some as high
as 400°C (752°F) (see section on Recycling in
Chap. 6).

Extensive compounding of different
amounts and combinations of additives
(colorants, flame retardants, heat and light
stabilizers, etc.), fillers (calcium carbonate,
ete.), and reinforcements (glass fibers, glass
flakes, graphite fibers, whiskers, etc.) are used

Resin Process

Density — Temperature

Meit Index == | Pressure

Mol. Wit. Distribution Cycle

Additives Mold & Process Design

Interrelation of product, resin, and process.

with plastics. Compounding also embraces
the mixing (alloying, blending. etc.) of two
or more plastics that may be miscible or
immiscible, with or without additives.

With TPs, the mold initially is kept at as low
a temperature as possible, below the melting
point of the plastic melt. This approach causes
the injected hot melt to initiate surface freez-
ing on the cavity wall, followed by formation
of the solid product. After a sufficient cool-
ing time, the mold opens and the part(s) are
ejected. When processing TSs [from the in-
jection unit (plasticizer)], the hot melt enter-
ing the heated mold initially remains below
the temperature that would cause premature
solidification due to its exothermic reaction.

Information

on quality

Product
o dimensions

Fig. 1-9 Simplified processing steps.
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Tensile load

Resistance

to
bending

Deflection,
rigidity

Buckling

Fig. 1-18 Examples of mechanical tests.

displaying many types of shear-tension re-
lationships. Together with the screw design,
the deformation determines the pumping ef-
ficiency of the plasticator and controls the re-
lationship between output rate and pressure
drop through the melt flow to solidification
in the mold cavity(s).

Plasticating
Plasticating is the process that melts the

plastics. Different methods are used. The
most common are the single-stage (recip-

rocating screw) and the two-stage. In Fig.
1-19, (a) and (b) show the ram (also called
plunger) systems used in the original IMMs
since the 1870s, and now used mainly to pro-
cess plastics with very little melt flow, such
as ultrahigh-molecular-weight polyethylene.
They use a piston, with or without a torpedo,
for plastication. Part (c) shows the single-
stage reciprocating screw plasticator, and (d)
the two-stage screw plasticator.

There are different IMM operating de-
signs in use: all-hydraulic, all-electrical,
and hybrid (combination of hydraulic and
electrical). Each design provides different
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-—'—'_"h“
DRAFT ANGLE

DEPTH OF DRAW

'
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'*’I = DIFFERENCE

Fig. 1-22 Example of mold-cavity draft angle re-
quired to ensure removal of molded product dur-
ing its mold ejection action.

. PARALLEL
\\ DRAFT

require control of various parameters such
as fill time and hold pressure (Chap. 4).

To simplify molding, whenever possible
one should design the product with fea-
tures that simplify the mold-cavity melt filling
operation. Many such features can improve
the product’s performance and/or reduce
cost. An example i1s choosing the mold-cavity
draft angle according to the plastic being
processed, tolerance requirements, etc. (Fig.
1-22). Figure 1-23 shows a situation where
it is possible to eliminate or significantly re-
duce shrinkage, sink marks, and other defects
(Chap. B).

Processing

Processing steps are summarized in Figs.
1-9, 1-10, and 1-24 to 1-27. Different ma-
chine requirements and maternal conditions
are considered in choosing the most efficient
injection molding process. It is important to
understand and properly operate the basic
IMM as well as its auxiliary equipment. In
particular, in practically all operations the
screws must not be damaged or worn and
the plastic must be properly dried. Special
dryers and/or vented barrels are required for
drying hygroscopic TP materials such as PC,
PMMA, PUR, and PET (Chap. 10).

Use of TP regrind may have little effect
on product performance (appearance, color,
strength, etc.). However, reduction in perfor-
mance can occur with certain TPs after even
one passage through the IMM. Granulated
TSs cannot be remelted but can be used as
additives or fillers in plastics.

Many TPs can be recycled indefinitely by
granulating scrap. defective products, and so
on. During these cycles, however, the plas-
tic develops a “time-to-heat™ history or res-
idence time. This phenomenon can signifi-
cantly compromise processing advantages

SUGGESTED ALTERNATIVES

POOR DESIGN
BINK MARKS
YOoID
EZ’% ‘LE‘E‘?’H{I
WARPAGE T

!

POOR RECTANGULAR
PART WITH ROUND HOLES

A BBRE  t
olleii

MATCH OUTSIDE
CONFIGURATION TO INSIDE
CORES

Fig. 1-23 Example of coring in molds to eliminate or reduce shrinkage and sink marks.
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Custont

The custom processor’s facilities, like those
in the metal-working field, may be called job
shops. They process plastics into products
or components used in other industries. For
example, a manufacturer of injection-molded
bottles may retain a custom processor to mold
preforms. Custom processors typically have
a close relationship with the companies for
whom they work. They may be involved (to
varying degrees) in the design of the product
and the mold, they may have a voice in ma-
terial selection, and in general they assume
responsibility for the work they turn out.

Custom-contract There 15 a subgroup
of custom processors known as contract
fabricators. They have little involvement in
the business of their customers. In effect, they
just sell machine time.

Proprietary

A proprietary operation is one where the
processor makes a product for sale directly to
the public or to other companies. It usually

has 1ts own trade name.

Training Programs

Various training programs and seminars
for processors and mold manufacturers are
available worldwide. Information concerning
processors’ training programs is reviewed in
Chaps. 2, 9, and 12 as well as other chapters.
A tooling example is the apprentice training
programs of the USA Tooling & Manufactur-
ing Association (Park Ridge, IL). Their ef-
fective programs are based on well-planned
services that involve properly supervised on-
the-job training and classroom instruction.
Such programs start with the development of
a policy manual. One of TMA’s most effec-
tive trainers is Northwestern Tool and Die
Manufacturing Corp. (Skokie, IL).

Each training module includes a practical
experience checklist, material checklist, prac-
tical experience record of hours, and safety

checklist. Times on cutting tools include ba-
sics in equipment and their control opera-
tions (2000 h), lathe (800), milling (1000},
grinder (1000), chrome plating (100), jig bore
(700), homing (100), EDM (300), inspection
tools (100), and so on.

The list of postsecondary schools devot-
ing a significant portion of their funds to
moldmaking and related programs is growing
rapidly. As the industry continues to review
the labor pool and come up short, and as un-
dergraduate institutions fight over a shrink-
ing market, education-and-industry partner-
ing is increasing in urgency. As an example,
the Moramme Park Technical College of
Southeastern Wisconsin, an internationally
known facility of the machine tooling indus-
try, 1s a well-established school with a re-
put able program that, in conjunction with
other area schools, has provided local indus-
tries a highly trained workforce for decades
(410).

Processor Certifications

National skills certification programs by
different organizations are in existence
worldwide to certify the skills and knowledge
of plastics-industry processor machine oper-
ators, Action by the different organizations
continues to provide methods of improving
these programs. As an example, the Society
of Plastics Industry’s Industnies National Cer-
tification i Plastics (NCP) program has as its
purposes: (1) to identify job-related knowl-
edge, skills, and abilities, (2) to establish
a productive performance standard, (3) to
assess and recognize employees who meet
the standard. and (4) to promote careers in
the plastics industries. The examination in-
cludes basic process control; prevention and
corrective action on primary and secondary
equipment; handling, storage, packaging, and
delivery of plastic materials; quality assur-
ance; safety; tools and equipment; and gen-
eral knowledge.

The Society of Plastics Engineers’ Plas-
tics Technology Certification was for plas-
tics professionals who have the knowledge
and ability to apply mathematics, the physical
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Injection Molding Machines

Introduction

The injection molding machine (IMM) 1s
one of the most significant and rational form-
ing methods existing for processing plastic
materials. A major part in this development
has been by the forward-thinking machinery
industry, which has been quick to seize on in-
novations and incorporate them into plastic
molded products. The most recent examples
are the all-electric and hybrid IMMs. A major
focus continues to be on finding more rational
means of processing the endless new plastics
that are developed and also produce more
cost-efficient products. A simplified general
layout for an IMM is shown in Figs. 2-1 and
1-3.

For years so-called product innovation was
the only rich source of new developments,
such as reducing the number of molded prod-
uct components by making them able to per-
form a variety of functions or by taking full
use of material’s attributes. In recent years,
however, process innovation has also been
moving into the forefront (Fig. 1-16). The lat-
ter includes all the means that help tighten
up the manufacturing process, reorganizing
and optimizing it. All activity is targeted for
the most efficient application of production
materials, a principle which must run right
through the entire process from plastic ma-
terials to the finished product (Fig. 1-15 and
Chap. 4).

28

Even though modern IMM with all its in-
genious microprocessor control technology is
in principle suited to perform flexible tasks,
it nevertheless takes a whole series of pe-
ripheral auxiliary equipment to guarantee the
necessary degree of flexibility. Examples in-
clude (1) raw material supply systems; (2)
mold transport facilities; (3) mold preheat-
ing banks: (4) mold-changing devices, includ-
ing rapid clamping and coupling equipment;
(5) plasticizer-cylinder-changing devices; (6)
molded-product handling equipment, par-
ticularly robots with interchangeable arms
allowing adaptation to various types of pro-
duction; and (7) transport systems for fin-
ished products and handling equipment to
pass molded products on to subsequent pro-
duction stages.

There are different types and capacities of
IMMs to meet different product and cost—
production requirements. The types are prin-
cipally horizontal single clamping units
with reciprocating and two-stage plasticators.
They range in injection capacity (shot size)
from less than an ounce to at least 400 oz
(usually from 4 to 100 oz) and in clamp
tonnage up to at least 10,000 tons (usual
from 50 to 600 tons). Other factors when
specifying an IMM include clamp stroke,
clamping speed. maximum daylight, clear-
ances between tie rods, plasticating capacity,
injection pressure, injection speed, and so on,
as reviewed in this chapter and Chap. 4. The
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Fig. 2-5 Schematic of a two-stage screw IMM with parallel lavup.

to enter the cavity prior to shot. However,
for plastics with certain melt characteristics,
melt low problems can develop in this case.
(Chap. 7).

At a preset time the screw acts as a ram
to push the melt into the mold. Depending
on the plastic’s melt flow characteristics, the
injection pressure at the nozzle is between
2,000 and 30,000 psi (14 and 200 MPa). The
required pressure is determined by the plas-
tic being processed and the melt pressure re-
quired in the cavity or cavities, taking into
account pressure drops as the melt travels
through the mold. While the shot is injected
into the mold, an adequate clamping pressure
must be used to keep the mold from opening
(flashing) during and after the filling of the
cavity.

Molds are designed to meet different re-
quirements. They include hot runners or
cold runners (for TPs or TSs) with different
lengths of runners, gates, étc. (reviewed in
Chap. 4).

Two-Stage Machines

Another very popular injection molding
method uses a two-stage arrangement of
screws. Such a machine is also called a pre-
plasticizing IMM. The two-stage IMM uses a
fixed plasticating screw (first stage) to feed
the required melted plastic through a valve
mechanism into a chamber, or accumulator
(second stage). This screw does not require

reciprocating action (as in a single-stage
IMM), since it only conveys melts by means
of some type of diverter mechanism (valve)
into a holding (injection accumulator) cylin-
der (Figs. 2-5 to 2-7). When a sufficient quan-
tity of melt has been transferred, the diverter
valve again shifts to create a flow path over a
prescribed time cycle from the accumulator
cylinder into the mold. The second stage (ram
injection stage) provides the pressure needed
for the desired rate of injection of the melt
(shot) into the mold cavity or cavities. Af-
ter injection is completed, the diverter valve
shifts to direct the melt flow from the first
stage into the second-stage holding cvlinder,
and this operating cycle repeats. During all
this action the first-stage extruder is continu-
ously rotating; in practice this does not cause
problems even when the melt flow is slightly
restricted by being cut off from the second
stage (1,518, 525).

Thus the diverter or shuttle valve has three
positions. One position is the closed mode,
during which time the extruder is only prepar-
ing the melt. The next position directs the
melt from the extruder into the accumula-
tor (second stage). The third position directs
a shot of melt from the accumulator into the
mold cavity.

Injection Hydraulic Accumulator

The injection hydraulic accumulator is a
device for increasing the speed of the melt
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an inherent limit on how far one can move
the screw to obtain additional volume. These
larger diameter screws are no problem to
push with a hydraulic system, but are cost-
prohibitive with the original electromechan-
ical drive designs.

Other tradeoffs with the reciprocating de-
sign include that increasing the screw diam-
eter to add volume limits the precision at
the small end of the shot range. Because the
stroke gets soshort, itis difficult to have preci-
sion melt control. The reciprocating injection
unit is usually oversized for the actual mold-
ing requirement because the effective diame-
ter for plasticizing decreases with increasing
screw stroke. As an example, it has become
standard to size molding operations to 30 to
70% of a reciprocating injection unit’s capac-
ity. This sizing keeps the IMM in the best
operating range for larger shots—typically
300 oz (8500 g), corresponding to a 150-0z
(4250-g) two-stage unit process.

The two-stage unit design 1s a fundamen-
tal departure from the past reciprocating unit
design. It frees the design of the injection
function from dependence on the plasticiz-
ing function, because it uses an indepen-
dent shooting chamber. This permits use of a
smaller-diameter injection barrel and longer
injection stroke for a given volume. The result
15 to make 1t easier to generate high injection
rates, pressures, and volumes with smaller,
precise, and proven electromechanical drives.
The two-stage injection unit can shoot its full
volume, unlike reciprocating units, which are
usually sized twice as large.

The need for affordable high-pressure,
large-shot injection with an electric drive led
Milacron to look at new approaches rather
than simply scaling up the size of a ball-screw,
rack-and-pinion, or other linear actuator to
accommaodate the himits of a reciprocating
screw. The two-stage unit evolved as a practi-
cal, effective way to dramatically extend the
performance range of their electric IMMs,
while meeting cost targets.

Drawing on its expertise in extrusion
equipment, Milacron used a variant of its
single-screw extruder to melt plastic and me-
ter it into the injection (second-stage) bar-
rel through a port in front. With extrusion

as a separate function, plasticizing rates are
sized to exact requirements. Injection control
is much more precise than with the nonreturn
valve in line with the injection screw plunger,
which has to seat before control of the shot
occurs. Its longer stroke of a smaller-diameter
injection piston is what enables, as an exam-
ple, the 150-0z (4250-g) two-stage IMM to do
shots down to 4 oz (110 g). This shot is far
smaller than would be possible with a 300-0z
(8500-g) reciprocating screw. The industry’s
generally accepted practice 1s to avoid shoot-
ing less than 10 vol% of shot capacity for a re-
ciprocating unit, since in such cases the screw
stroke becomes so short that 1t is difficult to
control.

The separate extruder allows molders to
perform tasks that would be more diffi-
cult or impossible with a reciprocating unit,
such as compounding glass fiber inline, chan-
ging the screw L /D, putting additives in the
melt phase, and venting. The melt from the
extruder 1s also more consistent and higher
in quality, because each pellet (etc.) passes
down the entire length of the screw, in con-
trast with a reciprocating screw, where some
of the screw feed end may be behind the
hopper.

While the two-stage IMM has its advan-
tages, it created challenges to the machine
designers. Most important was its handling of
the melt, which made color change difficult.
Also, heat-sensitive plastics could stick to the
plunger tip. The electrically driven ball screw
behind the injection piston (Milacron; patent
pending for tip design) allows a new way to
handle melt as it enters the shot chamber,
overcoming these challenges. A screw-type
tip 1s used on the injection piston. A one-way
clutch rotates the tip while building a shot and
retracting the piston, pushing melt forward
over the tip (Fig. 2-10). Its first-stage extruder
does not move melt directly into the front of
the shot chamber at the piston tip; instead,
the melt travels through the screw thread to
maximize the mixing and forward flow. De-
pending on the shot size, this tip gives first-
in—-first-out, middle-in-last-out, or last-in-
middle-out handhing. Even when the piston
tip 1s backed past the melt entry port, the ro-
tation of the tip continues to wipe the plunger
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resulting from the design principle emploved
for discrete output of the manipulated vari-
able mean that digital valves should not be
employed as the final control element for
closed-loop control of the process variables
pressure and speed. Their use should be kept
to open-loop control, where the advantages
of this design predominate.

For similar reasons, digital hydraulic con-
trol elements are not suitable for closed-loop
position control. The positioning of the mold
and ejectorin digital hydraulic machines does
not achieve the accuracy of closed-loop posi-
tion control. As in the case with digital tem-
perature control, the digital measurement of
position is becoming more common in high-
quality injection molding machines.

There is still no standard approach for
open- or closed-loop control of hydraulic
functions. Nevertheless, it can be seen today
that there will eventually be two attractive
versions of digital systems:

e Open-loop machine with digital hydraulics.
This version will find its greatest use in
machines with sequential functions. It can
meet stringent requirements with regard to
reliability, while offering simple operation
and needing minimal maintenance.

® Digital closed-loop machine. This version
will find its greatest use in machines with
simultaneous functions and automated
equipment that requires closed-loop posi-
tion control for high reliability and conve-
nience of operation.

Both concepts represent good technical so-
lutions for their areas of application.

Hydraulic Fluids and Influence of Heat

A hydraulic fluid i1s a liquid or mixture
of hquids designed to transfer pressure (and
thus power) from one point to another in a
system on the basis of Pascal’s law: pressure
on a confined liquid is transmitted equally in
all directions throughout the liquid.

The pressure due to excessive heat in the
operation of machine-tool hydraulic systems,
such as that of an IMM, can degrade the op-
eration of the entire system. Heat affects five

major areas of machine hydraulics, which in
turn affect the cost and/or performance of the
molded plastic product(s): (1) hydraulic-flmd
life, (2) energy loss, (3) erratic operation of
components, (4) formation and removal of
sludge and varnish, and (5) operating condi-
tions that cause overheating, which in turn
causes leakage of check valves, relief valves,
and so on.

Pumps

The hydraulic pump provides hydraulic
flow and pressure to the system. It receives
oil from the reservoir at low pressure and
increases the pressure to that required by
the system. Several different types are used.
The most common are fixed- and variable-
displacement pumps. Different designs are
available, the most common being vane, pis-
ton, and gear types.

Variable-volume and vanable-pressure
compensating pumps are being used more
frequently in an attempt to conserve energy.
These pumps are capable of varying output
to meet a particular flow requirement, or dis-
pensing only enough flow to develop a partic-
ular pressure requirement. There is no single
pump type that s perfect for every class and
size of IMM.

Figures 2-19 and 2-20 show fixed and
variable pumps. Fixed pumps can be single
umts or staged in multiple-pump configura-
tions for powering large-clamp-tonage ma-
chines. Big machines theoretically could use
multiple variable-volume pumps, but such
systems would be rather expensive. Fixed-
volume balanced vane pumps are quite popu-
lar and generally operate at 2,000 to 3,000 psi
(13.8 to 20.7 MPa) with 90% volumetric
efficiencies.

In vane pumps, a slotted rotor is splined to
the driveshaft and turns inside the cam ring.
Vanes are located in the rotor vane slots and
follow the inner surface of the cam ring as
the rotor turns. Centrifugal force and out-
let pressure under the vanes hold them out
against the cam ring, and they are enclosed
by inlet and outlet support plates. The vary-
ing, continuous pressure under the vane area
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Injection Molding: A Technology in
Transition to Electrical Power

While incremental improvements will con-
tinue to be wrung out of hydraulic IMMs and
molds, more significant advances in quality
and productivity will result from the transi-
tion to all-electric molding machinery. This
transition has barely begun, but it is likely to
follow the same pattern it did in robots and
machine tools (326).

Simply put, electric molding technology
(EMT) eliminates so many variables from the
process that a machine will produce more
good parts per day at a lower cost. A rea-
sonable body of experience and test data has
been developed which documents these im-
provements. There are also significant oper-
ating advantages related to energy and en-
vironmental issues. Broadly speaking, three
approaches to electric injection molding ma-
chinery have come to the forefront in Europe,
Japan, and the United States. Each will be de-
scribed, along with its rationale.

Where are the next major quality advances
for injection molding likely to come from?
Evidence from real-world applications sug-
gests that EMT has the potential to signifi-
cantly raise the standard of quality. Although
EMT has a host of environmental and energy
advantages in its favor, most early adopters
of the technology are committing to it for rea-
sons of quality and productivity. They simply
get more parts per shift, and better ones,

The reason is that electric machines have
a window of process capability that is inher-
ently much tighter than what can be achieved
for comparable cost with hydraulic machin-
ery. EMT is the enabler for improved pro-
cess repeatability, and in the long term will
raise the industry’s standard for machine
performance. This tighter process capability
translates into a vanety of benefits, including
less scrap, lower labor costs, and improved
guality.

A technological sea change has been un-
derway in injection molding machinery. With
little fanfare, there was one company exhibit-
ing EMT during the 1985 NPE show. Just
12 years later, there were at least twelve.
The Japanese were racing to make the transi-

tion to EMT. At least seven Japanese compa-
nies started pursuing it, with Fanuc having a
dedicated factory to build electric machines.
Purchasing patterns in the United States and
Europe indicate a significant increase in mar-
ket acceptance, too.

Hydraulic machinery will always be strong
Before we go further, it is important to note
that hydraulic injection molding machines
will continue to be strong contenders in the
market. There will always be regional mar-
ket preferences for these machines because
of differing labor costs, work-force skill lev-
els, and industrial infrastructures.

These machines also enjoy a cost advan-
tage, so builders will continue to invest de-
velopment money to provide better value. Fi-
nally, hydraulic machines will, at least for the
foreseeable future. probably have a secure
market in high-tonnage applications (primar-
ily over 1,500 U.S. tons), because of the cost
premium for high-power servomotors.

EMT offers many environmental, energy-
reduction, and performance benefits, which
largely drove development of the technol-
ogy. Three designs from Japan, the United
States, and Germany show how different ma-
chine builders have developed products that
delivered these benefits to customers in con-
formance with specific regional market re-
quirements. This is the same pattern of design
proliferation that has occurred with hydraulic
machinery and will continue as long as there
are specific customer needs driving deve-
lopment.

Priority preferences The Japanese were
first with an electric machine, because envi-
ronmental i1ssues are a high priority in that
densely populated island nation. Compact
size, low noise, and elimination of oil as an en-
vironmental and fire hazard led the Japanese
to create the first commercially viable EMT.
In a market dominated by precision mid- to
low-tonnage machines and relatively small
shot requirements, early electric drive tech-
nologies could most easily be adapted to in-
jection molding in the Japanese market.

In the European market, speed and
precision are high priorities, along with
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Fig. 2-25 Comparing the economics of

process control (SPC) studies on parts al-
ready made. One graphic result of a process
capability study is a bell-shaped curve, which
many processors with SPC backgrounds use.
As Fig. 2-25 shows, the tighter window of the
electric machine’s process capability allows
operations to be moved confidently toward
the lower specification limit where savings ac-
crue in material, scrap, energy, and so on. In
simple terms, the curve for an electric ma-
chine is much steeper, allowing upper and
lower control limits to be moved in tighter.
The curve for a hydraulic machine is flatter,
dictated by the variables of hydraulic power
(Chap. 13).

This higher process capability appears to
be inherent in electric machine design. Even
general-application electric machines have

'

good parts for electric vs. hydraulic IMMs.

process capability that is significantly bet-
ter than Hunkar class 1. Table 2-1 provides
typical Hunkar test results from a series of
60 shots on a 300-ton U.5.-designed general-
purpose Elektra IMM used for molding pipe
elbows.

With a more capable process. molders can
produce more good parts per day, adding
to their profit margin and competitive ad-
vantage in the market. This occurs be-
cause:

1. It provides quick startup and setup with-
out oil preheating.

2. Mold setup parameters can be deter-
mined once, then used on reruns with little or
no adjustment. EMT reduces the art in mold-
ing, just as computer-controlled servoelectric

Table 2-1 Hunkar test results for molding pipe elbows

Hunkar
Parameter Max. Min. Range Class 1
Cycle time (sec) 38.95 36.70 0.25 0.40
Hold time (sec) 7.02 7.01 0.01 0.04
Fill time (sec) 2.83 2.81 0.02 0.06
Plasticate time (sec) 11.14 10.92 0.22 0.30
Peak pressure (psi) 11,289 11,145 135 400
Hold pressure (psi) 8,549 8,542 7 80
Back pressure (psi) 1,688 1,665 21 100
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costs. Examples of these hybnd operating sys-
tems are many.

One common technique is to direct hy-
draulic fluid to a booster tube to move the
clamp ram forward. Oil fills the main area
by flowing from the tank through the prefill
valve to the main area. As the ram moves
forward, a slight vacuum is developed in the
main area, pulling fluid from the tank into the
chamber. Once the clamp is closed, the refill
valve is closed, trapping the oil in the main
cvlinder area. High-pressure fluid is put into
this area, compressing this volume of o1l and
thus raising the pressure. A pressure control
valve that closely controls the clamp tonnage
thereby controls the maximum pressure. The
tonnage 1s the maximum hydraulic pressure
times the area it pushes against.

To open the clamp, hvdraulic fluid is di-
rected to the pull back side of the cylinder
while the prefill valve is open, with fluid from
the main cvhinder being returned to the tank.
One of the major advantages of the straight
hydraulic clamp is its very precise control of
the clamp tonnage.

Clamping Pressures

Depending on what plastic 1s being mold-
ed, the IMM clamping force may be from
less than 20 tons to thousands of tons. The
different plastics require different pressures
applied on their melt in the mold cavity, rang-
ing from 2000 to 30,000 psi (14 to 207 MPa).
The average machine uses a range from 100
to 400 tons, but large machines that provide
thousands of tons of clamping pressure are
needed to mold large products.

A force is also required to open the mold:
it is usually much less than (say 20% of) the
clamping force. One has to ensure that ade-
quate pressure is available for that purpose.
Resistance exists due to the sohdified melt
in the cavity or cavities. Usually this require-
ment is not a problem unless the mold cav-
ity shape is very complex and the mold was
not properly designed for ease of ejecting the
product.

Clamping systems have been predomi-
nantly hvdraulic. Also becoming popular

are all-electric drive systems and hydraulic-
electrical hybrid systems. The mechanical
mechamisms include toggle and straight ram
systems among others. Each of these differ-
ent systems has its advantages.

Pressure forces The pressure force, also
called the clamping force or locking force,
is the force, in tons, that is exerted to hold
the two platens or mold halves together when
melt under pressure fills the mold cavity.

Pressure measurement Different meth-
ods are used for pressure measurement, de-
pending on the type of clamping system used.
They include: (1) use of a pressure transducer
between closed platens, (2) summation of the
tie-bar forces, (3) measuring the force in a
toggle mechanism, and (4) determining the
force from the o1l pressure in a hydraulic sys-
tem or the electric power used in an electrical
system. Measurements in the tie-bars, usually
via some type of electrical strain gauge, of-
fer the additional advantage of monitoring
the forces in the individual bars. Thus, un-
even loads or overloading of individual bars
caused by unbalanced or worn molds, as well
as other problems, can be identified quickly
to avoid major problems.

Pre-close clamping Often one closes the
mold to some point near the fully closed po-
sition before and after final closing. This per-
mits bumping, improved parison pinch areas
for blow molding, mold safety measures, etc.

Clamping actions IMMs can provide
close slowdown clamping action. This means
slowing down the moving platen for an ad-
justable distance before the mold faces come
into contact. There may also be a close low-
pressure clamping system to lower the clamp
closing force in order to minimize the dan-
ger of mold damage caused by molded parts
caught between the mold halves. A clamp-
opening-stroke interruption is a complete
stop of the clamp opening stroke to allow
auxiliary operations before completion of the
opening stroke.

The maximum distance over which the
opening and closing mechanism can move a



64
Slatonary Plaien
Actuating Moving Platen
Piston Rod ™,  LOCKED
)
A__1]
Actusting
Cynder |
Crosshead Link R Link Front Link
Crosshead
m —
)
TieRods{ |

] [

Fig. 2-39 Examples of different toggle mecham-
cal clamp systems.
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Comparison of Clamp Designs

Over the years many arguments have been
presented showing each clamp design con-
cept to be superior to the others. In reality

2 Injection Molding Machines

each concept has its place, and the final de-
ciding factor is usually cost.

The straight hvdraulic design has proved
over the years to provide long-term reliabil-
ity, excellent low-pressure mold protection,
and exact control of tonnage. It will not allow
the clamp to be overstressed by high injection
forces.

The toggle clamp has extremely fast clos-
ing and opening actions. It is usually lower
in cost than the straight hydraulic. The en-
ergy required to hold the developed tonnage
is less, but this energy 1s in any case small
compared to the total energy usage of the
machine. With good lubrication the toggle
bushings and pins last a long time. However,
they must be reworked after several years of
service. The toggle design will also develop
higher than lockup tonnage if the clamp is
overpowered by the injection end, or there s
temperature buildup in the mold.

The hydromechanical clamp tends to have
the advantages of the straight hydraulic,
whereas the toggle is more complex because
of the block action required.

The debate over these clamp systems will
continue for many years. There 1s now avail-
able much more useful information and data
on these three basic concepts with their many
variations. The result 1s that for a poten-
tial buyer of an IMM who has specific re-
guirements for the machine, making compar-
isons has become easier. Table 2-2 provides a
scheme for comparing the systems.

Tie-bars

The clamping tie-bars (rods) support the
fixed and movable platens on which the mold
is attached. They serve as equally loaded ten-
sion support members of the clamp when the
mold 1s closed. The open distance between
tie-rods through which the mold must fit de-
termines the maximum outside dimensions of
the mold that can be used.

There are retractable clamping tie-bar sys-
tems. Different designs are used to unlock
one or all tiebars, mainly in order to per-
mit installing molds that occupy the com-
plete platen minus the tie rod circular areas,
Thus the mold can have holes in it. A special
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operator and must have conventional graph-
ics to display the increasingly large amount
of data that it will output. If necessary the
control system should also be capable of be-
ing expanded through additional software
for process optimization and acquisition of
quality-control data (Chaps. 7,9, 12, and 13).

Platen Systems

Platens are the precision, very rigid plates
on which a mold is fastened (Fig. 2-34) and
where subsequent clamping takes place. Ma-
chines (hydraulic, electric, etc.) can have two
or more platens. The basic injection molding
machine in the past usually had three platens:
two for closing and opening the mold and
one to support a pressure clamping system
applied to the mold. Since the 1960s, IMMs
with only two platens have become popular.

Two-platen press In comparison with
more conventional hvdraulic presses, the
two-platen press may provide improved tech-
nical performance, cost advantages, reduced
floor space, reduced weight, significantly, re-
duced clamp speed resulting in shorter cycle
time, and reduced tonnage. However, a three-
platen system may still be required when sta-
bility is important to ensure molding accu-
racy, as in meeting repeatable tolerances on
molded products. Different technical devices,
usually located in the back of a platen and/or
tie-bars, constitute the pressure clamping svs-
tem as discussed above.

Clamping platens parallel and flar  Itisim-
portant for a molding press to maintain the
platen surfaces parallel to each other and
flat (no bellowing, etc.) when clamping pres-
sure is applied. Bellowing is likely to occur
with molds that have small cross-sectional
area. Where this potential exists, one must
use large support plates located between the
molds and platens to distribute the load.

Floating clamping platens A floating, or
center, platen is sometimes stacked between
the main two platens in multidaylight press
machines. There can be more than one float-

ing platen. Each daylight opening between
any two platens permits inserting a mold. The
total clamping pressure of the IMM 1s ap-
plied uniformly via each platen on each mold.
Thus, a multidaylight machine has two or
more movable platens that can handle two or
more molds simultaneously during one ma-
chine operating cycle.

Pivoted floating platens Milacron has a
patented multishot (usually two-shot) over-
molding process that uses a center platen
that pivots (usually 1807, but also 90°) be-
tween shots. Makers of molds for such sys-
tems include Gram Technology (Birkerod,
Denmark ) and Ferromatik Milacron (Malter-
dingen, Germany) (430). The conventional
two-shot process using conventional IMMs
requires a larger-platen machine with higher
clamp tonnage so that a shuttle or turntable
action can be used. After shooting the first
melt, the mold with this shot pivots and is po-
sitioned against a different mold half to ac-
cept the second shot, which is delivered from
a second injection unit. This pivot design can
also permit a four-sided, 90°-indexing center
platen with up to four different injection units
(see the section on Inmoldings in Chap. 15).

Shuttle clamping platens There are IMMs
in which two (or more) platens are moved so
that one mold is positioned to receive plas-
tic material and then moves sideways (shut-
tle action), permitting the adjoining mold to
receive the next shot, whereupon the shuttle
cycle isrepeated. The result is to permit insert
molding, shorten the molding cycle, etc. Hor-
izontal IMMs can be used, but more often
vertical IMMs are used so that the shuttled
molds are on a horizontal table (platen).

Book-opening clamping platens The con-
ventional way for a press to open is for the
two platens to remain parallel from open
to close to open. Book-action presses (also
called tilting presses) use instead a motion
of the platens that resembles that of a cover
of a book. They are used principally in com-
pression molding, reaction injection mold-
ing and printing. They have been popular
since the 1930s, when they were introduced in
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rubber compression molding (see the section
on Reaction Injection Molding in Chap. 15).

Rotary clamping platens This system is
also called a carousel system when the platens
operated horizontally, or a Ferris wheel when
they are operated vertically. It can be used to
overmold two or more materials into a sin-
gle part. For each plastic, a separate injection
feed unit 1s then required. It 1s important to
recognize that the stability of the rotary table
system determines the quality.

Two or more mold halves are arranged in a
circle on the moving platen with the matching
mold halves attached to the fixed platen. The
process starts with the first closed mold cav-
ity receiving a shot of plastic. Upon opening,
that cavity, with the plastic partially solidified,
is rotated into the next position. where its
matching mold cavity is recessed to receive
the next shot. If there are three or more plas-
tics, the procedure continues. Thus when the
platens close after the imtial startup, each
cavity is simultaneously injected with the re-
quired plastic.

Railtrack clamping platens This installa-
tion resembles a railroad track system. It is
reviewed in Chapter 15, in the subsection on
Railtrack Moldings of the section on Contin-
uous Injection Molding.

Barrels

The barrel, also called a cylinder or a plasti-
cator barrel, is a cylinder that contains a screw
or a plunger. Together with a screw, it pro-
vides the bearing surface where shear is im-
parted to the plastic materials. Heating me-
dia and sometimes cooling media are housed
around it to keep the barrel (and thus the
melt) at the desired temperature profile. The
barrel’s size is specified by its inside diameter
(ID) and overall length.

Barrel Length-to-Diameter Ratio 1t 1s co-
mmon practice to refer to the L/D ratio,
that is, the ratio of barrel length to diameter.
The L/D ratio is also often given for screws
(Chap. 3): see Fig. 2-50.

Barrel length = L

Screw length = L o

afin=

e S e e — — —

Nominal
barrel dia.
= 0

Barrel L/D = L, /D
Screw L/D =L, /D

Fig. 2-50 L/D ratio.

In defining L/D for a barrel one may mea-
sure L either with or without the feed open-
ing. Thus L/ 1s the distance from the for-
ward edge or from the rear edge of the feed
opening to the forward end of the barrel, di-
vided by the barrel bore (1D).

Barrel Borescoping

Borescoping 1s the alignment of the bar-
rel with the screw. Their clearance can range
from 0.05 to 0.20 mm (for small- to large-
diameter screws) on all sides of the screw.
Borescoping alone is not a guarantee of per-
fect performance.

With an alignment scope one can tell what
the internal shape of a barrel is at any point—
whether 1t 1s a straight, curved, or even S-
shaped as a result of machining or subsequent
wear (see the Screw Wear Guide in Chap. 11).
Other areas must also be examined. How-
ever, ahigning with a scope will generally lead
to producing better products with less down-
time and less scrap, and extending the life of
the barrel and screw. Most machines can be
adjusted in a day at very little cost. The re-
sult will be at least a 25% extension of the
machine’s hife,

Barrel and Feed Unit

There are materials, such as flakes and re-
grind, that present problems due to poor flow.
The feed throat and feed hopper units are
important in ensuring that such plastics are
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Fig.2-52 Example of nozzle with a thermocouple
attached to the nozzle heater band.

cooling channels or coils around the barrel
and/or forced air around the barrel, which can
be provided with fins to increase the cooling
surface, as in cooling extruders (3).

Barrel Characteristics

For IMMs, the SPI's Machinery Compo-
nent Manufacturers Division has guidelines
for barrel dimensions and tolerances. Upon
receiving or replacing machines with barrels,
it 1s best to have them measured so that you
can determine if any wear or damage occurs
after they are put into operation.

Barrels contain pressure safety devices
such as fail-safe rupture disks or bolts. If the
barrel pressure exceeds its rated burst pres-
sure, these devices rupture to relieve the pres-
sure. These safety devices are to be handled
carefully during maintenance of the barrels.

When using bimetallic liners in the barrels,
any exposed edge of the liner can be easily
damaged when inserting the screw. Protect it
with a ring made to fit the end.

Different metal compositions are used
to meet different requirements, principally
based on the plastic being processed. Ni-
trided and bimetallic abrasion-resistant bar-
rels are popular. Some barrels have in-
sert sleeves requiring precision manufacture.
These can extend the barrel’s working life by
improving their abrasion and/or corrosion re-
sistance. They are alloys or blends containing
boron, chromium, cobalt, manganese, nickel,

silicon, or tungsten. Their actually chemistry
may vary widely after final machining is com-
plete. Also, the chemistry and hardness are
not necessarily indicative of wear resistance.
Other important factors are how these ele-
ments are combined and where they are lo-
cated relative to the bore.

Screw Operations

A screw is basically a helically flighted
hard steel shaft that rotates within a plas-
ticizing barrel to mechanically process and
advance the plastic being prepared. Its ro-
tating drive system can be powered by a hy-
draulic or electric motor. The use of electric
motors tends to increase the melt-processing
efficiency and thus the production rate. They
have a wide operating range to meet differ-
ent performance requirements for all the dif-
ferent plastics processed. The objective is to
obtain maximum throughput with nearly per-
fect melt quality. It is an endless task, due
to the limits and variabilities of the plastics,
machines, and controls (see the section on
Plastic Material and Equipment Vanables in
Chap. 11). Since the first use of screw plastica-
tors. improvements have been achieved in the
resulting melt quality. This effort continues
with advancement in screw design (Chap. 3)
in response to the changing melting charac-
teristics of plastic material (Chap. 6).

Machine Sizes and Design Variations

The clamping forces and maximum shot
volumes of large injection molding ma-
chines have progressively increased during
the course of their development. In the 1970s,
“large” machines began at a clamping force
of 1,100 tons; more recently, the clamping
force (the definition 1s somewhat arbitrary)
has moved to above 1,700 tons, as in the
IMM shown in Fig, 2-53 from the past (1, 4,
44, 79, 82). The majonty of IMMs of small
and medium clamping force are delivered in
standard forms. With increasing machine size,
customers require greater departures from
standard dimensions and designs. Evenin the
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Table 2-3 (Continued )

Clamp (tons)

Country

Manufacturer of origin Toggle Hydraulic Hydromechanical Vertical
Sharp Industries Taiwan 85-1,400
Shinwa Seiki Japan 55400
Stork Holland 65-1,400
Sumitomo Japan 27-385 8-82 1 10-606 27-82
Techmire Canada 45 45
Technoplas Japan S0-170
™IC Taiwan 661,000 7-80
Toshiba Japan 30950 1,350-5,500
Toyo Japan 20-500
Truematic Umnited States 15-250
Ube Industries Japan S00-7 000
Van Dom United States 85-500 55-3,000
Victor Plastic

Machinery Taiwan 50-275
Vimm Machine United States 60
Welltec Hong Kong 55-1,760
Windsor Germany 004,000 400-1,000

remains at the center of the mold and can
then be shed onto a retractable table.

In contrast, the great height of a verti-
cal press is a disadvantage, particularly for
mechanical monitoring and maintenance. In
most cases, it is so serious that the decision
is in favor of the conventional horizontal
clamping unit.

Injection units on large machines are also
normally horizontal. Vertical arrangements
have two particular disadvantages: (1) the
height of the injection unit required for
heavy parts is usually substantial and (2) raw-
material feed is less straightforward than with
horizontal injection units, particularly with
large screw diameters, where complete filling
of the screw flights in the feed zone is not
certain (Chap. 3).

Special processing injection molding ma-
chines have to be included in the evaluation
when fixing the optimal machine configura-
tion. These types of machines include coin-
jection or multicomponent, foam, gas injec-
tion (gas pressure), and others, as reviewed
in Chap. 15. Each of these special types has
potential advantages in fabricating molded
parts. As an example, the gas injection pro-
cess opens up special possibilities for large
moldings. With such parts, the possibility of

reducing the clamping force and reducing
frozen-in stresses can assume greal impor-
tance.

Knowledge about the secondary opera-
tions required on a molded part s an im-
portant factor in the selection of a machine.
Sprue removal usually presents no problems
and is normally carried out by a robot. How-
ever, additional operations like printing, in-
serts, conveying parts. and packing have to be
considered when working on material flow.
For determining the best machine configura-
tion, experience shows that it 1s useful to ana-
lyze product flow in the reverse direction. The
route of the part from packing back to pro-
duction by the machine is studied. The use
of this tvpe of analysis can also provide new
information about the optimum method.

Parts produced on large machines cannot
be demolded simply by brute force. Product-
handling technology becomes indispensable.
They are often so heavy or their surfaces so
sensitive that the nisk of damaging them is
great. And it is also usually the case that
the moldings cannot be removed from be-
low. For that, machines would have to be set
up higher than would otherwise be necessary.
This involves much more effort and consid-
erable cost. With large machines, therefore,
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handling devices and/or robots are normally
required for demolding (Chap. 10).

Handling devices can carry out simple se-
quences of movements. Final positions are
determined by cams and limit switches.

Because the machines and handling de-
vices are so large, operators would have to
stand on ladders while setting them up, thus
risking accidents. Also, there 1s no guarantee
that the required level of precision would be
attained by manual setting of movement lim-
its, There are various devices that perform the
required tasks with ease and safety. They in-
clude freely programmable industrial robots,
cantilever-arm portals, vertical or honzontal
removable gripping devices, etc.

Rebuilding and Repairs

Retrofit projects should be well planned
and evaluated in comparison with buying a
new machine, mold, or other equipment. Ma-
chine retrofits can be tailored to meet the cus-
tomer’s performance requirements at 40 to
70% of a new machine’s cost. Even though
the initial capital expenditure is thus lower
than for a new machine, the long-term eco-
nomic value of retrofitting can be question-
able. In order to provide a good basis for a de-
cision, a technical evaluation matrix system
using weighted criteria and a time-related
method for judging the economic value of an
investment are required (111, 587)

Major rebuilding and repairs involve
screws and barrels; molds are also involved.
Screws and barrels are expensive and can
cause downtime when damaged or worn. It
may be practical (cost-efficient) to repair
rather than replace. It is common practice to
rebuild a worn screw with hard surfacing ma-
terials. Quite often the rebuilt screw will out-
last the original screw in service. The larger
the screw, the more economic screw repairing
becomes. Usually it does not pay to rebuild
screws of 2-in. (50-mm) diameter or smaller.

Stripping, Polishing, and Plating

After a period of service, most screws
become scratched, carbonized, and/or dis-

colored by the hot, high-pressure plastic.
They are difficult to clean and tend to lose
their original feeding characteristics. If they
have been plated (usually with chrome), the
chrome may be gone in some places or peel-
ing in others. It is best to refurbish a screw in
this condition by stripping off the old chrome,
polishing, buffing, plating, and buffing again.
The screw will look much better and will also
perform better, at little cost and short time
out of service. Most screws that are rebuilt
are also stripped, etc,

Machine Downsizing and Upsizing

Machines are designed to process certain
quantities of different plastics at certain rates.
Very few of the installed IMMSs run shot any-
where near the full shot capacity of the injec-
tion unit. Typical usage is from 25 to 60%, but
in many cases it 1s even less, Most supphers of
IMMs offer several sizes for any given clamp
tonnage. At the time of purchase, the think-
ing regarding the injection unit is to “make
sure we have enough melting capacity.” The
problem with that is that having too much
shot capacity can render some machines un-
usable for certain materials and applications.
One reason is excessive residence time that
causes degradation of the plastic: this situa-
tion can exist for most engineering plastics.

Another problem with very large injection
units and small shot sizes is related to the
plasticating-screw design. In order to prop-
erly plasticize the plastic, the screw should
impart about 40% of the energy needed
to melt the plastic via the drive motor. If
the screw speed is too low and the screw’s
metering-zone flight depth is too deep rela-
tive to the throughput needed, very little en-
ergy will come from the screw drive, result-
ing in a poor melt mix and poor part quality
control. One solution is to purchase a com-
pletely new, smaller injection unit. Another,
usually less expensive, is to downsize the
existing injection unit. Downsizing requires
smaller screws, smaller heaters, modification
of the barrel shroud, ete. Often 1t 1s possible
to utilize greater injection pressures. Consid-
eration should also be given to limiting the
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® Supervision of the operator’s actions and
incentives may reduce the predictable hu-
man error that results in accidents,

* Emplovee vigilance, involving the individ-
ual whois closest to the machine and knows
its charactenstics, i1s essential. The pres-
ence or absence of a noise, changes in
speed, or changes to the finished product
may be signs of a developing hazard. These
changes should be identified and corrective
action taken if necessary.

Seeing that responsibility for safety covers
the entire machine life, we need to analyze
those areas that affect safety.

ldentification of Hazards

Hazards are things that move, pinch, ro-
tate, become hot, contain electricity, or
merely exist and can cause hurt, injury, or
loss. Some hazards on injection molding ma-
chines are obvious (e.g., the clamp closing).
Others (e.g., a component failure due to con-
tamination) may not be obvious or even pre-
dictable. It therefore becomes the respon-
sibility of each person associated with the
machine to be alert to potential hazards.

Hazards that are obvious must be evalu-
ated as to their probability of occurrence and
the danger they pose. This evaluation begins
in the development of the initial concepts and
continues throughout the product’s life.

As an example of this evaluation process,
consider the clamp motion of an IMM. The
traditional IMM consists of a mold that is
opened and closed under great force. This
motion creates a hazard that cannot be elimi-
nated. Historically, parts have been removed
by human operators. This action, coupled
with predictable human error, creates a high
risk of serious injury.

Since we cannot eliminate this hazard and
still have a usable tool, we must explore the
second alternative in creating safety—that
18, removing the human and his or her pre-
dictable errors from the hazard. This can be
done by incorporating devices such as con-
veyors or robots for part removal. The use of
automatic part-loading devices for setup, or

the remote placement of operating devices,
away from the hazard area, may also help in
preventing a serious injury.

Some applications may require a person’s
presence at the hazard site. We must then
turn to the third alternative, which is to guard
against the hazard by placing a physical bar-
rier between it and the person. Safety gates
with interlocking devices are used for this
purpose.

As a final alternative, when physical barri-
ers cannot be used, warning signs notify the
operator that a hazard exists. The necessity of
part removal requires a part exit area. Reach-
ing into this area might only be prevented
by warning the operator against this hazard.
Only after all other alternatives have been
exhausted should the machine design rely on
warning signs. The operator’s reacting to sit-
uations before thinking of the consequences
is one human error that is predictable.

The design of the machine reflects intended
safety, but improper assembly. variations of
critical part tolerances, loose belts, etc. can
all destroy design integrity. Thorough test-
ing and inspection of the IMM must be per-
formed and documented to maintain this in-
tegrity.

The manufacturer’s analysis procedure
must also be used by the machine user. He
or she has taken control of the machine and
must also assume responsibility for maintain-
ing its safety. The use of a checklist (as shown
later in this chapter) may help in maintaining
safety.

Auxiliary equipment, often added to im-
prove productivity or safety. may create ad-
ditional hazards. Pinch points, obstacles that
cause tripping, or carelessly wired devices are
examples of such hazards. The actions of per-
sonnel in the area may also create new haz-
ards. One way to guard against new hazards
is to establish and enforce safety rules for the
molding department.

Safety Built into the Machines
This section discusses some of the IMM's

inherent hazards along with appropriate pre-
ventive measures.
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FIXED GUARD
COVERING CLAMP FRONT SAFETY GATE
HEGI'II;EIEH /

Fig.2-56 Frontal area of a horizontal IMM, high-
lighting movable and fixed safety guards.

Clamp areas The closing and opening of
most machines is accomplished through the
use of either a hydraulic clamp or a toggle
linkage. As the hydraulic clamp opens or the
linkage operates, pinch areas can be created.
Sheet metal or expanded-metal shields are
typically used to guard the area behind the
movable plate. Similar guards may be neces-
sary across the top of smaller machines. Care
must be taken to ensure that the guards do
not themselves create pinch hazards. These
guards should be electrically interlocked to
prevent machine operation if they are not in
place (Figs. 2-56 and 2-57).

Front safety gates  The front safety gate is
used to deter entry into the mold parting line
during the closing and injection portion of
the machine cycle. Gates include a window
for viewing the clamp motion. The window

TOP GUARD
kY

FROMT SAFETY GATE
.

/ FIXED GUARD
REAR SAFETY GUARD COVERING

CLAMP MECHANISM

Fig.2-57 Top and rear area of a horizontal IMM,
highlighting movable and fixed safety guards.

should conform to the American National
Standard Safety Performance Specifications
and Methods of Test for Safety Glazing Ma-
terial Used in Buildings, Z97.1-1975. Gates
are designed so that they must be fully closed
before the clamp can be closed.

Power safety gates On larger machines,
safety gates are often closed and opened with
hydraulic or pneumatic power. The pressure
and speed used in these systems should be
kept metered down so that the gate itself does
not create a pinch or strike hazard.

The leading edge of the powered gate
should be constructed with some form of re-
silient padding. If the closing force or inertia
of the gate creates a pinch or strike hazard
greater than can be cushioned with padding,
a leading-edge safety strip such as the type
used on elevator doors should be provided.

During opening of the power gate, the rear
edge could strike anyone in its line of travel.
The gate should be designed so there is no
pinch point. The rear edge of the powered
gate should be padded with a resilient mate-
rial. Safety strips along the rear edge are not
normally considered necessary.

Interlocking the safety gates Because of
predictable human error that normally causes
an accident, the safety gate should be inter-
locked to prevent the operator from entering
the hazard area created by the clamp.

The primary interlock used on the safety
gate is an electrical device such as a normally
open limit switch, held closed when the gate
15 fully closed (Fig. 2-58). The device should
be positioned so that it cannot be operated
inadvertently. The limit switch is wired into
the circuit in such a way that the clamp will

SAFETY
GATE

——— LLOSE

ELECTRIC SWITCH
L (NORMALLY OPEN)

CAM -~

Fig. 2-58 Example of an electrical interlock.
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R SAFETTY GATE
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HYDRAULIC OR HYDRAULIC VALVE
PNEUMATIC VALVE

Fig. 2-59 Example of a hydraulic interlock

stop its motion or reverse 10 an open position
when the device is released. The reaction of
the clamp is determined by the portion of the
cycle the machine is in. The clamp should not
be allowed to open during the injection por-
tion of the cycle, because the molten plastic
being forced into the mold could escape from
the mold cavity, creating additional hazards
to the operator or damage to the mold. The
limit switch is also positioned so that it will
be released before the gate is opened 1 in.
Allowing the gate to open a greater distance
might allow an operator to reach into the haz-
ard zone before it is safe. The machine oper-
ator will depend on the position of the gate
to tell him or her when it is safe to reach into
the mold area.

As a backup to the electrical mterlock,
a hydraulic or pneumatic interlock 1s used
(Fig. 2-59). This device provides redundancy,
should there be a failure of the electrical in-
terlock. The hydraulic or pneumatic device
has been incorporated into circuits in differ-
ent ways, the most common being to interrupt
the flow of pilot oil to the main clamp’s four-
way valve, preventing the valve from shifting
to a closing position. Some circuits block the
pilot flow, whereas others divert it away from
the valve. Another method 1s to provide a
blocking piston on one end of the spool that
physically prevents the valve spool from shift-
ing to the clamp close position. A less desir-
able method is to dump the entire volume of
oil through the hydraulic interlock valve to
the tank. This method is normally not practi-
cal because of the large volume of o1l present.

Mechanical safety devices A mechanical
safety device is a bar used to physically
prevent the clamp from closing when the

CAM ATTACHED TO SAFETY
DOOR ENGAGES SAFETY
PAWL WHEN DOOR IS CLOSED,
LIFTING SAFETY PAWL

SAFETY PAWL

ADJUSTABLE
SAFETY BAR

MOVING SAFETY DOCOR STATIONARY
PLATEN (SHOWN IN OPEN PLATEN
POSITION)

Fig. 2-60 Example of an interference-type me-
chanical safety bar.

safety gate is open (Figs. 2-60 to 2-62). Ini-
tially, mechanical safety devices were used
on toggle machines to guard against nad-
vertent closure of the mold due to a me-
chanical failure of the traversing cylinder.
Later, hydraulic presses, which did not have
this mechanical failure problem. began ap-
pearing with mechanical safety devices. This

CAM ATTACHED TO SAFETY
DOOR ENGAGES ACTUATING
ARM WHEN SAFETY DOOR IS
CLOSED TOLIFT DROP BAR
FROM BETWEEN PLATENS

STATIONARY PLATEN

ADJUSTABLE
SAFETY BAR

(DROP BAR)

ACTUATING ARM

MOVING
PLATEN

SAFETY DOOR
(SHOWN IN OPEN POSITION ]

Fig. 2-61 Example of a drop-bar-type mechani-
cal safety.
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Fig. 2-62 Example of a rack-pawl-type mechan-
ical safety.

device became a third interlock for the safety
gate.

Three basic design types of mechanical
safeties are commonly used in the industry:
an interference type, a drop-bar type, and
a rack-pawl type. The type i1s usually deter-
mined by both the design and the size of the
machine. The interference type consists of an
adjustable safety bar attached to the moving
platen. A safety pawl is attached to the sta-
tionary platen and engaged by a camming de-
vice on the safety gate. As the gate is closed,
the pawl is lifted, removing the mechanical
interference and allowing the mold to close.
The drop-bar type consists of an adjustable
safety bar attached to the stationary platen.
This bar pivots into and out of the die space.
A cam attached to the safety gate engages
an actuating arm on the bar to Lift it from
between the platens when the safety door is
closed. This type of bar 1s normally limited to
the smaller machines. The mass of the bar re-
quired on larger machines makes it difficult
to lift.

One drawback of these two types of safety
bars 1s that they must be properly adjusted
as the mold height changes. Improper adjust-

ment could make the safety device inopera-
tive. Therefore, it 1s recommended that some
type of interlock device be added to prevent
operation should the bar be out of adjust-
ment. Mechanical or electrical interlocks are
commonly used for this purpose.

The rack-pawl mechanical safety bar is
a third alternative. This consists of a ratch-
eted (notched) bar attached to the moving
platen. A safety pawl attached to the station-
ary platen is lifted by an air cylinder when the
safety gate is closed. If the gate is opened dur-
ing the clamp opening stroke, the pawl ratch-
ets back on the bar. This type of safety bar has
the advantage that it will prevent clamp clo-
sure along the opening stroke and not merely
in the full-open position. This feature is par-
ticularly beneficial in toggle-type machines
where the breaking of a small traversing
cylinder could cause a repeat stroke during
the clamp opening cycle. The disadvantage
of this type of device is that a safe condition
exists only when the safety pawl is positioned
in a notch. On small, short-stroke machines, a
condition might exist in which the safety pawl
is never positioned in a notch.

Each of these safety devices places a me-
chanical obstruction between the stationary
and moving platens. This obstruction in itself
can create a new pinch point that may need
guarding.

Rear guards The clamp area opposite the
machine operator must be guarded to pre-
vent access to the closing hazard. This area 1s
normally used only for maintenance or dur-
ing mold setup. It is often visually blocked
from the operator, who might close the clamp,
believing the rear of the machine to be clear.
It is therefore recommended that the rear
guard be electrically interlocked to shut off
the motors when it is opened.

The rear guard is typically constructed with
a metal frame supporting an expanded-metal
screen. It should be so placed on the machine
as to leave an opening between the guard
and the platens or machine frame. This allows
clearance for water lines and other necessary
items that are connected to the molds.

Top guards The top of the machine, or the
area directly above the die space, can allow
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exposure to the clamp-closing hazard. The
need for a guard in this area depends on pre-
dictable human error. On machines where it
would be possible for the operator, standing
on the floor, to reach over the top of the front
or rear guard down into the hazard zone, a
guard should be provided. If this guard is
portable or movable for purposes other than
maintenance, then it must be interlocked.

If, on the other hand, the top access area to
the hazard zone is remote from the operator
standing on the floor, a top guard may not
be required. This might be the case on large
machines or those where the front and rear
guards are high enough to prevent the oper-
ator from reaching over the top. It must be
assumed that if the operator or another per-
son makes a conscious effort to climb onto
the machine or another object, he or she is
also conscious of the hazard now faced. This
conscious effort will generally eliminate pre-
dictable human error.

Bottom or drop-through guards The bot-
tom of the machine, or the area where com-
pleted parts drop out, can allow exposure to
the clamp-closing hazard. A normal operat-
ing practice today is for the operator to sit on
a stool and inspect or remove and pack-age
parts. These parts are ¢jected from the mold
and drop onto a conveyor or chute that brings
them to the operator. The predictable human
error is that the operator will reach up into the
hazard area, should a part become hung up.
To guard against this, the machine should be
constructed so that the distance the operator
must reach is greater than the normal reach-
ing distance. This meets the design objective
of removing the operator from the hazard. If
this is not possible, guards should be provided
to prevent access. The guard design is criti-
cal because part removal is essential to the
molding operation. If the guards restrict part
removal, they themselves become targets for
removal.

Maintenance of guards The guards for the
clamp, when properly designed and main-
tained, will normally protect the operator.
The users of the IMM must keep these guards
in good repair, reconstruct them when neces-
sary, and keep them installed on the machine.

Feed openings Matenal for IMMs s
loaded through hoppers into the plasticating
barrel. The rotating and reciprocating screw,
within the barrel. creates a hazard for any-
one inserting a hand into the opening. This
hazard must be guarded against. If guard-
ing is not possible, then warning signs should
be used. Bridging of the plastic in the feed
opening or trapped foreign matter may ne-
cessitate work in this area. In that case. the
power to the machine should be shut off and
a soft metal rod used to remove unwanted
parts. Hands should never be inserted into the
opening.

Injection cvlinders Rotating rams and re-
ciprocating cylinders create hazards at the in-
jection end of the machine. Access to this part
of the machine 1s necessary only for mainte-
nance, so fixed permanent guards should be
used. Interlocking of these guards is not con-
sidered necessary.

Purging protection During a matenal
change or shutdown, material should be
purged from the barrel. This should be done
with a purging compound compatible with
the material being used. Improperly mixed
materials can cause violent reactions.

During normal purging, a shield must be
provided to protect the front, top, and rear of
the purging area behind the stationary platen
(Fig. 2-63). The material being shot into the
air may splatter onto the operatorif the purge

= FIXED PLATEN

| _~-TYPICAL ELECTRICAL
INTERLOCK

PURGE SHIELD

HEATER ﬁ;l.l'nIIJl
HIELD

SAFETY GLAZED WINDOW'
(WHEN USED)

Fig. 2-63 Example of a purging shield.
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Table 2-4 (Continued )

3. Hydrauhc Leaks:

a. Welds.

b, Hoses and/or fittings.

¢. Pipes and/or connections.
d. Ball joints.

e. Packing.

f. Are leaks cleaned up?

SAFETY GATES AND GUARDS

Safety Gate:

a. Are the rail support brackets tight?

b. Are the rails secure to the brackets?

¢. Are the roller/trolley, etc., tight?

d. Are the gates secure to the trolley?

e. Are the gates/windows in good condition?

f. Is the door edge safety working properly?

g. Does the hydraulic/pneumatic interlock
work properly?

h. Does the electrical interlock work properly?

i. Does the gate prevent access to pinch points?

Rear Guard:

a. Are the mounting brackets secure and tight?

b. Are guards secure to the brackets?

c. Are the guards in good condition?

d. Does the electrical interlock work properly?

e. Does the rear guard prevent access to pinch points?

Fixed Guards:

a. Are the guards securely mounted to the machine?

b. Do the guards prevent access to pinch points?

¢. If guards are removed for reasons other
than maintenance, are they interlocked
to prevent machine operation?

Top Guards:

a. Is the top of the machine adequately protected
by either a guard or height to prevent someone
standing on the floor from reaching over the
top of the safety gate?

b. Is the top guard, if needed, properly interlocked?

Purge Guard:

a. Is purging prevented by machine circuitry
when the safety gate is open?

b. Is the purge guard securely mounted to
the machine?

c. Is the purge guard in good condition?

d. Does the purge guard contain a safety-glazed
window in good condition?

e. Does the purge guard protect the front, rear,
and top of the purging area?

Pump Coupling Guards:

a. Are guards in place?

b. Do guards adequately cover rotating shaft?

Feed Openings:

a. Are feed openings guarded against accidental
insertion of hands?

O.K.

1]
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REPAIR
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Table 2-4 (Continued )

SAFETY TAGS:
1. Are tags properly located?
2. Are tags legible and understandable?

ELECTRICAL:

1. Controls and Operator’s Panel:
a. Is the inside clean and neat?
b. Is the disconnect working properly?
c. Is the panel door kept closed?
d. Are there any uncovered openings?
e. Are all tags legible?

{. Are all buttons and switches working properly?

g. Do all components work freely?
2. Wire Ways and Junction Boxes:
a. Are all covers on boxes and connectors?

b. Is any sealtite broken, or are connectors loose?

3. Switches:
a. Are all covers in place?
b. Are switches free of oil and water?
c. Are all switches working freely?
4. Electrical Circuit:
a. Are circuit drawings legible?

b. Are the circuit drawings up-to-date for the machine?
¢. Have any circuit changes been made, and have they

been approved by the machine builder?

d. Does the circuit conform to the latest
state of the art?

3. Machine and Auxiliary Equipment;

a. Is electrical interface wiring done safely?

b. Is there duplication or confusion of terms
on various pieces of equipment?

¢. Is the overall electrical circuit safe?

d. Has the interface created any electrical, hydraulic,

or mechanical safety hazards?

OPERATOR SAFETY:

1. Has the operator been trained?

2. Can the operator read all tags?

3. Can the operator understand the tags?
4

. Has the operator had time to become familiar

with the machine?
5. Is the operator’s manual easily accessible
to the operator?

NEEDS

O.K. REPAIR

|

ST T T

12. When lifting, keep vour back strai-
ght and hft with vour legs. If the load is
too heavy, get help or notify your super-
visor.

13. Report all injuries to your supervisor
immediately.

14. Wear safety shoes and safety glasses at
all times.

15. Follow directions for mold setup as
posted on the setup sheet. No unauthorized
deviations are to be made.

16. Be sure barrel and mold temperatures
are maintained. Report deviations to your
SUPETVISOT.

17. Maintain correct hydraulic-oil temper-
ature and level.
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18. Check to see that the nozzle tip 1s prop-
erly seated in the mold before starting.

19. Check pressure gauges for proper set-
tings.

20. When in doubt, ask your supervisor.

21. Never climb on the machine while 1t is
running.

22. Whenever you leave your machine, be
sure it 1s turned off.

23. At the start of each shift, be sure the
machine is operating properly and that mold-
ing parameters are set properly.

24. If the machine must be shut down, plas-
tic materials should not be left in a plasti-
cizing cylinder heated to operating tempera-
tures.

25. Matenial should never be left in the
mold. Remove the molded parts and sprue
before shutting down the machine.

26. Before working on the machine or be-
tween plates, be sure proper lockout proce-
dures have been followed.

27. When purging material from the plasti-
cizing cylinder or changing materials, be sure
of the compatibility of matenials being used.
Check with your supervisor for this informa-
tion.

28. Follow all posted danger and caution
signs.

American National Standard

The standard ANSI B151.1 is periodically
revised by the American National Standard
Institute (ANSI) pursuant to its safety re-
quirements for the “Construction, Care, and
Use of Horizontal Injection Molding Ma-
chines.” This project on safety requirements
was initiated under the auspices of the Injec-
tion Molding Section of the Machinery Di-
vision (D. V. Rosato was a member and pre-
pared the original draft) and the Safety Com-
mittee of the Molders Management Division
of the Society of the Plastics Industry, Inc.
(SPI).

Both divisions of the SPI have long been
concerned with operator safety on plastics

processing equipment. Accordingly, each sec-
tion of the divisions has established a safety
committee charged with the task of establish-
ing necessary standards.

A standard treating the construction, care,
and use of horizontal injection molding ma-
chines is complicated by the wide variety and
sizes of machines manufactured and in use,
and by the virtually infinite combinations of
parts being produced, production methods
used, and operating conditions existing in in-
dustry today.

The primary objective of this standard 1s
to eliminate injunes to personnel associated
with machine activity by establishing require-
ments for the construction, care, and use of
these machines.

To accomplish this objective, the SPI com-
mittee decided to approach the problem of
machine safety from two directions:

1. Eliminating by design certain recog-
nized construction hazards and establishing
standard approaches to design so that ma-
chines available from competitive manufac-
turers will have similar operational charac-
teristics

2. Safeguarding the point of operation to
protect the operator from recognized hazards

To aid in the interpretation of these require-
ments, responsibilities have been assigned
to the builder, rebuilder, modifier, and em-
ployer.

Recognizing the impossibility of updating
equipment and changing operation methods
allied with existing machines immediately
after the approval date of this standard, a
three-year period has been provided to em-
ployers for modifying machines.

Safery Standards

Contemporary U.S. safety standards have
embraced an array of relatively new machine-
guarding safety concepts and requirements.
Among these are: (1) positive-opening con-
tacts, (2) positive-guided relays, (3) tamper-
resistant and difficult-to-defeat safety sys-
tems, (4) fail-to-safe components and safety
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systems, (5) single-component failure control
reliability, and (6) positive-mode vs. negative-
mode interlock installation (344).

These requirements can be found in diff-
erent standards, such as OSHA 29 CFR
1910.212 General Machine Guarding Re-
quirements for all Machines, UL 491 Power
Operated Machine Controls and Systems,
EMD 89/392/eec European Machinery
Safety Directive, ISO 14000 Processes,
ANSI/RIA 15.06 Safety Requirements for
Industrial Robots and Robot Systems, and
ANSI B11.19 Safeguarding Reference for
B11 Machine Tool Safety Standards.

Plasticator Safety

If you pack plastic into a steel pipe with no
included air, plug both ends of the pipe, and
heat it, you have made a bomb. The damage
it can cause depends on the amount of heat
apphed that produces internal pressure until
the pipe or plugs let go. This situation relates
to a plasticator, even though 1t 1s extremely
rare that an explosion occurs, because safety
devices/plugs are located in the barrel wall.
To eliminate any potential problem, proper
startup procedures are used.

If all the plastic between the screw and
barrel 1s not melted, a frozen plastic plug
could form. Precautions used include one
or more release plugs in the barrel wall
and/or the bolts used to attach components
to the barrel. These devices are designed to
be released when pressures reach specified
amounts where different processing equip-
ment operates under different pressures (see
the subsection on Barrel-Venting Safety in
Chap. 3).

Barrel-Cover Safety

To avoid electrical shock from the heater
barrel, keep the barrel guard in place. Con-
sider using integral armored leads or ceramic
terminal covers on all adapter-zone and noz-
zle heater bands. In addition to being impor-
tant to operator safety, barrel covering can
yield important bonuses in melt quality and
energy savings.

Plant Safety

All processing equipment should have pro-
cedures to operate and to meet safety re-
quirements; they are available from equip-
ment suppliers, who can also help to under-
stand how to handle plastics (otherwise do
not buy the equipment). Topics include safe
startups, location of safety devices, etc. Pro-
cessing plastics usually generates a lot of force
and heat: machines for that purpose are built
to run safely, but they must be treated with
understanding and respect (465).

Safety Information

Various sources provide valuable informa-
tion. If an equipment manufacturer does not
provide safety information, consider not buy-
ing its equipment. The SPI and ANSI are
major providers of safety information, per-
taining to equipment and to many different
aspects in the plant, such as material han-
dling, material storage, and the different up-
stream and downstream equipment.

Designing Facilities
Upgrading

When plastic fabricators consider replac-
ing an inefficient facility with a state-of-the-
art operation, two initial pitfalls must be
avoided: they can overestimate difficulties
or underestimate them, with results ranging
from expensive too disastrous. These prob-
lems can be avoided by assembling a qualifi-
ed team that includes an architect, a contrac-
tor, and if needed a consulting engineer who
have experience with plastics manufacturing
plants (288, 341).

Choosing the correct site is often the most
critical decision in the process. This decision
depends on various criteria such as adequate
access to power and water. Consider what
combination of highway and rail access will
work best for receiving raw materials and
shipping products. Check local zoning laws
with regard to the permissibility of silos or
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In addition, the injection mold has to
be designed mn such a way that 1t meets
the extremely high cleanliness requirements.
Normally required greasing of dowel pins,
ejection mechanisms, and core pulls is not
possible, since the contamination and wear
generated would neutralize the clean-room
conditions. However, if special maternials and
dedicated know-how are used, the molds can
be run dry, that is, without external lubrica-
tion.

If parts have to be packed without han-
dling next to the machine, removal by robot
(Chap. 10) is essential. Robots are normally
imstalled above the mold. Any abraded parti-
cles will therefore fall directly into the mold
and lead to contamination. This means that
robots also have to meet stringent cleanliness
and minimal abrasion requirements.

Raw materials (virgin or recycled) that
are to be used for injection molding under
clean-room conditions must themselves be
produced under these cleanliness conditions.
Only a few material suppliers offer such ma-
terials. Special testing and careful packing in
vacuum-tight containers are essential if pro-
cessing under clean-room conditions is to be
problem-free.

All auxihary equipment (Chap. 10) re-
quired for production that affects clean-room
conditions must come up to the same high
standards. This applies especially to cooling
and heating equipment; conveying devices;
and all pipe, tube, and other couplings. Pro-
ducts must be protected by reliable special
packaging. As soon as possible after mold-
ing, the parts must be packed in containers
so as to exclude subsequent contamination.

Release agents should never be used dur-
ing clean-room processing. Every molding
should be fully documented with informa-
tion about particle level during production,
temperature of feedstock matenals, purity of
batch (determined on batch samples), and
injection molding conditions during produc-
tion. The customer should receive these data
in the form of an enclosed quality certificate
(Chaps. 12 and 13).

As demands for parts molded in a clean-
room environment increase, more molders

are becoming interested in clean-room pro-
duction and particularly in how IMM features
influence cleanliness. As an example, parti-
cles can be monitored and filtered, but the oil
and grease thrown into the air by IMMs can
become a problem. Hydraulic-oil mist from
the oil storage tank, hydraulic cylinder, or
togele mechanism is the machine’s biggest
potential polluter. Oil and grease are needed
for machine operation, but cannot be allowed
on molded parts. Oil mist can be reduced by
sealing the oil storage tank and venting ex-
cess mist outside the room. The entire tog-
gle mechanism can be enclosed to eliminate
drippage that ordinarily would fall from the
toggle joints to a machine’s base. Full-drip
trays can be placed under all manifold and
hydraulic components to catch any oil that is
lost during maintenance.

Other special features can be incorporated
in the machine to minimize the throwing
off of particulates. Greaseless nylon bushings
and shoes for the movable platen can be used
to cut down on grease contamination with-
out sacrificing performance. Totally enclosed
fan-cooled motors can help minimize dust in
the area of the molding machine. The coils
of a standard electric motor are open 1o the
air and collect dirt that can be blown into the
room when the motor is started. An enclosed
motor will collect less dirt.

Because the maintenance of a clean atmo-
sphere is so expensive, clean rooms have to be
as small as efficient operation will allow. Ma-
chines are placed close together, which gener-
ates annoying levels of heat and noise, if not
actual part contamination. Heat should be re-
duced both for comfort and to maintain the
balance of cooling, filtering, and humidity in
the room. The machine’s barrel is the major
contributor of heat, although the press’s mo-
tor and hydraulic system contribute to the
problem. A thermal blanket around the bar-
rel will help contain the heat, or a heat shield
can be used and incorporated into a system
to vent the heat outside the room. The major
source of noise is vibration from motors and
pumps resonating in the machine base. This
vibration can be reduced by securing motors
on rubber mounts and connecting pumps to
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the base with a rubber hose instead of metal
pipe.

Advances in microprocessor technology,
along with mechanical design modifications,
have improved clean-room molding produc-
tivity. Programmable microprocessor con-
trols can continuously monitor the tempera-
tures, pressures, and timing under which a
piece was molded. Molders of pharmaceuti-
cal pieces and food packaging are required to
provide government agencies with documen-
tation of molding conditions, and other mold-
ers may be required to do so in the future.
Machine controls equipped with linear po-
tentiometers to monitor distances, pressures,
and flows can give a molder hard-copy doc-
umentation of injection and clamp settings.
This printed record can fulfill the FDA’'s GMP
(good manufacturing practices) obligations
and allow the fast and accurate setup of re-
peat runs of delicate precision parts.

IMMs designed for clean-room use are
usually identifiable by their stainless-steel
gates and white paint. These cosmetic addi-
tions make the machine easier to clean, an
advantage whether or not the machineisina
clean room. Molders of electronic parts and
food packaging often choose to use machines
with clean-room features to keep their mold-
ing shops clean even if they do not maintain
any areas that have clean-room certification.
For these molders, the decision to operate a
clean-room shop is based on the expectation
of profitability.

The complete package of clean-room op-
tions described above can add surprisingly
little to the cost of an injection molding
machine—usually less than 10%. The num-
ber of clean machines will continue to grow

as more molders are able to make these de-
sign features work for them.

Noise Generation

It 1s better to prevent noise generation in
machinery during the design stage than to try
to reduce 1t later. There are injection mold-
ing and auxiliary equipment machines built
with exceptionally low noise levels. However,

at times noise reduction by external means
is preferred. Design changes to reduce noise
sometimes decrease efficiency. Although this
1s relatively umimportant in small, fractional-
horsepower equipment, it becomes costly
and wasteful in large, high-power machinery
that has been designed for maximum perfor-
mance and efficiency.

One of the best ways to reduce machinery
noise by external means is to place it in an
acoustic enclosure. Such enclosures provide
more dB reduction per dollar than any other
form of industrial noise control. For this rea-
son many are in use today, and they are very
efficient when designed and installed cor-
rectly. A good acoustic enclosure can easily
reduce noise by 20 to 30 dB and more: a very
simple design, by 10 dB.

The performance of an acoustic material
can be described in terms of its transmission
coefficient T, which is defined as the fraction
of incident sound power transmitted through
the material. Materials with low transmission
coefficients isolate noise better than materi-
als with higher coefficients. If the material
has, say, a transmission coefficient of 0.01,
when airborne sound strikes one side of a
wall, only 1% of the sound comes out the
other side. Of course, the sound does not “go
through™ the wall; it makes the wall vibrate,
and this radiates the sound again. Sound co-
efficients vary with frequency.

The sound transmission loss 7L of a wall or
barrier measures its sound-isolating ability. It
1s the ratio of the airborne sound transmitted
by the wall to the airborne sound striking the
wall, It is expressed in decibels (dB).

I'Lisrelated to the transmission coefficient
by the equation

TL =10 log(1/T)

For example, a wall having a TL of 30 dB
transmits only 1,/1,000 of the energy incident
on it. The transmission loss, like the trans-
mission coefficient, varies with frequency. To
make a correct design, it is necessary to know
the frequency, or frequency band, of the noise
to be isolated. Approximate 7L values for
several different materials, at 1,000 Hz, are
given in Table 2.6.
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Table 2-6 Sound transmission loss TL

TL

Material Thickness®: iz in. §in. ;in. 4in. 6in. 8in.
Steel 33 38 39
Aluminum 23 25 26
Sheet lead 37 43 49
Glass 25 26
Dense poured

concrete 42 46 S0
Hollow-core

concrete 37 39 41

T1in. = 2.54 cm.

Startup and Shutdown Operations

To obtain the best processing melts for
any plastic, one starts with the plastic manu-
facturer’s recommended heat profile and/or
one’s own experience (see the section on Pro-
cessing Different Plastics in Chap. 6). There
are different starting points for the various
types of plastics, which have to be interfaced
with the different capabilities of IMMs to
be used. The time and effort expended on
startup make it possible to achieve maxi-
mum efficiency of performance vs. cost for
the processed plastics. By the application of
common sense with available control sys-
tems, the information gained can be stored
and applied to future setups (Chap. 7). As
explained above (see the sub-subsection on
the Hunkar test in the subsection “Injection
Molding: A Technology in Transition to Elec-
trical Power™), electric IMMs can provide
higher process capabilities with quick startup
and setup without the oil heating required in
hydraulic IMMs. Specialty IMMs have their
own procedures, as reviewed in the subsec-
tion on Structural Foam Molding the section
on Startup for Molding in Chap. 15.

Molding Operation Training Program

The basic instructions presented in this sec-
tion are intended to develop a training pro-
gram in steps conducive to easy learning,
which over time will result in full knowledge

of the molding operation. The program pro-
vides instruction that can be made to fit any
time span, in order to suit individual abilities
to absorb information while actively engaged
in learning by doing,

Suggestions are included for the substitu-
tion of calculated values for those obtained
by the trial and error method, in the interest
of conserving time of personnel and minimiz-
ing the loss of material. The main object of
the instructions is to give each worker in the
mjection molding operation a good under-
standing of every element that goes into the
operation; the worker, in turn, having gained
the needed knowledge, should take full ad-
vantage of such information by putting it to
constructive and productive use.

Under practical operating conditions,
learning the injection molding process takes
place 1n stages:

® The first stage covers the running of an in-
jection molding machine.

¢ The second stage involves setting molding
conditions on a prescribed set of param-
eters for a specific plastic material and a
specific mold that will produce acceptable
parts.

® The final stage 1s devoted to problem solv-
ing and fine-tuning of the operation, which
will lead to high productivity and part
quality.

Table 2-7 provides general information
and is a guide for injection molding settings.
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Specific information on all machine settings
and plastic properties 1s acquired initially
from the plastic supplier’s data sheet on the
material to be used. Initial setting informa-
tion can also be obtained from workers in the
molding plant who have experience in pro-
cessing the same material,

Packing Ingeneral, once the mold s filled
initially, additional material is added to the
mold by the injection pressure to compen-
sate for thermal shrinkage as the material
cools. This process i1s called packing. Too
much packing will result in highly stressed
parts and may cause ejection problems. In-
sufficient packing causes short shots, poor
surface, sink marks, welds, and other defects.
‘The proper amount of packing i1s determined
by trial and error or with the assistance of
computerized process simulation. The mate-
rial will continue to flow into the mold as
long as there 1s injection pressure, provided
that the gate is not sealed. When no more
material enters the mold, contraction of the
cooling material results in a rapid decrease in
the pressure in the mold. The residual pres-
sure caused by the original deformation of
the steel of the mold and the adhesion of the
plastic to the steel must be overcome by the
knockout system to eject the parts.

First Stage: Running an IMM

In the injection molding operation, a gra-
nular plastic material is softened by heat so
that it will flow under pressure and can be
delivered to a tightly closed mold, where it is
held for a specified time. The mold is main-
tained at a temperature that will permit the
injected material to become solid in a short
time. After a prescribed time interval, the
mold is opened and the injected material re-
leased as a finished product.

If we can clearly understand and picture
the basic process, the more involved ac-
tual operations will be easy to understand
and remember. The general description just
given applies to thermoplastic as well as ther-
moset materials (see Chap. 6 for details on
materials).

Now let us describe the operation of a ma-
chine in greater detail, starting with an in-
jection screw machine for thermoplastics ar-
ranged for semiautomatic operation. Hard
plastic granules are delivered to a hopper,
from which they are fed through a throat
onto a rotating screw. The screw moves and
compresses the matenial through a heated
chamber, where the granules soften to such
a degree that they become fluid and can be
delivered to a section of the heating chamber
known as the measuring chamber. In addition
to turning, the screw will on proper signal stop
its rotation and move in a forward or reverse
direction as a plunger.

When enough matenial for the mold cavity
1s supplied to the measuring chamber, as de-
termined by the controlled distance of the
backward-moving screw, an electrical com-
mand is given to it to act as a plunger and in-
ject the fluid material into the tightly closed
mold. The mold 1s maintained at a relatively
low temperature that will cause the plastic
to become rigid after a set length of curing
time. Then the mold opens, and at the same
time, the operator causes the gate to open, the
parts are ejected from the mold (sometimes
into the hands of the operator), the mold is
checked to see that it is fully clear of plastic,
the gate is closed again, and a new cycle is
started.

The molded parts are briefly checked for
quality and consistency in appearance and
disposed of either for storage or for other
operations, such as gauging, auxiliary opera-
tions (hot stamping, etc.), or packaging. Nor-
mally, the work at the press is planned so that
the attendant is kept occupied during the cy-
cle: in this way, consistent results in part qua-
lity, cycle time, and safety of operation can
be anticipated. The operation of cycles be-
comes repetitive, and the attendant should
exert every effort to have the motions orga-
nized and coordinated so that variables will
not be introduced that could influence the
consistency of quality and uniformity in the
cvcle. The best results are obtained when all
elements 1n a cycle are repeated consistently
from shot to shot.

In spite of all precautions taken by the
operator and setup person with respect to
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timer,” which for several seconds maintains
pressure on the material in the cavity.

5. When the injection overall timer times
out, the melt decompression timer starts.
When melt decompression times out, the noz-
zle valve (if used) closes, the extruder starts
turning, preparing the plastic for the follow-
ing shot, and the clamp high pressure drops
to low hold.

6. While turning and feeding the plastic
into the shot chamber, the extruder moves
backward (to provide space for the shot) un-
til it contacts a limit switch that causes it to
stop.

7. The overall timer or clamp timer times
out, bringing about slow opening of the
clamp.

8. The opening clamp activates a limit
switch that causes its rapid reverse movement
until another limit switch 1s contacted that
slows down the clamp travel to the point at
which the final limit switch contact provides
the stop for the open position.

9. A clamp-open timer is provided that
either sets a time for removal of parts from
the mold or, in the case of automatic (contin-
uous) molding, can be energized by the re-
verse stop limit switch to perform the same
electrical function as performed by manual
gate closing and the activation of the limit
switch by the gate.

All the hmit switches and timers carry
out their commands in an orderly manner,
and any interference with this systematic ar-
rangement by pushing a control button will
throw the plan out of order. There are cer-
tain steps required to restore the orderly
working of the machine, but unfortunately,
these steps vary from machine to machine.
When we recognize that each timer alone
can have three modes of operation, upon
timing out, for resetting to zero for the fol-
lowing restart, we realize that extreme care
must be exercised in restarting a machine af-
ter interruption. Close attention to the details
of machine operation is very much in order
here.

Repeating the cycle in a consistent man-
ner is obviously the major responsibility of
the machine operator, Also, certain observa-
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tions must be made that will lead to a better
understanding of the process and will aid the
worker's advancement in the field.

Certain details require attention:

1. A machine in good working order
should produce no unusual noises. It should
close the mold by rapid movement of the ram,
slow down as the mold faces come within
in. of each other, and finally shut the mold
by squeezing action under high pressure (no
banging). During mold opening, about the
first half inch should be done slowly, followed
by rapid movement up to the distance at
which ejection begins and then slowing down
to a stop at the open position.

2. The tie-rods of the machine and leader
pins of the mold should be adequately lubri-
cated to prevent excessive wear and associ-
ated problems.

3. The temperature of the hydraulic oil
should be within the limits on the gauge
mounted on the machine; overheated oil
will bring about higher leakage in hydraulic
pumps and valves, thereby making it diffi-
cult to maintain the required pressure for in-
jection and clamping cylinders. Maintenance
of constant pressure on the components is
an important factor in producing acceptable
parts.

4. The extruder screw travel distance, for-
ward and reverse, should be repeatable en-
suring reproducible shot volume in mold
filling. If screw travel is not in the normal for-
ward position, not all the required volume of
material 1s injected into the mold, with the re-
sult that parts are not dense, excessive shrink-
age takes place, and the surface is not smooth.
An increase in the backtravel of the screw
may cause an excess of material to be dehv-
ered and may overpack and flash the parts,
causing enlarged dimensions, waste material,
and possibly the need for a deflashing oper-
ation. Adequacy of the supply of material in
the hopper should be checked when 1t is ex-
pected to reach a low level.

5. The injection high pressure, which can
be read by depressing a button (at the hy-
draulic panel for injection pressure) during
the injection time, should be checked for
deviation from the required setup reading.
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Uniform pressure on the plastic in the mold
Is a very important determinant of product
quality.

6. Temperature settings for the injection
cylinder at each zone should be recorded
and checked at intervals of about 4 h to
see that unexpected variations are not intro-
duced. A plastic material is not a pure chem-
ical of certain description, but encompasses
all kinds of additives (colorants, plasticizers
for flow, flame retardants, ultraviolet stabi-
lizers, antioxidants, etc.), so the heating tem-
perature must be confined within limits, not
just for the sake of the basic plastic, but also
in the interests of protecting the additives.
Excessive temperature and/or prolonged ex-
posure to that of the normal melt heat can
cause gassing, degradation of the material,
and change in flow properties, all of which
can have a most undesirable effect on parts.

Automatic operation of the thermoplas-
tic injection screw machine is in every re-
spect the same as that for the semiautomatic
method, except that the stop limit switch for
the clamp ram will initiate the clamp-open
timer, which in turn will restart the cycle while
the gate stays closed.

Molds that have been designed and tested
for automatic operation require only inter-
mittent observation to ensure that everything
1s working in an approved manner. The de-
tails requiring attention in the semiautomatic
operation also apply to this mode, but the
operator in this case will be concerned with
checking product quality, ensuring an ade-
quate supply of granular plastic material, and
removing the molded parts to a designated
station, in addition to these details. The du-
ties of an operator can be to perform auxiliary
operations, if necessary, at a single press or to
attend to a number of cavities and required
checking for quality. An operator can attend
4 1o 16 presses.

A shight modification in the way a mold
functions can enable automatic operation
and thus improve productivity. Automati-
cally operated molds usually result in better
and more consistent quality and fewer rejects
of parts. In most cases, mold life is also en-
hanced.

Injection Molding Machines

The thermoset injection machine is, from
the operator’s point of view, very similar to a
thermoplastic machine. There are, however,
some additional points of concern:

1. The matenal content in the hopper
should not fall below the half-point, so that
there is always a sufficient weight of material
to exert a pressure that will ensure good flow
to the throat.

2. The temperature in the cylinder is crit-
ical. It must be observed that no increase in
the setting occurs that could cause hardening
of the plastic in the chamber, since this could
cause the operation to be interrupted.

3. The nozzle of the cylinder must be main-
tained at a low temperature to prevent hard-
ening of the material in it. This is usually ac-
complished by retracting the nozzle from the
sprue bushing of the mold. (The mold is usu-
ally at temperatures of 300" F and up, depend-
ing on the material.) The nozzle can also be
maintained at a low temperature by incorpo-
rating a circulating coolant in it. Whatever
the method employed, it must be seen that
the material in the nozzle is maintained n
soft condition to ensure free flow for each
shot.

Handling plastic materials A machine at-
tendant may be involved in occasionally sup-
plying plastic matenal to the hopper. How-
ever, in most cases, he or she will deal with
defective parts, runners, and sprues to be re-
ground for future use. It must be recognized
that plastic matenals can be easily contanm-
nated. unless proper precautions are taken to
assure chemical cleanliness. The following 1s
an explanation of how to keep plastic mate-
rials protected from contamination.

In addition to machine variables, there is
one major source of problems in controlling
quality plastic parts—namely, the cleanliness
and conditioning of the material as it is placed
in the hopper. If we keep the material free of
contamination—that is, free of foreign mat-
ter as well as other plastic—our chances of
making good products are enhanced. It takes
only a few parts per million of contamina-
tion to affect the properties of some mate-
rials. The way contamination will influence
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properties is not known without extensive
research. Even when matenals are inten-
tionally combined, the component ingredi-
ents lose some of their original characteristics
while gaining some new ones. Take, for exam-
ple, ABS, an alloy of acrylonitrile, butadiene,
and styrene. Although ABS itself has desir-
able properties, the styrene part of it has lost
its rigidity and clarity, the butadiene has lost
chemical resistance, and the acrylonitrile has
lost resistance to ultraviolet rays and weath-
ering. The combination, however, has tough-
ness, impact resistance, and good moldabil-
ity, entitling it to a vital place in the plastic
family.

It must be remembered that the ABS com-
bination 1s achieved under predetermined
favorable conditions. Accidentally contami-
nated materials may not look objectionable,
but properties may be adversely affected.
Think for a minute of one cubic foot of ma-
terial as containing about two million cubes
of the material: it only takes 10 to 20 similar
cubes of another material to cause contam-
mmation. To make matters still worse, these
small cubes in many instances cannot be dis-
tinguished from each other, nor can they be
seen in the molded part 1f it happens to be
opaque.

A greater variety of materials will be used
in the future, and the products that they will
be applied to will be more intricate and func-
tionally more important. Thus, it behooves
us to seek immediately a foolproof manner
for handling the materials so that all dan-
gers of contamination are eliminated, and
the chances of weakened parts are avoided.
Above all, care, and more care, will be
needed. (See Chap. 10 on material handling
and size reduction/granulating.)

Second Stage: Parameter Setting and Starting
a Job

Principles of machine operation During
the process of converting a plastic raw ma-
terial into a finished molded product, three
basic elements in modeling—time, tempera-
ture, and pressure—must be correlated in a
way that will produce a part with anticipated
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properties. Most deviations in product qual-
ity can be traced to variations from estab-
lished values in time, temperature, or pres-
sure. Changes in any of these individually
or in combination spell problems in product
properties and performance characteristics.

Time involves these elements: time begin-
ning with material entering the heating cylin-
der until injected into the mold (also called
residence time in the cylinder); time of injec-
tion into the mold; time of maintaining pres-
sure in the mold cavity; time of solidification,
Or cure fime, press open time; press opening
and closing time; time of part ejection in re-
lation to mold opening time.

Temperature 1s affected by the tempera-
ture of material entering the hopper; throat
temperature; heat contributed by screw com-
pression and rotation; heat absorbed from
the cylinder and the setting arrangement of
pyrometers in the heat zones; averaging of
heat by continuous mixing and homogeniz-
ing up to injection time; mold temperatures;
flow control of coolant in mold passages for
desired temperatures; and temperature of the
environment.

Pressures that require consideration are
the injection high pressure (the pressure
needed to fill cavities to proper part density);
the hold pressure (the pressure that is main-
tained on material during solidification and
prevents backflow into the nozzle area); the
back pressure, which influences mixing and
feeding of material into the measuring cham-
ber; and the clamp pressure, which achieves
mold closing.

Principles of the molding operation The
molding machine has the function of injecting
molten plastic material into a tightly closed
mold where the shape of a product is formed.
The mold 1s kept closed for a specified time,
the cure time, during which the fluid mate-
rial becomes sohd and nigid. A coolant cir-
culates through passages in the mold, so that
heat from the fluid plasticis transferred to the
mold and from there to the circulating fluid,
a process that accelerates the curing (solidi-
fication ) of the part. At the end of cure time,
the mold is opened, and the parts are ejected,
ready for packaging or other operations if
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and at this point, another limit switch closes
the prefill piston (13) and activates a high-
pressure pump (2,000 to 3,000 psi), which will
apply its full pressure over the main ram (9),
holding the mold halves tight and resisting
opening when plastic material is injected into
the mold at pressures up to 20,000 psi. This
second limit switch also initiates the move-
ment of the injection ram (14), which injects
the plastic into the mold.

Injection is carried out by the front of
the screw (2), which contains a shutoff valve
(15) that prevents any possible backflow of
the flmd plastic. The screw is firmly attached
to the injecting ram (14), whose movement
takes place at a fast rate (usually in about 1
to 2 sec for the full shot capacity).

The injection time is controlled by a timer
(the injection high timer), and the ability to
respond to the timer setting is determined by
the pressure of injection and fluidity of the
material.

The speed of injection can be varied by
means of a flow control valve that can by-
pass a desired amount of the pump oil and
thereby reduce the speed. This valve usually
has 10 bypassing positions, thus providing a
considerable degree of injection-speed vari-
ation.

Once the shot is completed, the high-
volume oil injection pump is ordered by a sig-
nal from the timer to dump its oil into the pre-
fill tank (11) at low pressure; at the same time,
a low-volume pump (hold pump) maintains
pressure on the matenial in the cavity until
the gate through which the matenal was fed
freezes and prevents back flow to the cylin-
der. (Back flow can be caused by the pressure
within the cavity if the feed gate is open.) The
hold-pump duration is set by the injection
hold timer. At the expiration of this timer,
the screw starts rotating, picks up material
from the throat in the cooled chamber (16),
and moves, compresses, and shears it in the
extruder chamber (3), where it absorbs heat
and liquefies before entering the measuring
portion of the injection chamber.

The extruder barrel is heated by strip
heater bands (18). A group of heaters 1s di-
vided into zones, with each zone having a
pyrometer for controlling the temperature.
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There are usually three or four zones on
the extruder chamber. The extruder work—
represented by feeding, compressing, and
shearing of the material—partly shows up as
heat induced in the plastic. The heat needed
to fluidize the plastic is derived partly from
the work of the screw, the balance com-
ing from the strip heaters of the extruder
chamber.

As the material comes off the extruder
screw (2), it creates pressure on the front face
of the screw, causing it to retract so that a
space is created for the incoming material re-
guired for the shot. This backward movement
of the screw makes it necessary to push oil out
from behind the injecting ram (14).

The displaced o1l passes through a con-
trolled valve, which can be adjusted to pro-
vide varying degrees of resistance for the
screw’s backward travel. This resistance,
known as the back pressure, is utilized to pro-
vide good mixing and homogenizing of the
material in the injection chamber. When a
shight temperature adjustment 1s needed for
the material that is to be injected, a small in-
crease in the back pressure will accomplish
this requirement. The duration of screw ro-
tation is determined by a limit switch, which
is activated by the backward-moving screw
at a position where the necessary volume
of material required for the shot has been
reached. The screw limit switch may also start
a melt decompress timer, which will cause
continued limited backward movement of the
screw. This additional screw movement cre-
ates a space in front of the screw that permits
the built-up pressure to decrease enough that,
when the mold opens, no drooling of plastic
takes place.

The final stop of the screw movement usu-
ally coincides with the expiration of the cure
time as determined by the corresponding
cure timer. On a signal from the cure timer,
the press starts opening the mold. This is
accomplished by feeding oil from a small-
volume pump into the space behind the ram
bushing (17). This causes the press to start
opening slowly; then another limit switch is
actuated by the ram movement, which orders
a large volume of oil to be fed into the space so
as to shorten the press opening time. Since the
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Some specified physical conditions for pro-
cessing are worth noting.

Melt temperature A range of tempera-
tures is given within which adjustments can
be made in order to obtain favorable fluidity
of a material.

Mold temperature A range of values is
again given, within which adjustments may be
made if pyrometer readings indicate that such
a step will improve quality and productivity.

Injection pressure More accurately, this
means the pressure needed in the cavity to
produce consistent quality of parts. It 1s a
very important processing datum. The read-
ing on the “injection pressure” gauge is a
pressure that is composed of several incre-
mental pressure drops—within the heating
cylinder, through the nozzle, through the
sprue bushing and runners, through the gate,
and then through the cavity—together with
the pressure required at the end of flow to
produce a dense part with a smooth surface.
The pressure at the end of the flow in the
cavity need only be 2,000 psi for many ma-
terials, and this value may only be % 1o ﬁ—}
of the gauge pressure reading, depending on
the size of pressure drops that were listed.
The most important reading is the one that
determines the quality ol the part, which 1s
made at the end of the material flow and is in
many cases about 2,000 psi.

Process control devices are made that limit
the cavity pressure to a specified predeter-
mined value, and they have proved very suc-
cessful in minimizing rejects. The consistency
of injection pressure in the cavily is an essen-
tial element in producing uniform parts. The
values shown on processing sheets refer to
gauge readings and are intended to indicate
whether or not the material flows easily and
1s readily compressible.

Back pressure onmaterial The back pres-
sure 15 the resistance to backward move-
ment of the screw during preparation for
a subsequent shot. This pressure is exerted
by the material on the screw while it is be-
ing fed into the shot chamber. During ro-
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tation of the screw and the material under
pressure, thorough mixing of the polymer
1s achieved, and some temperature increase
also results. In dealing with heat-sensitive and
shear-rate-insensitive materials, care must be
taken to keep this value within prescribed
limits.

Screw torgque There are two basic torque
settings available on the machine. In prac-
tice, it has been found that the high torque
setting 1s rarely adjusted and the low torque
setting would be adjusted only if a highly lig-
uid melt material is being molded, requiring
high speeds of screw rotation.

Screw rotation speed This 1s related to
the work input into a material; higher speeds
are applied only when insufficient heat is ab-
sorbed from the cylinder for a particular shot.
Heat-sensitive and shear-rate-insensitive ma-
terials do not tolerate the highest speeds.

Vents Thereisamaximum vent depth be-
yond which the flow of material will not take
place. However, this depth will be located
away from the gate (by at least 90 to 180°).

Types of nozzle Two tvpes of nozzles
arc available: the general-purpose and ny-
lon types. With the advent of screw-type in-
jection machines and effective utilization of
the melt decompress feature, the drooling
present with a general-purpose nozzle while
molding nylons can be effectively controlled.
This 1s because the check-ring shutoff system
fits the barrel properly to produce effective
suction at the point of the nozzle outlet.

Drying temperature Matenals that are
moisture-sensitive and those that may pick
up moisture for some other reason will have
to be dried before molding. A drying temper-
ature is used that will permit the removal of
moisture without causing the granules to ad-
here to each other, behavior that could cause
bridging over the throat where the screw
picks up the matenal. It is also useful to set
the water valve for cooling the throat so that
its temperature will not be too low, caus-
ing condensation on the plastic, or too high,
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Table 2-9 Examples of mold forces

Engagement Slotin Holding power Torgue
Bolt size in platen  clamp in clamp wrench
(in.) (in.) (in.) (Ib) (in./1b)
: 0.75-1.0 2% 32 210
: 12-14 33 45 340
5 5
3 15-14 5 35 340
3 5
i 13-1 ij—& 3: 50 450
X 1
= 15~1= 5 40 450
1 1.5-1.75 53 80 900

6

causing bridging. Attention to the correct set-
ting of the water valve can yield sayings in
water and heat of plastication in the chamber.
The preferred method of drying is the dehu-
midifying process, whereby the humidity is
removed and dry air supplied at the speci-
fied conditions for each material. Also avail-
able are so-called vented injection machines
that are capable of removing moisture during
the processing of the material. A simple test
for moisture content has been developed by
General Electric and is known as the T.V.L
test.

Mold shrinkage These data can be used
in checking dimensions of parts, thus giving
indirect verification that the setting of all pa-
rameters has been properly executed.

Specific gravity This value 1s used for
such purposes as evaluating machine capacity
in relation to polystyrene, screw travel, rate
of injection, etc.

Purging information and precautionary
notes If a purging procedure or shutdown
steps or any other precautionary move
is indicated for a specific material, that
should be suitably indicated under a similar
heading,

Clamping and moving the mold Attach-
ing of molds to platens should be done in
a manner that will ensure retention of the
mold in position without danger of shifting
or loosening. Any change of position of a
mold half will place an excessive burden on

the leader pins and bushings that keep the
halves aligned, thus causing wear on the pins
and bushings and in time affecting the quality
of the parts being molded.

The conventional method of holding mold
halves in place is by employing mold clamps.
The platens are tapped for bolts ranging from
% to 1 in. in diameter, and the holes are laid
out to an SPE standard design.

The forces holding a mold in the press
have been analyzed, and the result is in Table
2-9. Only forged bolts with a vield strength
of 120,000 psi (827 MPa) should be used. In
order for each clamp to hold with equal force,
a torque wrench is indicated.

When the calculations are made for an ac-
tual clamping system, the number of clamps
should be divisible by four, since there are
four clamping faces. For example, mounting
a 300-1b (136-kg) mold with }-in. bolts would
give 22 _or 9.37 bolts. To be divisible by 4, 12
clamps, or 3 on each side, are required. In all
cases, the clamp surface should be parallel to
the clamping slot and platen. The closer the
holding bolt is placed to the flange of a mold,
the higher 1s its holding power.

Moving a mold to the press and remov-
ing it to storage are normally done by means
of chains or wire-rope slings. These auxili-
ary means for hoisting a weight are treated
in technical handbooks under such headings
as “Crane Chain and Hooks” and “Strength
and Properties of Wire Rope.” Additionally,
the Federal Government’s OSHA prescribes
certain regulations for weight handling and
makes the user hiable to stiff penalties if they
are not followed.
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Under average conditions of a molding
shop, the task of frequent inspection of the
hoisting means, during as well as at the ap-
proaching end of their useful life, should
be assigned to one responsible person. This
person should obtain literature from the sup-
pliers of these devices and become familiar
with such information and use it to instruct
others in the safe handling of molds. Improp-
erly lifted molds can be a hazard to work-
ers and damage presses in the event they fall.
They can also be damaged and rendered un-
usable.

Note: At this point in the mstructions it 1s
desirable to become familiar with the previ-
ously reviewed hydraulic system of the ma-
chine so that the following descriptions will
be easier to comprehend.

Guidelines for molding parameters The
literature on processing of plastics usually
suggest limits within which the controlling in-
struments should operate, but seldom do we
find explanations for the prescriptions.

The setup sheet, which is expected to con-
tain all the needed information for starting a
job and getting ready for a production run, is
in itself a very useful explanatory tool.

The implementation of this information
will be good if one has an understanding of
all the items on the list and their vanables,
as well as the factors surrounding them. It
will be the aim of this sub-subsection not only
to list every item considered vital to success-
ful operation, but also to provide informa-
tion that will aid in the proper interpretation
of such items. The systematic arrangement
and listing of the items 1s the setup record
(Table 2-10).

Description of setup record The setup
record is made in order to establish the most
favorable operating conditions for each mold
in a particular press. These favorable condi-
tions pertain to good product quahty, mini-
mal rejects, and shortest possible cycles. Once
these favorable operating conditions are es-
tablished and approved by management, they
should be faithfully executed. Should any
modifications become necessary during some
future run, they must be implemented only
with the approval of the authorized individ-
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ual in charge of plant management. In such
an event, the setup record should be suitably
revised, or an additional one made that in-
dicates the reason for modification and the
elements affected.

The setup record 1s a most important docu-
ment in starting a job. If properly interpreted
and precisely carried out, this record should
result in the same quality, consistent cycles,
and low quantity of rejects every time the job
is in operation. For these reasons, 1t 1s desir-
able to describe each column of the record
and point out what factors enter mto the
determination of a particular setting. Thus,
those filling out the record and those apply-
ing it to the setup will have the same under-
standing of the information at hand. The goal
is to acquaint those involved with the setup
and the running of the operation with this
description so that the job is carried out in a
standardized manner leading to good perfor-
mance.

If we consider that | sec of machine time
alone is worth between 5 and 1 3 cents (de-
pending on machine size), and each machine
produces at least two shots per minute, or
720,000 shots a year, we can see that a single
second wasted during one shot can amount
to about $7,200 per year. With these kinds
of values 1in mind, the exact reproduction of
the settings indicated on the setup record be-
comes imperative.

Discussion of injection molding parame-
ters The most productive setup sheet will
implement the basic principles of molding:
time, temperature, and pressure (see earher
discussion). Only if these elements are fully
explored in relation to machine specifications
and material processing characteristics can
we be assured that the molding operation
has been optimized. For example, if the mold
temperature 1s kept at the low end of the
range because the part thickness is 0.065 n.
(0.165 cm) or less, the material temperature
must be in the medium to upper rage, soit can
be injected at the full speed of the machine.
And the pressure will be just high enough to
do the filing of the cavity without opening
the mold.

Letus look at some of the details connected
to the setup sheet specifications.
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capacity in ounces by the formula

1.734 x capacity (oz)
1.06
Thus, for polystyrene (specific gravity 1.06),

a 32-oz, 250-ton press will have a capacity in
cubic inches of

1.734 x 32
1.06

This is the theoretical required capacity.

capacity (cuin.) =

= 52.35 cu in. (859 cu cm)

Screw travel Suppose that in the above
32-0z (0.91-kg) machine, the plasticating
screw has a diameter of 2.75 in. and an area
of 5.94 sq in. (38 sq cm). Dividing 52.35 cu in.
by the area of the cylinder, 5.94 sq in., we ob-
tain 8.81 in. (22.4 cm) of screw travel. The
usual way of measuring screw travel is by
mounting an inch scale in front of the screw
travel pointer. In the interest of simplifica-
tion, the scale is usually in whole inches,
and machine cubic inches are correspond-
ingly rounded off to the nearest whole num-
ber. In this case, the travel distance was se-
lected as 10 in. (25.4 cm), which made the cu-
bic content 5.94 x 10 or, rounded off, 59 cu in.
(968 cu cm). The 10-in. selection was dictated
by the need for melt decompress travel, which
normally is 1 in. or more above the shot travel
requirement. The shot travel requirement for
the 32 oz is 8.81 in.; by providing a 10-in.
travel, we have a 1.19-in. (3-cm) allowance
for melt decompress action.

It should be noted that the ounces of ma-
chine capacity indicated on the specification
sheet are nominal, but the actual travel dis-
tance for a specific weight of shot can be fig-
ured as indicated above. These calculations
show the theoretical cubic inches that corre-
spond to shot capacity, as well as the practical
values, derived by multiplying the area of the
screw by its actual travel distance as shown on
the scale (5.94 x 10=159), thus giving a vol-
ume of 59 cu in,

If the shot size is given in grams, the con-
version 1s

0.0611 x grams
specific gravity (of GPPS)
0.0611 x 28.35 x 32

1.06
52.29 cu in. (858 cu cm)

cuin. =
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(Note: 1 oz = 28.35 g.) This value for all prac-
tical purposes is the same as the one obtained
in the ounce calculations.

Let us take a practical example and apply
the above information.

Example. A shotof polypropylene with a
specific gravity of 0.905 weighs 14 0z (396.7 g).
How many cubic inches will that be, and what

screw travel will it involve?
B 1.734 x 14
specific gravity  0.905

= 26.78 cu in. (439 cu cm)

1.734 % ounces

To establish the travel distance, we take the
10-1n. travel for a 59-cu in. volume and set up
a proportion as follows:

example cubic inches  x

actual cubic inches 10
or
T example cui:::ic_ inches
actual cubic inches
50 that
26.78
10 x 5 =4.5in.(11.4 cm)

of screw travel will be needed to fill the shot
of polypropylene for 14 oz of material. If the
jobrequires a melt decompress action of 1 in.,
the total screw travel will be 45+ 1.0=55
in.

Injection rate  'This rate 1s measured in cu-
bic inches per second. Many machine sup-
pliers show this information as part of their
specification sheet. In the case of 250 tons
and 32 oz, the rate is shown as 22.5 cu in./sec,
so that the time required to fill the complete
shot of 39 cu in. 1s

a9
22.5

The number of cubic inches of a plastic ma-
terial injected per second, if not given in the
machine specification, can be established by
determining how many gallons per minute
(gpm) are fed into the injection cylinder by
the pump or pumps, and the diameter of the
shooting piston. These quantities are, as a
rule, shown on the hydraulic diagram of the
machine. Since the injecting piston and screw

= 2.62 sec
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1. Converting machine shot capacity into
cubic inches

2. Finding the screw diameter and its area,
to give the theoretical travel distance of the
feed screw (melt decompress not included)

3. Speed of screw travel
4. Flow rate in cubic inches per second

5. Converting the weight of a shot for a job
into cubic inches

With the above information applied to the
job at hand, we can determine the distance
that screw travel is increased by the distance
of melt decompress, the time needed to mn-
ject material, the timer setting for injection
high pressure, and adjustments in pressure or
speed of injection if necessary.

For materials that are known to be shear-
rate-insensitive and/or heat-sensitive, the set-
ting of the back pressure is important. It 1s
also significant for other materials, but to a
lesser degree. For a better understanding of
this problem, let us first explain how the in-
jection pump pressure is reflected in the ma-
terial pressure in front of the screw plunger
and in the mold cavity.

The force that causes the piston in the in-
jection cylinder to move forward 1s the same
force that moves the plasticating screw, since
they are connected to each other. The force
that moves the cylinder piston is the area of
the piston in square inches multiplied by the
pounds per square inch of pump pressure.
The above force is also equal to the area of
the plasticating screw multiplied by the injec-
tion pounds per square inch on the material.
Putting this information in equation form, we
have

area of piston x pump pressure
= area of screw x pressure on maternal

If we use the 250 ton, 32 oz. press as
an example, where the screw diameter is
2.75 in. (7 cm), the piston diameter 8% 1.
(22.2 cm), and the pump pressure 2,100 psi
(14.5 MPa), we obtain, substituting the val-
ues in the above formula,

60.132 x 2,100
= 5.9396 x pressure on material
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pressure on maternal
_60.132 x 2,100

5.9396
= 21,260 psi (146.5 MPa)

Since the force on the piston has to overcome
its own friction and that of the screw, the ac-
tual pressure on the material will be reduced
from 21,260 to about 21,000 psi. We can say
that the multiplier of pump pressure against
the cavity to obtain the material pressure is
about 10 for a machine with the above speci-
fications.

The setting of the back pressure as read
on the injection-pressure gauge is on the or-
der of 50 to 100 psi (0.34 to 0.68 MPa). If we
use the multiplier of 10, the pressure on the
material in front of the screw plunger will be
500 to 1,000 psi. With the material in a highly
fluid condition, these pressures are adequate
for mixing the material thoroughly, driving
out the gases, and measuring a reasonably ac-
curate volume for a shot. The pressures on
the material can climb as high as 5,000 psi
(34 MPa) (500-psi gauge reading), but pres-
sures higher than necessary can cause exces-
sive drooling at the nozzle, overheating the
material in the measuring chamber with re-
sultant byproducts, and consequent molding
problems. Such pressure settings should be
used with care, especially when we consider
that the readings are made on the dial portion
of the gauge, which may not be very accurate.

It was mentioned that the injection high
timer setting should correspond to the maxi-
mum rate of injection of the machine. In the
case of the 250-ton press, according to press
specification, the time of injection would be
equal to the volume of the injection chamber
divided by the injection rate:

59 cu .

= 2.62
22.5 cu in./sec e

If the material is injected within this pe-
riod, it will be quite flmd throughout the
cavity, and for practical purposes the sohd-
ification and cooling should occur in a uni-
form manner throughout the part. Pressure
will also be applied uniformly over the mold-
ing surfaces. Both these conditions will result
in good flow welds, minimal stresses in the
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part, and favorable appearance. On the other
hand, when filling of the cavity takes 3 sec or
maore, the portion around the gate starts so-
lidifying before the forward-moving material
has filled the cavity, and this causes a decrease
in the opening for material flow, as well as a
differential rate of cooling of part surfaces.
In practical terms, higher injection pressures
are needed, which cause stresses in the part
and unfavorable conditions for self-welding
of the flow, thereby creating poor and visible
welds and a finished product whose appear-
ance does not reflect the finish of the mold.

If the injection speed 1s such that the mate-
rial is fluid throughout the cavity, even for a
very short time, that may tend to cause mold
opening and flashing. This indicates that the
practical values of clamping pressure for the
mold projected area do not hold—for exam-
ple, the 2 tons/sq in. of cavily projected area
for polyethylene. Since fast injection offers
many advantages in product properties, we
must beware of such undesirable side effects
as flashing, poor dimensional control, and
waste of materials. All these occur because
the pressure generated in the cavity exceeds
that of the clamp.

Mold clamping pressure Let us take as
an example a part molded in a 250-ton
press; the matenal used 1s polyethylene. The
clamping pressure that 1s available for keep-
ing the mold closed, in actual terms, 1s not
250 tons, but on the average 10% less, or
about 225 tons. The reason for this is that
molding conditions are never perfect; for ex-
ample, the press platens are not perfectly par-
allel, the mold thicknesses from front to back
are not exactly the same at all points, the
guide pins and bushings may not be perfectly
aligned. Such deviations from ideality use up
a certain part of the clamping force to get
the mold tightly closed, so that both mold
halves make intimate contact to prevent ma-
terial leakage. Observations under actual op-
erating conditions indicate that 10% of clamp
capacity may be considered a reasonable es-
timate of the force used to straighten mold
faces and bring them to the close condition.
In the case of polyethylene, the usual require-
ment of clamp force is 2 tons/sq in. of pro-
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jected mold area. In the selected example, the
projected mold area should be 225/2=112.5
or, in round figures, 110 sq in. The force that
can develop in the cavity should be around
220 tons maximum in order to prevent leak-
age from the cavity (flashing). This means
that 220 tons or 440,000 Ib= P x 110, or

440,000

110
= pressure in cavity

= 4,000 psi (28 MPa)

Gate size  The parts we are molding will
be 0.090 in. (0.23 cm) thick in the shape of a
box, and the material content will be 25 cu in.
(410 cu cm). The recommended gate depth
s1ze 18 two-thirds the part thickness, and 2 gate
widths is twice this depth. The gate area will
be 0.060 x 0,120 sq in. (0.15 x 0.30 sq cm).
What should the injection pressure gauge set-
ting be? The pressure that is indicated on
the injection gauge is that in front of the
screw when the material is being injected
from the measuring chamber into the mold.
This pressure on the average molded product
is about 50% higher than the average pres-
sure in the cavity, because of the pressure
drop in the nozzle, sprue bushing, runner, and
gate, This would make the injection pressure
gauge reading 6,000 psi (41 MPa). The injec-
tion time would be

25 cu in. (s1ze of our shot) 11
- =1.1 sec

22.5 cu in.fsr:c{ffom'm-;ic_rﬁrm data)

Let us now assume that the prescribed
pressure and time of filling did not produce
complete parts. This would indicate that the
gates could not accommodate so much mate-
rial in 1.1 sec.

We shall apply the Newtonian flow for-
mula, which reads as follows:

xPR 4
Bl

Pit
TR B

(for rectangular shapes with width
w = 2h)

(for cylindrical shapes)

where (0 = matenal flow, cu n./sec
K = radius of cylinder (gate) through

which flow takes place. in.
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L = length of cylinder (gate), in.

it = viscosity, Ib - sec/in.

h = height of rectangular duct
(gate), in.

w = width of rectangular duct (gate)
(usually 2h), in.

P = pressure, psi

The flow formula applies to viscoelastic mate-
rials such as thermoplastics when under one
set of conditions (pressure and viscosity). In
the molding conditions that we have set up,
the pressure and viscosity will be the same
as on the first trial run, and we shall change
gate dimensions to improve the gate’s ability
to accommodate twice the amount of mate-
rial in the same time span. Since the volume
per second increases as the fourth power of
the gate depth, raising this dimension 19%
will double the capacity of flow in the same
time period. All other factors will remain the
same. Thus, the gate will now be 0.071 x 0.143
sq in. (0.18 x 0.36 sq cm). This small change
in size should have no effect on degating or
any other aspect of the molding parameters.

This modification should result in filled-out
cavities; if a small cushion is available and
the hold pressure 1s set at about 1,000 psi
higher than the injection high pressure, our
parts should be of the desired quality.

This example points out that an analysis of
machine specifications and moldability fea-
tures of the mold can lead to an arrangement
that will produce quality products, saving on
power as well as wear and tear on machines,
by using lower injection pressure.

Applying pressure transducers in strategic
mold locations can lead to a more accurate
determination of prevailing molding condi-
tions. (See Chap. 7 on process control tech-
nology.)

Force on mold faces In the discussion of
clamp size vs. counteracting pressure gene-
rated in the cavity during injection molding,
it was remarked that the average force used
to straighten out mold faces amounts to about
10% of clamp capacity. The question arises,
how do we determine the actual force for
full contact of mold faces if the suspicion
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exists that the case under investigation wastes
a higher percentage of clamp force than the
10% cited? The following steps will provide
a reasonably close answer.

In order to maintain the integrity of the
land area outside the cavity, a pressure of
3% tons/sq in. is allowed for steels, Bhn 300
and 5 tons/sq in. for H13 heat-treated steel
(or similar tool steels). These values not only
lead to long tool life, but also provide enough
concentrated pressure to give the mold effec-
tive closing force, To test the size of the force
needed to obtain good contact between faces
of the mold halves, we first see that the land
area is so dimensioned as to give approxi-
mately 3} or 5 tons/sq in. (depending on the
steel).

Having verified this, we take a piece of pa-
per whose area is the same as the mold base,
of 0.003- to 0.005-in. thickness, cut out the
shape of the cavity, and place it between the
mold halves. Applving a force of % ton/sq in.
by reducing the clamp pressure, we close the
press, and upon opening it, we check to see
if the impression is uniform all over the con-
tact area of the paper. If contact is lacking
in any part of the land circumierence, the
test should be repeated at increased pressure.
The increase should be made in increments of
5 tons of clamp size until complete contact is
established. The tonnage read when the im-
pression on the paper covers the full circum-
ference of the cavity is the tonnage wasted
straightening the mold. The difference be-
tween it and rated capacity is the amount left
to keep the mold from opening during injec-
tion of the fluid plastic.

Let us continue with the example in which
we decided that the clamp would keep a mold
closed with 110 sq1n. (710 sg cm) of projected
area. The rectangular 110-sq in. part will have
dimensions of 10in. x 11 in. and a perimeter
of2x11in. +2x 10in.,or42in. (107 cm). We
are working with a mold of 300-Bhn hardness.
The square inches are calculated as follows:

tonnage = area x 3.5

or

250 = Ax35
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and
_ 250
35

A 1s expressed as perimeter times width of
land, from which the width i1s calculated:

A = 71.4 sq in. (461 sq cm)

T14=42x W

71.4
W=—=17m.(43

5 1.7 1n. (4.3 cm)

When contact of the 1.7 in. x 42 in. land
area is uniform after being compressed with
; ton/sqin. on 71.4 sqin., or 23.8 tons of
clamping force, we have obtained the ton-
nage needed to straighten out the mold
halves. Otherwise, the clamp size must be in-
creased in steps of 5 tons until good contact is
observed. and a reading taken. If, for exam-
ple, this reading were 33.8 tons, then about
216 tons would be available to prevent the
mold from opening and the 110-sq-in. (710-
sg-cm) cavity from flashing—a pressure that
under normal conditions would be expected

to keep the mold closed.

Residence time A time element that de-
serves more consideration than it normally
receives is residence time in the heating
chamber to which a material 1s exposed dur-
ing molding.

The average chamber with an L/ D (length-
to-diameter) ratio of 20/1 has a volume twice
its rated capacity. Thus, a 32-0z (0.9-kg) nomi-
nal machine with about 39-cu in. (968-cu cm)
actual chamber volume would have about
118-cu in. capacity with the screw in the full
forward position. If the full shot (32 oz) had
a cycle time of 60 sec (1 min), the material on
the screw would be exposed to the full heat
for 2 min. If the shot were only 16 oz and the
cycle half a minute, the exposure would still
be only 2 min because of the reduced cycle
time. With a shot of 8 oz (0.2 kg) and the cy-
cle again half a minute, the exposure would
be double the 2 min, or a total of 4 mun. This
length of time may be excessive for some ma-
terials and can cause degradation of proper-
ties. Whenever the residence time is on the
high side and the danger of polymer damage
exists, corrective measures must be taken.

The most important corrective step is to
keep the heat derived from the work of plas-
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tication to a minimum. This means that the
screw rotation speed should be at the low end.
the back pressure should be as low as prac-
tical, and pressure drops (from such sources
as small nozzle diameter, small sprue, small
runners, small gates, rough fimish 1in runners,
sharp corners at bends, and rough surfaces of
cavity and core) should be minimized, so that
the mechanical energy converted into heat
will be at the lowest possible level. In ad-
dition, cylinder temperatures should be ar-
ranged to be as low as possible in the lead
section area, with a gradual increase toward
the metering portion to the level required for
adequate melt temperature.

If all these measures do not remedy the
problem, then the only relief can come from
a machine with a cylinder of lower shot ca-
pacity.

Mold placement and job starting Proce-
dures for placing the mold in the press and the
sequence of other moves necessary to start a
job should be based on the general operating
manual of the machine manufacturer. Any
information contained here is intended only
to act as a supplement to:

1. Machine instructional manuals

2. Local plant and shop safety rules and
codes

3. Federal and other government safety
laws and regulations

Whenever there may appear to be a con-
tradiction between the three instructional
sources, one should clarify and reconcile the
points in question before proceeding with the
setup. If one knows the machine functions,
safety features, and operating procedures and
observes them with concentration and atten-
tion to detail, successful and safe molding op-
eration will result.

All warning signs on the machine are for
the benefit of persons at or near the machine
and should be faithfully adhered to. The stan-
dard requirements for dress and appearance
around running machinery should be strictly
observed. These requirements have been es-
tablished over a peniod of many years and
found to be most effective in eliminating ac-
cidents. Plant safety regulations provide for
the wearing of protective devices applicable
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Before any mode 1s selected, power has to
be available in the control circuit so that the
individual control settings can be operative.
This power is applied by turning the control
off-on selector switch to the “on” position.
The “control™ light indicates power availabil-
ity. The next move is to energize all the elec-
tric motors, so that pumps driven by these
motors can supply oil that will actuate the
appropnate hydraulic circuit and bring about
desired action. The motors are energized by
pushing the motor start button, and a hight in-
dicates that motors are running. Should 1t be
necessary to stop the motors, as could happen
with a severe oil leak, pushing the motor stop
button will accomplish this. For the Cincin-
nati Milacron 250-ton machine, the following
moves are necessary (the cycle reset pushbut-
ton must be depressed to activate any of the
modes listed below),

With the electnic motors running, the oper-
ator selects the setup mode by turning the
mold-set selector switch to the “on™ posi-
tion. This switch position brings about a slow
movement of the clamp, and the pressure that
the pump will generate (about 200 psi) is de-
termined by the mold protection pilot seat.
A pushbutton has to be depressed in order to
initiate any machine action.

The clamp open—close selector switch, if
held in position, will bring about ram opening
or closing, depending on the switch position.
One should open and close the clamp three or
four times to gain confidence in performing
these actions.

Now the operator is ready to start placing
the mold in position. However, because of
the preceding run, certain actions are nec-
essary to prevent possible interference with
the mold location. (1) The positive stripping
bars should be adjusted to zero ejection ac-
tion by screwing the bars to a position in
which the stripping plate cannot be actuated.
(2) The plasticizing chamber should be in the
retracted position. This is accomplished by
operating a manual detent lever of a valve
that admits oil to the cylinder that carries
the injection assembly. The detent lever n
the extreme left position causes the flow of
oil in the cap end, which causes the injec-
tion assembly to be retracted. The opposite
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position of the detent lever will cause a for-
ward movement of the chamber until the noz-
zle contacts the sprue bushing seat of the
mold. The speed of movement can be con-
trolled with the aid of a needle valve, also
hand-operated. This needle valve changes the
flow rate of oil to the activating cylinder and
thereby its speed. During operation, the in-
jection assembly must be in the forward po-
sittion and make good contact with the sprue
bushing seat. For this reason, constant pres-
sure must be maintained at the forward posi-
tion of the cylinder. so the restricting needle
valve must be open at least one turn in order
to ensure that there is an opening for the pres-
surized oil during the entire operating period.
The limit switch that causes a buildup of high
pressure to close the mold should be moved
out of the way (in the direction of the sta-
tionary platen) so that there is no high pres-
sure generated before the full operation is
started.

The operator should move the injection as-
sembly back and forth several times to ac-
quire a proper feel for it, leaving it in the re-
tracted position.

With the potential interferences out of the
way, it is time to heat the injection cvlinder so
it will be ready for manipulation of the screw
when the mold is clamped in position. The
heat off-on selector switch, turned to “on,”
will supply power to all heater zone pyrome-
ters. Each pvrometer should be set to suit the
material and conditions of the contemplated
job as outhined in the setup record. The py-
rometers are located in the main electrical
enclosure.

The operator 1s now ready to handle the
mold. Eyebolts screwed into appropriate
tapped holes are used for lifting the mold out
of storage and placing it in the press. Only
forged steel evebolts should be used for the
purpose. Before use, they should be checked
to see that their threads are in good condi-
tion and the threaded portion is not bent. to
be sure the bolt has not been unduly stressed.

The standard sizes and capacities of eye-
bolts are as follows:

e 1 in. will support 2,600 Ib (1,180 kg), has a
thread engagement of 33 in. (1.9 cm)
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e 2 in. will support 6,000 Ib (2,724 kg), has a

thread engagement of 15 in. (3.2 cm)
® | in. will support 11,000 Ib (4,994 kg). has
a thread engagement of 15 in. (3.8 cm)

The eyebolts are hooked by means of rope
or chain slings onto a lifting device of suffi-
cient capacity, such as a hoist, lift, or crane,
(See directions for slings, and be sure to fol-
low practices of hoisting outlined therein.)

The safe handling procedure for the mold
is now established, and the steps for placing
the mold can be as follows (not necessarily in
the same sequence):

1. Set the clamp opening to the required
daylight. The approximate daylight opening
is mold thickness plus two times core height.
Setting the limit switch for “clamp open stop™
will establish the extreme backward move-
ment of the platen.

2. Lower the mold between platens while
lining up the locating ring of the mold with
the corresponding opening in the stationary
platen. The clamp is moved slowly (set up)
forward to hold the mold firmly in position.
The size and number of clamps have been
determined by the mold weight, and they are
placed in position and tightened with a torque
wrench. The clamp attachment is for the sta-
tionary half of the mold only. The moving half
of the platen may have to be backed away
from the mold in order to attach stripping
rods to the stripper plate. If this operation
is not needed, or when it is completed, the
platen is moved forward to contact the mold;
clamping for the moving half is completed in
the same way as for the stationary half. Cau-
tion: It is safest to have the main power sup-
ply disconnected while fastening the clamps
to the mold.

3. Ejection rods should be adjusted in a
uniform manner for effective operation of the
ejection system.

4. Limit switches and other settings should
be made in accordance with the setup copies
of the operator’s manual to ensure opening
and closing of the press in the desired manner.

5. Change the selector switches from
“mold set” to “off” and from “auto-hand”
to “hand.” With the press in the hand mode,
open and close the mold to see that every-
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thing is functioning properly. The closing of
the mold must be free of banging and ham-
mering: the parting line edges of the mold
halves must be protected against peening
if flash-free parts are to be molded. The
clamp should start “fast forward,” followed
by “slow down” at low pressure as the mold
halves approach closing, and finally “slow”
at high pressure. The opening of the clamp
should start slowly until mold halves are sep-
arated about 0.5 in. (1.27 em), continue fast,
and change to slow when stripping starts so
that the chance of marking or punching of
the plastic is prevented. With these settings,
the approximate limit-switch settings can be

checked.

6. The extruder reverse stop should be set
to a position that can be calculated as shown
in setup.

7. The extruder speed, torque, and back
pressure are indicated on the material pro-

cessing sheet and should be set according to
the setup record.

8. Check cylinder temperatures to deter-
mine whether settings have been reached.
Also check the nozzle temperature. With the
extruder unit in the retracted position and
the extruder selector switch in “run off-on”
turned to the “on™ position, depress the ex-
truder “run” button until the extruder re-
verse stop limit switch is actuated, indicating
that the shot zone is filled with material.

9. Depress the “injection forward” button
to purge material into a suitable container,
making sure it does not splatter. Repeat this
operation until all new clean material is com-
ing through.

10. The needle valve that controls the
movement of the heating cylinder by means
of the pull-in cylinder is opened, and the seal
valve 1s moved so that it will cause the pull-in
cylinder to seat the nozzle against the sprue
bushing. Depressing the “clamp forward”
button will apply the full pump pressure to
the pull-in cylinder and thus bring about a
good seat between the nozzle and the bush-
ing.

11. Set injection high pressure, speed of
injection, and low-pressure injection as indi-
cated on the setup record.
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12. Set the *“full-semi-auto™ switch to
“semi,” set the extruder switch to “on,” and
change “hand” to “auto.” The press 1S now
ready for normal operation.

13. After a final check of pyrometers to see
that they are up to the setting, the press may
be operated by opening and closing the gate.

Note: There may be slight variations in desig-
nations of switches or preferred sequences on
presses of different manufacturers; however,
the general procedure is the same.

The press is now ready for the semiauto-
matic mode of operation, except that final ad-
justments for settings, when needed, must be
made.

Operating the Machine

The job can now be run, and the result
should be a smooth cycle along these lines:

1. The safety gate i1s open, and its limit
switch 1s not activated.

2. Closing the safety gate activates its limit
switch, and the clamp closes fast.

3. As the clamp approaches mold closing,
the mold protection limit switch is activated
and causes slow movement of the ram.

4. When mold halves make contact, the
high-pressure limit switch is activated and
brings about high-pressure buildup in the
main ram area.

5. The clamp pressure switch is operated.
The nozzle valve (if present) opens, and in-
jection forward at high speed takes place.

6. The injection high-pressure timer times
out, and the injection low-pressure timer
takes over to control the duration of the in-

jection hold pressure.

7. The injection low-pressure timer times
out, and the extruder starts running. The
clamp goes to a low-pressure hold.

8. The extruder reverse limit switch is op-
erated, and the extruder stops. It may run an
additional distance for melt decompression if
desired.

9. The curing timer times out, and the
clamp opens slowly.
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10. The clamp fast reverse limit switch is
operated, and the clamp opens fast.

11. The clamp reverse slowdown limit
switch is operated, and the clamp slows down
for stripping action.

12. The clamp reverse stop limit switch 1s
operated, and the clamp stops in 1ts open po-
sition.

13. If the clamp open timer is used and it
times out, the press is ready for the next cycle.

Example: Startup for molding polyethylene
lids

1. Inspect the mold and compare it with
the engineering drawings. Particularly check
the vents to be sure they are correct.

2. Mount the mold in the molding ma-
chine, set the mold temperature at 40 to 50°F
(4.4 to 10°C), and operate on a dry cycle for
a few minutes to see if all the mold parts are
operating properly.

3. Adjust the machine to the clamp force
required and continue the dry cycle.

4. Set the temperature controllers to ob-
tain the desired melt temperature. A gradu-
ated temperature profile is suggested along
the barrel of the extruder, increasing by 25°F
(14°C) increments from the throat to the in-
jection portion of the machine. This will per-
mit a good steady feed rate and uniform melt-
ing of the polymer. Melt temperature con-
ditions depend considerably on the type of
mold and machine being used.

5. Adjust the injection pressure to 12,000
to 15,000 psi (83 to 103 MPa) on the plas-
tic. This should be the maximum pressure
that can be used without causing flashing and
overpacking of the mold.

6. Set the injection speed fairly high. This is
usually 0.4 to 0.6 oz/sec (0L011 1o 0.017 kg/sec)
for each lid cavity; thus, a four-cavity mold
would require an injection speed of 1.6 to
2.4 oz/sec (0.045 to 0.069 kg/sec).

7. With the machine still cyching, start plas-
tic feeding into the screw with the nozzle
away from the mold. After about 10 cycles,
the injection unit can be brought up against
the mold.
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8. Interrupt the automatic cycle and oper-
ate shot into the cavities on the first cycle.
Note this could cause the gates to freeze while
the shot is being removed manually. Return
the machine to automatic cycling.

9. Adjust the plunger-forward timer so
that the dead tme is approximately 0.1 to
0.3 sec.

10. Reduce the shot size until short shots
appear; then slowly increase it until the
mold cavities are just filled, without pack-
Ing.

11. Reduce the clamp time until the snap
rings begin to tear when the lid is ejected:;
then increase the clamp time slightly (by 0.1
to 0.3 sec) to give each lid time to solidify.
After molding has proceeded long enough
for all molding conditions to become stable,
reduce the gate timer setting as much as pos-
sible while still permitting the lids to clear the
mold during ejection before the mold closes
again.

12. Increase the injection pressure and in-
jection speed while decreasing the plunger-
forward time. This may necessitate increasing
the cooling time slightly, but it should make
possible a shorter total cycle.

13. If warpage, flash, or short shots are oc-
curring erratically, shot-size control is prob-
ably not adequate, and a small cushion will
have to be maintained to produce uniform
lids.

14. If a cushion is used, it will probably
be necessary to reduce the injection pres-
sure and injection speed and to control the
amount of packing with the plunger-forward
time.

15. If molding problems still occur, contact
a technical service representative of the ma-
ternial suppher.

Keep the machine operating manually until
the runner system and all the cavities can be
filled with plastic in a single shot, if possible.
If the machine cannot fill the runner system
and cavities with one shot, adjust the shot size
so that all the cavities will be filled uniformly
with the same material from a given or suc-
cessive shot.

2 Injection Molding Machines

Final Stage: Optimizing Molding Production

Anyone involved in this part of training
should have a detailed knowledge of ma-
chine operation, be familiar with all molding
parameter settings and their tolerable varia-
tions, have an understanding of mold compo-
nents, and, finally, have the knowledge of pro-
cessing data for materials that may be under
review in some specific analysis of a molding
problem.

One of the major concerns to a person in
this program is to ensure that the products
of molding match or exceed the expectation
of the designer, not only in appearance, but
also, and mainly, in performance character-
istics. This means that all parameter settings
must be accurately carried out, but in addi-
tion, one must be on the lookout for external
causes of variation in properties. For exam-
ple, a change in ambient temperature can af-
fect the heating chamber, and since the reac-
tion to heat is relatively slow, we will then find
a considerable number of parts being molded
to a substandard guality. The worst aspect of
this occurrence is that there are no external
signs of the malfunction taking place. Sim-
ilarly, a voltage fluctuation will affect most
electrical parts, but the results are not, in most
cases, detectable on the surfaces of the pro-
duct. When a product is made by an operator
attending a machine, a variation in the oper-
ator’s behavior from cycle to cycle can cause
property inconsistencies that are also not vis-
ible to the naked eye. Another source of con-
siderable property and appearance variation
is the pumps used to actuate parts of the in-
jection machine.

It has been demonstrated that when a pro-
cess control keeps the cavity pressure of each
cycle at a consistent value, then not only are
the properties of parts the same, but the re-
ject rates are practically negligible. This, in
turn, means that if the fluctuation of the pump
pressure is Kept to a very minimum, a similar
result can be obtained on a press of standard
design. Uniformity of cavity pressure is one
of the most important prerequisites for re-
producibility in a molded product.

Here are two major measures that can pro-
tect the pump from the usual fluctuations and
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Screw decompression
Hopper magnet
Precision-leveling mounts
Other

Specification Information, Details

The machine in which the mold is run-
ning is an important factor. For parts re-
quiring critical parallel dimensions, not only
are molds with thick, well-supported plates
necessary. but also thick platens on the ma-
chine to minimize deflection. Moving platens
should have backup support over a large area
to distribute clamp tonnage evenly. The mov-
ing platens usually ride on hardened tie-bars
supported on the machine’s base to minimize
deflection. There are also designs in which
the platen just moves on the machine base
(1, 7).

Machine designs contribute to long mold
life and efficient machine operation. How-
ever, the machine must be correctly specified
in order to take full advantage of features of-
fering high productivity. Important specifica-
tions are:

Injection specifications

Screw diameter (mm). Outside diameter of
the screw that plasticizes and injects the
material into the mold

Screw L /D ratio. The ratio of the screw’s
length to its outside diameter

Maximum injection pressure. The highest
specific pressure applied to the thermo-
plastic material as it is injected into the
mold

Nominal shot volume (cu cm). The vol-
ume generated by the screw as it travels
throughout the injection phase

Actual shot volume (cu cm). The actual
amount of thermoplastic matenal the
machine can inject into the mold.

Actual shot weight (g). The amount of ma-
terial the machine can inject into the
mold. It varies with the material’s spe-
cific gravity and can be determined by

multiplying the actual shot volume by
the specific gravity.

Injection rate (cu cm/sec). The volume of
material the machine can transfer into
the mold in a second at maximum injec-
tion speed. Used to determine the time
required by the machine to inject a pre-
determined volume of materal into the
mold.

Plasticizing capacity (kg/h or g/sec). The
amount of material (by weight) the ma-
chine can plasticize per unit time at max-
imum rotational speed. It varies as a
function of the kind of the thermoplastic
material being plasticized.

Maximum screw rotational speed (rpm).
The highest rotation speed the screw can
attain during the plasticizing phase

Plasticizing barrel-heating input (kW). The
maximum power rating of heaters used
to heat the plasticizing barrel

Power rating of the hydraulic or electric
motor driving the screw (KkW). The power
available to drive the screw in the plas-
ticizing phase.

Maximum screw torgue (N-m). The peak
torque applied to the screw during rota-
tion in the plasticizing phase

Contact force berween nozzle and mold
(kN). The force applied to the nozzle to
push it against the sprue bushing during
the injection phase

Barrel heating zones. The number of plas-
ticizing barrel zones with individual
temperature control

Table 2.12 provides a guide to IMM
specification.

Mold-clamping specifications

Maold clamping force (kN). The maximum
force applicable to clamp the mold

Moving platen stroke (mm). The maximum
moving-platen stroke. Identical to the
mold-opening stroke.

Distance between tie-bars (mm). The widest
clearance between tie-bars over which
the moving platen slides. Used to
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determine maximum permissible mold
width.

Platen dimensions (mm ). Maximum over-
all dimensions of the mold platens
Used to determine maximum permissi-
ble mold length.

Minimum and maximum mold heights
(mm). Minimum and maximum heights
(thicknesses) of mold admitted between
platens.

General specifications

Electric motor rating (KW). The power rat-
ing of the electric motor driving the hy-
draulic system

Peak combined power rating (kW). The
power rating of the electric motor plus
the plasticizing barrel heaters’ total peak
power input. If an electric motor is in-
stalled todrive the plasticizing screw, this
motor’s rating must be included in the
peak combined power rating. In actual
practice, the power input varies between
25 and 60% of peak combined power rat-
ing, depending on running rates.

Dry cycling rate. The number of cycles
the machine can perform in 1 min, with
mold installed. but ignoring injection
and plasticizing. The following phases
are performed by the machine during
dry-cycling-rate measurements:

® Mold closing and clamping
® Nozzle-to-mold approach

® Nozzle retraction from mold
® Mold opening

Dry cycle time also includes dwell time.

The machine must have an injection rate
capable of completely filling the part (mold
cavity) after overcoming losses through the
machine nozzle and runner system. Faster
fill can lower part stresses, reduce overpack-
ing, and provide a wider operating window.
In many cases, the reduced packing require-
ments can lower the part weight by 2 to 5%
while dimensional and quality requirements
are still met.

Injection pressure requirements vary
according to application. Some require
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20,000 psi (138 MPa) to adequately inject
the part, whereas others, such as thin walls,
require pressures of 40,000 psi (276 MPa)
just to fill the part. The following example of
a container shows the importance of proper
machine specifications whereby the result
1s a faster cvcle, lower part weight, and less
core shift:

Screw L/D 20:1 23:1
Pressure, psi 20,000 29,000
Injection time, sec 1.0 0.5
Cycle time, sec 8.0 6.5
Part weight, g 22.0 214
Core shift, in. 0.005 0.003
Barrel temperature, °F 500 450

For certain applications, two-stage injec-
tion can offer significant advantages over ma-
chines equipped with a reciprocating screw
extruder. Because the extruder screw and
shooting pot on a two-stage machine are in-
dependent (Fig. 2-6), the screw can be sized
to minimize residence time and the shooting
pot to provide maximum shot control. With a
reciprocating screw extruder (Fig. 2-2), a very
large screw diameter may be necessary to
provide the required recovery. The stroke will
then be only a small fraction of the screw di-
ameter, making shot control very difficult. As
a general rule, a properly sized screw should
be between 1 and 3 diameters long for maxi-
mum control, and never less than % diameter.

To obtain the widest processing latitude
and optimum physical properties of plastics,
an appropriate match of shot size (volume
of cavities plus runners and sprue that so-
lidify) to barrel capacity is very desirable. A
shot weight of 70 to 80% of barrel capacity
is recommended. This minimizes melt resi-
dence time in the barrel, enabling process-
ing at higher melt temperatures with opti-
mum melt flow while avoiding degradation
(Chaps. 3 and 4).

Since the optimum match of barrel capac-
ity 1s not always practical due to clamp re-
guirements or machine availability, shot sizes
as low as 30 to 35% may be used with the
understanding that the processing latitude of
many plastics may be significantly reduced.
As a result, the ultimate physical properties
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of the plastic material will not be fully de-
veloped. When utilizing the lesser barrel
capacities, lower melt temperatures are nor-
mally required to prevent thermal degrada-
tion due to longer residence time in the bar-
rel. Lower melt temperatures mean higher
melt viscosity and more resistance to flow.
Greater injection pressures will be needed to
fill the part, and molded-in stresses may re-
sult that could adversely affect dimensional
stability and other properties of the finished
molded part. Higher utilization of barrel ca-
pacity is recommended to reduce residence
time (Chap. 3).

When calculating optimum barrel usage,
always consider the specific gravity of the
actual plastic vs. the specific gravity of
the material for which the machine was
rated. Most machines are normally rated
in kilograms (ounces) of general-purpose
polystyrene (GPPS). As an example, given
that the specific gravities of PVC and GPPS
are 1.35 and 1.05, respectively, a 1.7-kg (60-
oz) barrel rated for GPPS will deliver 2.2 kg
(77 oz) of PVC, since

1.35
! — =22k
1.7 kg x o g
and
1.35
— =T
6l oz x 105 0Z

A recommended PVC shot weight, includ-
ing sprue, runner(s), and part(s), would then
be 1.8 kg (62 oz) on this machine (2.2 kg =
80% of capacity = 1.8 kg; 77 oz x 80% of ca-
pacity = 62 oz). The shot size should not fall
below 35% of capacity, or 0.77 kg (27 oz). The
clamp capacity is based on the PVC required
(for the specific PVC molding matenal). The
injection molding machine is to have a mini-
mum clamp force of 300 to 400 kg/sq em (2 to
3 tons/sqg in.) of projected part area, including
runner(s) when they solidify in a cold runner
system (Chap. 4).

The clamping and injection ends (plasti-
cizers) of a molding machine are described
and rated separately. Clamp ends are rated
by the maximum number of tons (or MPa)
of locking force exerted. In a fully hydraulic
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machine, the relationship is

Px A
2,000

F =

where F = force (tons or MPa)
P = hydraulic pressure (psi or Pa)
A = area of clamp ram (sq in. or sqcm)

As a general rule of thumb, for typical com-
modity plastic materials. 24 tons of force
may be required for each square inch of pro-
jected area of whatever is molded. The pro-
jected area is the maximum area parallel to
the clamping force (the platens). A part be-
hind another similar part, as in a stacked
mold, does not require extra clamping force
(Chap. 4). For example, a center-gated PS box
10 x 14 in. (140 sq in.) would require a 350-ton
press (140 sq in. x 2.5 tons/sq in. = 350 tons).
The depth of the box is not relevant in deter-
mining the clamping-force requirements, be-
cause the sides are not perpendicular to the
clamping force.

Productivity and People

Instructions for operating machines can be
simply stated by issuing the usual guidelines,
such as these startup procedures (details of
which are reviewed in a preceding section of
this chapter):

® Preset the heat controllers on the barrel
and nozzle.

e Start the machine motor and screw motor
when the heat controllers indicate that the
proper temperature has been reached.

® While the equipment is in manual opera-
tion, close the safety gate and the press to
lock.

® Check tosee that the resin feed hopper gate
is closed, and adjust the flow control valve
down to zero.

¢ Turn the plunger switch to the out posi-
tion. Adjust the flow control valve until the
screw rotates. (If it will not rotate, the heat
has not been on long enough, so shut down
the machine and try again in 10 or 15 min.)

® Asthe screw rotates, open the feed (off and
on) to allow small amounts of resin to feed
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Table 2-13 Causes and solutions of common startup problems

Problem Possible Cause Solution
Nonfills 1. Improper seal. Check for uniform compression (feeler gauge).
2. Gel time too short, Adjust resin mix to lengthen gel time.
3. Air entrapment. Additional air vents required.
Thickness
variation 1. Improper clamping. Stiffen backup member.
2. Excessive pumping pressure. Reduce pressure. Reduce viscosity of resin mix.
Blistering 1. Demolded too soon. Extend molding cycle time.
2. Improper catalyzation. Check resin mix and pumping equipment for

Extended curing

cycle |. Improper catalyzation.

Cracking and
crazing 1. Improper remforcement

content and loading.

b

. Undercure.
. Resin richness.

Lad

accurate catalyst content and disperson.

If using catalyst injection techniques, check
equipment for proper catalyst metering.

Remix resin and contents if two-pot technigue is
being used (agitate resin drum to disperse
inhibitor evenly).

Increase glass content.

Make sure reinforcement is not displaced during
mold closing.

Extend molding cycle time.

Increase filler loading.

into the screw. Watch the screw load, and if
it exceeds 100%, reduce the screw rotation
rate.

® Continue opening and closing the feed
hopper until the machine is pumping well
and the load is holding fairly even.

® Open the feed to the screw, and let it purge
until the melt appears to be consistent
(adjust the back-pressure valve to hold the
screw in the forward position).

* Etc.

However, there 1s more to productivity
than guidehnes and checklists (see Table
2-13). Trained operators are needed. This sec-
tion is a summary of the entire subject.

Today’s emphasis on latest-generation ma-
chinery and space-age controls often makes
the individual seem less important than he or
she used to be. However, the men and women
on the machine lines now have a more impor-
tant role than ever. They add a critical capa-
bility to a line: they give it versatility.

The more one visits plants of all types, the
more one finds that totally dedicated lines
are not as common as might be expected.
In fact, they are the exception rather than

the rule—in the context of the full range of
lines running today. The obvious reason for
the growing emphasis on versatility 1s that
market fragmentation, product proliferation,
and all that they imply are bringing shorter
runs and more variations to most lines in
the typical types of plants making molded
products.

Assuming that you do have a well-
rounded, ongoing training program and gen-
uine, continuing, two-way communication
with plant personnel, ask vourself this ques-
tion: Have you taken time to think of all
possible ways to team the people with what-
ever machines vou have, to add versatility?
For instance, if you are not sure whether
a commitment to a fully automatic opera-
tion will pay off, why not train or retrain a
group of people to team up with a semiauto-
matic loading sequence? For another, do you
make the most of varying the numbers of peo-
ple, to speed up or slow down a given line?
Assume you have a powered belt and two
tables where crew members assemble com-
binations, complete packages, or otherwise
complement the machinery running ahead of
them on the line. Assume you can vary the
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scale A low viscosity materials
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scale B med. viscosity materials
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Fig. 2-67 Diagram for calculating the pressure in a mold from the part thickness, melt flow path, and

melt viscosity.

length” means the longest distance covered
by the material during mold filling, starting
from the injection gate. The projected area
means the area that the part projects on the
vertical plane. The container has a thickness

of (.65 mm and a flow length of approxi-
mately 150 mm. In the diagram shown in
Fig. 2-68, scale A must be consulted, since
PE is a low-viscosity material. From this dia-
gram, it is easy to see that on the basis of the
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Fig. 2-68 Example of a food container and its hid
molded in polvethylene.

geometrical data for the container, 850 bar of
pressure are required in the mold in order to
fill the mold cavity.

The container has a diameter of 108 mm,
corresponding to a projected surface of
92 sq cm. By multiplying that area by the
pressure (820 bar). we obtain a hydrostatic
thrust in the mold of 75 tons, which increased
by 15% gives us a clamping force of 86 tons.
The hd has a thickness of 0.65 mm and a flow
length of 60 mm, which corresponds, again
according to the diagram in Fig. 2-68, to a re-
quired pressure in the mold of 370 bar. With
a projected area of 95 sq cm and hydrostatic
thrust of 35 tons, a clamping force of 40 tons
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will be necessary. Table 2-14 shows a sum-
mary of the data used to calculate the clamp-
ing force for the two moldings in question.

This experimental method of estimating
the specific pressure in a mold has been con-
firmed and proved during a great number of
molding tests using plastics and molds of all
types.

We must point out that such choices, which
until just a few years ago were based only
on the experience of expert designers, can
now be made with greater certainty with the
help of electronic processors and special com-
puter programs (Chap. 9). These mold flow
programs make it possible (much more ac-
curately) to simulate mold-filling operations
and thus calculate various quantities such as
the dimensions of runners and cooling sys-
tems, as well as the necessary clamping force.
The most efficient and quickest way to deter-
mine factors such as clamp tonnage required
1s via CAD programs. The time-consuming
hand—diagram approach has been presented
here as an aid to understanding the basics.

Probably one of the most difficult aspects
of purchasing an IMM, particularly if it is not
for a specific product, is ensuring that that the
quotes solicited from different machine man-
ufacturers are comparable. With the specifi-
cation of complete details, particularly when
unusual requirements exist, the quotes will
be more compatible.

Terminology

Adapter A device for connecting non-
mating parts. Adapters may be used, for

Table 2-14 Guide to determining an IMM suitable to produce the food container and lid

Container Lid

Flow path 150 mm 60 mm
Part thickness 0.65 mm 0.65 mm
Material PE (scale A)
Average pressure in mold, P 820 bars 370 bars
Base circle diameter 108 mm 110 mm
Projected area S 92 sq cm 95 sq cm
Hydrostatic thrust in the mold (P x 5) 75 tons 335 tons
Mold clamping force

(hydrostatic thrust increased by 15%) 86 tons 40 tons
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example, to attach a plasticator barrel to a
nozzle, and a thermal insulator to the nozzle
and the barrel for temperature control.

Air shot (Also called air purge.) Ex-
pelling the contents of a plasticator shot into
the air to study the characteristics of the melt;
usually performed on startup with the mold
in the open position.

Air entrapment Air can be entrapped
and form voids in the melt during process-
ing. This can happen when plastic (pellets,
flakes, etc.) 1s melted in a normal air environ-
ment (as in a plasticator) and the air cannot
escape. Generally, the melt is subjected to a
compression load, or even a vacuum, which
causes release of air through the hopper, but
i some cases the air i1s trapped. If air en-
trapment is acceptable, no further action 1s
required. However, it is usually unacceptable
for reasons of performance and/or aesthetics.

Changing the initial melt temperature in
either direction may solve the problem. An-
other approach is to increase the pressure.
Particle size, melt shape, and melt delivery
system may have to be changed or better con-
trolled. A vacuum hopper feed system may
be useful. Changes in screw design may be
helpful. Usually a vented barrel will solve the
problem.

The presence of bubbles can be due to
air alone, moisture, plastic surface agents,
volatiles, plastic degradation, or the use of
contaminated regrind. With molds, air or
moisture in the mold cavity is usually the
problem. So the first step to solving a bubble,
void, or air problem is to be sure what the
case is. A logical troubleshooting approach
can be used.

Air flotation or felting process Forming
of a fibrous-felted sheet or board from an air
suspension of damp or dry fibers.

Barrel, injection molding, compared with
extruder Anextruder barrel differs from in-
jection molding barrels in several ways. It is
usually longer, with minimum £L/D of 24 and
a maximum of 36 or more. The L/D for the
barrel of an injection molder is usually 18 or
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20, though occasionally as high as 24. (Some
vented barrels have L/D = 32, but the trend
is toward shorter lengths.) The barrel of
an extruder is usually designed to with-
stand lower melt pressures, usually 500 psi
(35 MPa) to possibly 10,000 psi (69 MPa);
that of an IMM 1s designed for 20,000 psi
(138 MPa) as the usual standard and can go
up to 30,000 psi (207 MPa). This means a
thinner wall and eliminates the high-pressure
sleeve or bell end. The extruder barrel. like
the IMM barrel, connects to the die adapter,
but the sealis shghtly different. It has a female
counterbore, just as in the IMM, but the die
adapter has a recess for a rapidly removable
breaker plate.

Barrel inventory The amount of plastic
contained in the plasticator barrel.

Barrel jacket A jacket surrounding the
outside of a barrel for circulation of a heat
transfer medium.

Barrel liner, grooved A liner whose bore
is provided with longitudinal grooves to en-
hance plastic melt flow,

Barrel liner sleeve A cylindrical housing
in which the screw rotates that permits re-
placement when wear occurs.

Capacity (volume) thermoset Due to the
lack of a nonreturn valve on thermoset plas-
tic screws, the swept volume cannot be used
as a measure of the true shot size, since some
material flows back over the screw during in-
jection. The amount of back flow is depen-
dent on variables in both the machine and
the molding material.

Cavity insert, magnetic A means of di-
rect mounting of cavity inserts in pockets in
the platens. Platens are brought together with
clamping force achieved by mutual magnetic
attraction.

Clamping tonnage (force) The maximum
force holding the mold closed between the
press platens. The tonnage required during
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molding is essentially the pressure the plas-
tic melt requires in the mold cavity times the
projected area of melt. The total area at the
mold parting line is based on the area of the
part(s) projected onto a plane at right angles
to the direction of the mold cavity. It includes
runners, sprues, vents, or culls in the mold that
solidify during molding.

Computer-integrated injection molding
(CIIM), in software packages, translates the
results of computer simulation of the mold-
ing of a specific part into machine settings for
specific microprocessor-controlled machines.
CIIM automates the entry of a large num-
ber of set points in microprocessor-controlled
machines and maximizes their efficiency.

Core-pulling sequence Different core-
pulling sequences used by industry con-
tribute directly to improved performance,
flexibility through the interchangeability of
cores, speedier and more efficient machine
design, and lower costs for both the ma-
chinery and molding companies. Examples of
such sequences are as follows:

Sequence A Sequence B
Reset ejector Clamp close
Core-in Cores-in
Clamp close Inject
Inject Cores-out
Clamp open Clamp open
(to adjustable
stop position) Eject
Cores-out
Clamp open
(continue)
Eject
Sequence C Sequence D
Clamp close Clamp close during
Inject cores-in
Clamp open Inject
Cores-out Clamp open during
Eject cores-out
Cores 1n Eject

In sequence A, clamp pre-positioning is
required only with mechanical ejectors. Se-
quence C can only be used with hydraulic
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ejection. Sequence D requires interlock to
ensure CoTes are in proper position prior to
injection or ejection.

Cycle The complete, repeating sequence
of operations in a process or part of a pro-
cess. As an example in molding, the cycle time
(period), is the elapsed time between a cer-
tain point in one molding cycle and the same
point in the next.

Hydraulic gradient The loss of hydraulic
head per unit distance of flow.

Hydraulic line pressure In injection
molding machines, a design compromise be-
tween the highest pressure that can be effi-
ciently generated and used and the highest
pressure that can be safely and surely con-
tained with a minimum likelihood of system
leaks. Itis generally agreed that 2,000 to 3,000
psi 1s most desirable.

Hydraulic press A press in which the
molding force is created by the pressure ex-
erted by a fluid.

Injection pressure, actual The maximum
pressure based on reading a pressure irans-
ducer recording the melt pressure in the for-
ward end of the plasticator while the IMM is
operating.

Injection pressure, theoretical The maxi-
mum theoretical pressure (psi or MPa) of the
screw against the plastic melt, assuming no
loss of pressure due to frictional drag of the
SCTEW.

Injection rate The maximum rate of dis-
placement of the injection screw (cu in./sec
or cu cm/sec) when the IMM is operating at
maximum injection pressure,

Injection rate, adjusted An injection rate
adjusted in stepless control between the max-
imum and minimum injection pressure rates.
The purpose is to provide proper filling of
the cavity or cavities. Such schemes are usu-
ally classified as fast—slow-fast fill, slow-fast
fill, etc.
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Inlay or overlay molding The application
during or after molding,

In-mold decorating Decorating the plas-
tic part while it is being molded. Decoration
includes printed film or foil that may be ther-
moformed; it may be inserted in the mold
manually or automatically (Chap. 15).

In-mold operation Performing opera-
tions such as decorating, assembly, painting,
labeling, and/or lamination in the mold usu-
ally can result in cost savings compared to
postmold operations, Some part designs re-
quire materials that donotshare any adhesive
properties. In these cases, in-mold assembly
not only allows use of such incompatible ma-
terials but also facilitates molding parts with
movable joints in a single fabricating step.
With plastic labeling that includes thermo-
formed film, there 1s a possibility of adding
strength to the product so that a thinner wall
can be molded.

Insert molding Also called molded in-
sert. A process by which components such
as pins, studs, terminals, and fasteners may
be molded in a part to eliminate the cost
of postmolding. Considerable stresses can be
set up in such thermoplastic parts. To relieve
those stresses, allow parts to cool slowly dur-
ing molding and/or provide for oven cooling
or annealing after molding.

Insert, open-hole An insert with a hole
completely through 1it.

Insert, threaded mechanical A self-
threading metal insert with an exterior
locking device for anchorage in the part
to be joined. The threaded interior of the
insert allows for repeated assembly and
disassembly. Threaded mechanical inserts
provide high-strength joining of plastic parts
with low stresses.

Intensification ratio The ratio of the in-
jection pressure to the pressure of the hy-
draulic flmd (line pressure). It 1s numeri-
cally equal to the cross-sectional area of the
hydraulic cylinder that actuates the screw
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or plunger divided by that of the screw or
plunger itself.

Intrusion For the molding of heavy sec-
tions or when the shooting capacity of the
machine i1s not adequate, intrusion mold-
ing is used, in which the screw runs con-
tinuously, filling the cavity directly,. When
the cavity is filled, a cushion i1s extruded
in front of the plunger (screw), which then
comes forward to supply the needed injection
pressure.

Jet method A processing technique in
which most of the heat is applied to the plas-
tic as it passes through the nozzle, rather than
in a heating cylinder as in conventional injec-
tion molding.

Jetting The turbulent flow of plastic from
an undersized gate or thin section into a
thicker mold cavity, as opposed to the usually
desired laminar flow of plastic progressing ra-
dially from a gate to the extremities of the
cavity. Melt spurts without wetting the walls
near gate into the large unrestricted area of
the cavity at high injection speeds. Results
include ripples on surfaces, nonuniform den-
sity, unwanted stresses, etc. Corrective action
usually requires reducing the injection rate
by enlarging the gate or relocating it away
from the open area.

Line downstream That portion of a fabri-

cating line where the molded product leaves
the IMM.

Line upstream That portion of a fabricat-
ing line that has not yet entered the hopper
of the IMM.

Machine locating ring A ring on the
platen that serves to align the nozzle of the
plasticator cylinder with the entrance of the
sprue bushing in the mold.

Machine melting capacity The amount of
a plastic that can be melted per hour by
the machine under specified operating con-
ditions.



2 Injection Molding Machines

Mold, cold slug The first thermoplastic
melt to enter an injection cold runner mold,
so called because in passing through the sprue
orifice it is cooled below the effective mold-
ing temperature.

Mold, cold slug well Space provided di-
rectly opposite the sprue opening in an injec-
tion mold to trap the cold slug.

Mold, combination A mold that has both
positive portions (ridges) and cavity portions,
such as a refrigerator door liner.

Mold, cored A mold incorporating pas-
sages for clectrical heating elements, water,
steam, etc.

Mold core pin (1) A pin used to produce
a hole in a mold. (2) In injection blow mold-
ing, the internal rod used to hold the inside of
the preform. This rod also retains the plastic
melt during the injection molding steps as it is
transferred through the cycle. Also, the blow-
ing pin where air or other blowing medium
blows through the channels cut in the center
of the core rod to expand the preform in the
blowing mold.

Mold core-pulling sequence The SPIrec-
ommended core-pulling sequences as fol-
lows: (1) Sequence A (clamp pre-position
only required with mechanical ejector): re-
set ejector, core-in, clamp close, inject, clamp
open (to adjustable stop position), cores-out,
clamp open (continue), and eject. (2) Se-
quence B: clamp close, cores-in, inject, cores-
out, clamp open, and eject. (3) Sequence
C (can only be used in hydraulic ejection):
clamp close, inject, clamp open, cores-out,
gject, and cores-in. (4) Sequence D (requires
interlock to ensure cores are in proper po-
sition prior to injection or ejection): clamp
close during cores-in, inject, clamp open dur-
ing cores-out, and eject.

Mold, double-cavity A mold possessing
two cavities for the simultaneous fabrication

of two parts.

Motionless mixer See Staric mixer.
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Nozzle The orifice-containing end of the
heating barrel that connects the injection unit
to the mold through a platen.

Nozzle, conventional A nozzle with a
straight hole leading to the screw bushing.

Nozzle dispersion disk mixers Melt-
distributive and -dispersive mixing devices of
various shapes and sizes, installed between
the endcap-nozzle adapter and the nozzle tip.
They can be actual circular disks and can have
holes through which the melt can pass. Due
to the resulting increase in shear, they tend
to be used with low-viscosity plastics. Color
change usually requires changing the mixer to
ensure that there will be no contamination.

Nozzle drooling Leakage from the noz-
zle or from the nozzle area, during the injec-
tion step, into the mold: an undesirable situ-
ation to be corrected. May be due to plastic
becoming trapped between the nozzle tip and
mold bushing.

Nozzle, extended A nozzle with an ex-
tension that penetrates into the mold and
shortens, or eliminates the need for, a sprue
bushing.

Nozzle freezeoff The solidification of
melt in the nozzle orifice (opening), prevent-
ing the transfer of melt from the plastica-
tor to the mold. Solutions to the problem in-
clude removing contaminated material from
the nozzle, raising the gate mold temperature
if a controller is used, increasing the mani-
fold temperature, increasing the melt temper-
ature, reducing the cycle time, and opening
the nozzle orfice.

Nozzle gate A valve incorporated in a
nozzle to prevent leakage from it.

Nozzle plates, dispersion plug Two perfo-
rated plates held together with a connecting
rod, which are placed in the nozzle to aid in
the dispersing a colorant or other additive in a
plastic as it flows through orifices in the plates.
Their use is a remedy when proper mixing
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does not occur during conventional injection
molding.

Nozzle pressure control During the ini-
tial mold filling of the cycle, high injection
pressures may be needed in order to maintain
the desired mold filling speed. Once the mold
is filled, this high pressure may not be neces-
sary, or even desired. If a second-stage hold-
ing pressure is required, then a signal which
mitiates the changeover must be generated.
Changeover at the velocity pressure transfer
(VPT) point may be set, or triggered in vari-
ous ways. The device for doing so is called a

nozzle pressure control (NPC) or melt pres-
sure control (MPC).

Nozzle,shutoff A nozzle whose tip is part
of the mold cavity, thus feeding material di-
rectly into the cavity, eliminating the need
for sprue and runner system. The nozzle be-
comes the mold gate.

Nozzle, retraction stroke The maximum
stroke of a mechanism (usually a hydraulic
cylinder), used to separate the injection unit
from the bushing of the mold for cleaning
and/or purging purposes.

Nozzle temperature control To provide
improved melt flow control with certain ma-
chines (such as those using long nozzles) and
plastics (such as heat-sensitive types). tem-
perature control of the nozzle is used.

Offset method A specialized adaptation
of injection molding that permits the use
of incompletely cured thermoset plastics by
heating only one small charge at a time, heat-
ing it just enough to make the plastic melt,
using very high pressures for injection, uti-
lizing the heat of compression and friction
heat developed during injection, and finally
adding heat only as the plastic passes through
the nozzle.

Operation, automatic A machine oper-
ating automatically will perform a complete
cycle of programmed molding functions
repetitively and stop only in the event of a
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malfunction on the part of the machine or
mold, or when it is manually interrupted.

Operation, semiautomatic A machine
operating semiautomatically will perform a
complete cycle of programmed molding func-
tions automatically and then stop. It will then
require an operator to manually start another
cycle.

Packing time The amount of time that
packing pressure in the mold cavity(s) is

maintained by the screw until the gate freezes
off.

Plasticating The melting or plasticizing
of the plastics in the injection barrel prior to
injection in the mold.

Plasticating performance test The SPI
Injection Molding Division guideline bulletin
on plasticating performance recommends a
performance test procedure for screw IMMs,
The purpose of this test is to define a uni-
form comparative method of rating the plas-
ticizing (plasticating) rate of a screw IMM.
It not intended to provide an absolute rat-
ing of the capacity of the device in any given
situation or material, but rather provides a
means of comparing the performance of one
machine with another under certain specified
situations and materials.

Plasticating vs. shot size Selection of the
machine screw size usually depends only on
the maximum shot size, but the plasticating
ability can also be important. It is usually in-
correct to assume that the screw’s plasticat-
ing ability remains the same regardless of the
shot size being used. As an example, when
the screw reciprocates in preparing the melt,
that may be 25 or 90% of shot capacity; thus,
a portion of the screw feed section loses its
ability to influence plastication.

Plasticizing capacity The amount of plas-
tic that can be melted, homogenized, and
heated to processing temperature in the bar-
rel, per unit of time (pounds or kilograms
per hour). If the plasticizing capacity is too
low in relation to the shot size required, the
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chances are that the injected plastic will not
vet be completely molten, whereas too high
a capacity may result in thermal degradation
of the plastic due to excessively long barrel
dwell times.

Plasticizing, continmous The maximum
capacity of a screw unit for continuous plas-
ticizing is generally expressed as weight per
hour and calculated from the recovery rate
for thermoplastics. The interplay of many ma-
chine design and matenal variables, particu-
larly screw design and back-pressure condi-
tions, has made it impractical to establish any
standards for plasticizing capacity and recov-
ery rate for thermoset IMMs.

Plate, dispersion plug See Nozzle plate,
dispersion plug.

Plunger In the plunger machine (as op-
posed to the screw type), the material is fed
into the heating barrel [Fig. 1-19(a), (b)]. The
plunger or ram forces the material through
the cylinder, where it is heated by conduc-
tion from the barrel wall. As the material is
forced forward, it passes over a spreader, or
torpedo, within the barrel, which causes mix-
ing. The plunger continues to force the ma-
terial through the nozzle and into the mold.
Different designs or versions are used with
this basic concept of the plunger IMM, in-
cluding combinations with screw types.

From the introduction of injection mold-
ing of plastics (1872) until the 1960s, this
was practically the only method used. With
the development of the screw-type injec-
tion molding machines during the 1960s, the
plunger method practically became extinct
worldwide. Itis now used only in special cases
such as processing thermoplastics unmeltable
in screw machines; 1ts main use is with special
thermoset bulk molding compounds (BMCs)
to produce parts of certain sizes or shapes.
However, BMCs are also processed in screw
machines.

Plunger prepack Prepacking, also called
stuffing, 1s a method that can be used to in-
crease the volumetric output per shot of the
injector plunger unit by forcing additional
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reinforced plastic material into the heating
barrel by means of multiple strokes of the
injector plunger (only in plunger-umt-type
IMMs).

plunger pre-position The positioning of
the injection plunger, by either limit switches
or pressure switches, so that total travel dur-
ing injection is reduced. The primary purpose
is to reduce the overall ime by eliminating
unnecessary plunger travel time during injec-
tion.

Pressure The injection molding pressure
applied to the injection screw (or plunger) to
force the melt from the barrel into the mold
(psi or MPa).

Pump, high-volume A hydraulic pump
used to pump a large volume of oil quickly
into the injection cylinder during injection of
the melt.

Pump, low-volume A hydraulic pump
used to maintain pressure on the plastic until
the gate(s) freeze.

Pump, positive displacement A pump
which displaces hydraulic fiuid at a constant
rate over a wide range of conditions with no
internal losses.

Pump, variable displacement A hy-
draulic pump whose output can be varied us-
ing electrical controls.

Rifled liner A liner whose bore is pro-
vided with helical grooves.

Rotating spreader A type of injection
torpedo (for an injection molding plunger
unit) that consists of a finned torpedo rotated
by a shaft extending through a tubular injec-
tion ram behind it.

Rotometer A type of flow meter, often
installed in the water lines, used to set water
flow rate in the control of temperature of
water-cooled molds or hydraulic oil. Flow is
through a vertical transparent tube marked
with a scale. A ball-shaped float (or other de-
vice) is inside the tube; it moves up and down
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according to the water flow rate. Rotometers
are also used to control airflow (around the
mold and elsewhere).

Safety block A spacer or other device
mn any machine that prevents movement of
a member either under its own weight or
through the actuation of a movement control.

Safety emergency stop devices An
emergency stop device can operate me-
chanically (trip rod, button, cord, drop
bar, etc.), hydraulically, optically, electri-
cally/electronically, or by any other means
that when activated will stop the machine
immediately without contact or injury of
people and products.

Safety gate and screen guards Movable
barriers allowing the operator of equipment
safe access to a fabricating area, such as
the mold. When these barriers are moved
or removed, the equipment will not operate
until they return into the equipment’s op-
erating mode. Mechanical, electrical, and/or
hydraulic interlock devices are used to inter-
rupt operating circuits when the barriers are
opened.

Safety glass Used on equipment requir-
ing transparency with high performance re-
quirements, safety (shatterproof) glass 1s a
composite (laminate) consisting of two or
more sheets of plate glass (usually tempered
glass, flat or curved) with an interlayer of
polyvinyl butyral plastic 0.20 to 0.40 in. (0.51
to 1.0 cm) thick between each adjoining pair
of glass plates. The plastic, bonded (via an
air-evacuated or -restricted heating system)
to the glass, virtually eliminates shattering of
the glass upon impact. This glass—plastic com-
posite has been used in automobile windows
since the 1930s.

Safetyinterlock A safetydevice designed
to ensure that equipment will not operate un-
il certain precautions are taken and set on
the equipment.

Safety machine lockouts Proper lock-
ing out of a machine—for example, discon-
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necting the electrical circuit before starting
repairs—protects the maintenance worker
from accidental startups that could cause se-
vere injury. Procedures are set up for lockout
of a machine’s electrical, hydraulic, and me-
chanical circuits. The National Safety Council
recommends the following steps for proper
lockout: (1) shut off all possible switches at
the point of operation; then open the main
disconnect switch; (2) snap your own lock
on the main disconnect switch box, such as
a padlock to which only you have the key;
(3) check the lockout device and safety inter-
lock to make sure the switch cannot be op-
erated; (4) place a name tag on the shank of
the lock to indicate that the machine has been
locked out by you; (5) notify the supervisor
when repair work has been completed so that
the lock can be removed; and (6) take off the
name tag and remove the lock.

Safety mechanism A device intended to
prevent accidental actuation of tools,

Safety stop bars/devices In injection
molding machines each movable platen has a
mechanical safety stop bar or equivalent de-
vice. By its mechanical and physical action it
will not permit a movable platen with its mold
half to move. The platen remains in the open
position until the machine i1s ready to operate
with all safety interlocks properly set. Also
called a drop bar.

Screen pack A device to permit trouble-
free use of recycled plastics by protecting sen-
sitive mold cavity surfaces against damage
from foreign particles. It can be mounted be-
hind the nozzle or up against the nozzle side
of the stationary platen. A screen pack is also
used with virgin plastic to ensure the melt
is not contaminated with microscopic metal
particles, or the like in an inefficiently oper-
ating IMM.

Screw See Chap. 3 for details.

Screw decompression The aim of screw
decompression (also called suckback) is to
decompress the plastic melt with the plas-
ticator (injection unit) after the injection
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pressure stroke completes the mold filling.
The screw 1s pulled back toward the hop-
per, eliminating drooling of the melt from the
nozzle.

Screw pulling The screw can be removed
from a barrel manually, which can be diffi-
cult and time-consuming, or it can be pushed
out of the barrel automatically (hydraulically,
ete. ).

Servo control A control in which the
principal objective is to follow a reference
value that varies with time. With closed-loop
servos and digital interfaces, faster flow of
more information is achieved between the
motion controller and the motors. This infor-
mation allows for more precise adjustments,
higher speeds, better repeatability, and bet-
ter performance. The results are larger output
(reduced cycle time, etc.), improved quality,
and more predictable processes.

Servo-control-drive reliability Some ser-
vo drives have mean time between fail-
ures measured in decades. Proven reliabil-
ity means vears of machine uptime. Servo
systems with brushless ac servo motors and
solhid-state drive control can provide ex-
tremely high reliability rates even in the most
demanding environments. All-digital servo
systems can pinpoint a fault for the short-
est possible mean time to repair. By replac-
ing mechanical line shafts and other gear-
train assemblies, servos provide for simpler
mechanical systems, reducing the mechanical
complexity of a machine design.

Servo drive The use of ac rather than dc
power for servo drives allows for greater con-
sistency and repeatability through the mold-
ing cycle. The arrangement can result in po-
sitioning accuracy of +0.1 mm.

Shot The amount of material fed into the
mold for each cycle of a complete molding
operation.

Shot, short Lack of sufficient plastic in
the mold during injection molding to mold
the desired part.
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Shot size The amount of plastic that the
IMM injects into a mold during one injec-
tion stroke. Shot sizes range from milligrams
to hundreds of pounds. The usual range is
from a few ounces to 10 1b. Superlarge IMMs
have been built. Examples include the three-
platen, four-tiebar, 10,000-ton IMM built by
Bilhon of France, with a conventional cen-
tral hydraulic clamping unit and a shot size
of 390 1b (177 kg), using three injection units
[100 ft (3[1% m) long with 16-by-8-ft (5-by-
2% m) platens]. Husky of Canada has pro-
duced a two-platen, eight-tiebar, 8,800-ton
IMM with a clamping cylinder on each tiebar
and with a shot size of 140 1b (64 kg), using
single (200-mm screw diameter) or dual (170-
mm) injection units [1.8 by 1.5 ft (.6 by .5 m)].

Shot size capacity The maximum weight
or volume of plastic which can be displaced
or injected in a single stroke. When consid-
ering the shot size, the proper selection of
screw diameter and L/D is critical to the
manufacture of high-quality parts at econom-
ical cycle times. Generally 25 to 60% of a four-
diameter full stroke on a 20/1 L/D screw is
considered a good operating range when the
recovery time is approximately 50% of the
overall cycle, and given a screw-barrel com-
bination with proper design to melt and mix
the succeeding shot.

Shrinkage and tolerance With proper
IMM process control and control of the plas-
tic to be used, repeatable close tolerances are

achieved (Chap. 5).

Silicon-controlled rectifier (SCR) A
motor-drnive speed control system that con-
trols the speed of a dc current motor by use
of rectified pulses of power.

Sprue break After injection and screw
decompression (suckback), the nozzle may
be moved back from the mold sprue bushing
to give asmall gap during the period when the
mold is opened. The process is called sprue
break.
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The injection end performs two basic func-
tions. First, it melts the plastic pellets and de-
posits the melt in front of the screw in the
barrel, ready for injection. The controls used
to perform this task include:

® Heat profile on the barrel (the temperature
settings of the various heat zones)

® Screw rpm (the speed of screw rotation)

® Screw torque (the torque used to rotate the
SCTew)

® Screw stroke (the distance the screw pumps
back for the desired shot size)

® Back pressure (the amount of pressure
required by the screw to pump the melt
through to the front of the screw)

The second function of the injection end
is to inject the melted resin into the closed
mold. The controls for this function include:

® [njection pressure (the hydraulic pressure
applied to the melt during mold filling)

® Holding pressure (hydraulic pressure ap-
plied after the mold is full to control pack-
ing of the cavities and shrinking of the
molded pieces)

® Injection speed (the rate at which matenal
is forced into the mold)

¢ Programmed injection (a way to vary the
injection speed in stages during filling)

A nonreturn valve is also needed to ensure
accurate and efficient injection. Although
this device is not considered to be a control,
the absence of such a valve would result in
inefficient operation.

Other controls required for the injection
function include:

® Shutoff nozzle (sometimes used to prevent
melt from drooling out of the nozzle)

® Decompress (suckback) control (a way to
hvdraulically pull the screw back into posi-
tion after the next shot is prepared, which
helps eliminate drool)

® Sprue break (a method of pulling back the
nozzle from the sprue bushing after injec-
tion to prevent nozzle freeze-off)

The controls to be mastered for efficient
injection-end function are numerous, but the
rewards of proper adjustment are great in
terms of both part quality and the efficient
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cycle times that can be achieved. Knowledge
of these various controls and how they inter-
act to produce high-quality parts and efficient
speedsis the heart of injection molding exper-
tise (Chap. 7).

In many cases, controls can be retuned
to shorten injection molding cycle times by
15 to 35%. A lack of knowledge and ex-
perience regarding control of the injection
end is costing molders a lot of money, stem-
ming from inefficient control setup, improp-
erly conditioned and heated melt, and actual
abuse of the clamp and mold equipment as
machine operators experiment in an attempt
to obtain better cycle times.

Itis not an unusual practice toinstall a mold
from a 10-year-old machine in a new piece of
equipment. It is also not uncommon to use the
mold-run information from the old machine
to set up the new machine because 1t 1s quick
and easy—or so it seems at first.

Generally speaking, the screw in a 10-
yvear-old machimne 1s not as efficient as the
screw commonly found in today’s state-of-
the-art equipment. The heat profile required
to run the mold in the old machine is usu-
ally much higher than 1s needed for the new,
more efficient screw; hence, relying on the
old mold-run data sets the melt temperature
in the new machine hotter than it needs to be
(Chap. 2).

As a result, the quality of the melt suffers.
A high-quality melt has a uniform tempera-
ture throughout its mass. Because most plas-
tics change in viscosity as the temperature
changes, a melt without a uniform temper-
ature profile is not going to flow readily into
the mold and produce good parts.

Use of old mold-run data not only resultsin
a higher than needed temperature; it also pro-
duces an uneven melt, as the more efficient
screw processes the plastic through the barrel
at a generally faster rate than was achieved
on the older machine.

Plastics Melt Flow

To meet part guality and performance
requirements, it 1s best to understand the
molding process and, in particular, the heart
of the process: plastic melt flow (57). The



3 Plasticizing

general science of flow is called rheology
(Chap. 6). Rheology started many centuries
ago, but a major landmark was the discov-
ery of Poiseuille’s law in the mid-nineteenth
century. Poiseuille, who was interested in the
flow of blood in the human body, found that
the quantity of water flowing through a tube
increased directly with the fourth power of its
diameter and directly with the pressure. Also,
the quantity decreased with increased viscos-
ity and length of the tube. Years later, at the
turn of the century, a man named Bingham
developed the science and coined the name
from the Greek “rheos.” flow. It relates to
the factors that influence flow in the injection
molding process.

Flow of the plastic melt into the cawvity
of the mold affects the characteristics of the
molded part as much as do the mold, the de-
sign geometry of the part, and the selection
of the plastic itself. Flow affects orientation,
warp, surface finish, strength, etc. It is neces-
sary to control the flow of the melt into the
cavity to control the process and make re-
peatable characteristics of the finished part.

Factors that influence flow are:

¢ Flow distance

¢ Wall thickness—cubed!

® (Charactenstics of the matenal

e Melt temperature

® Mold temperature and cooling rate (skin
formation)

e Pressure

The mathematics of equating these factors
has been worked out for some time, but un-
til the arrival of computer programs, it was
not extensively used because of its complex-
ity. Now that it is practical to determine these
factors and provide the conditions that can
make the molding process optimum and re-
peatable, improvements can be accomplished
in quality, cost, product design, and future
planning.

Flow distance The geometry of the shot
needs to be divided up into flows. When the
path of the melt divides (as when the sprue
intersects with the main runner or the main
runner branches into subrunners, or when
using more than one gate), a number of
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flows are distinguished. Each flow then is di-
vided again into sections, or elements. These
sections each have a channel shape—round,
rectangular, tapered, for instance. Each sec-
tion also has a specific wall thickness, width
(or diameter), and length (distance). If the
wall thickness changes, or the type of chan-
nel, another section is created. The width may
change without a change in section, however,
The volume of the section is determined and
an average, or equivalent, width 1s used.

The gates are located intuitively prior to
laying out the mold plan. Then, after the pro-
gram is run, if the flows are found not to bal-
ance, the gates can be relocated again and
again and new layouts made until a balance
is obtained. It is so much less work and ex-
pense to do this on a computer that doing it
by trial and error in steel should be a thing of
the past.

In a like manner, sprues and runners can be
sized to an optimum diameter and distance.
Also, the economics of having a hot run-
ner can be evaluated with more confidence

(Chap. 4).

Wall thickness One of the early discover-
ies in the science of rheology was the impor-
tance of the thickness or diameter of the flow
channel. In injection molded parts, the wall
needs to be uniform and thick enough to flow,
but thin enough to cool and stay fluid. Know-
ing what this thickness should be from the
processing standpoint, therefore, is a major
consideration when designing a plastic part.
The designer usually considers thickness for
strength and economy, but with knowledge
from the processing standpoint, he or she can
further optimize the wall thickness.

Characteristics of the material Every ma-
terial has its own ability to be heated, moved,
and cooled. This 1s caused by the physical
characteristics of the polymer, which in turn
depend on the molecular size, type, and con-
figuration. The facihty with which heat moves
from one point to another in a body is called
thermal diffusivity. It 18 measured by the
thermal conductivity divided by the prod-
uct of the density and specific heat at con-
stant pressure. The thermal conductivity and



156

specific heat vary with temperature, so the
measurements needed for calculating flow
are the values at melt temperature. The val-
ues published in the data files are at room
temperature, so special values need to be ob-
tained. Flow analysis software programs have
a library of these rheology numbers for some
materials, and some can be obtained from the
manufacturers.

Viscosity is a concept that needs effort to
understand. Molders know plastics are “hard
to push.” Viscosity, the resistance to flow is
the opposite of fluidity. We know there is
a temperature or a transition temperature
range where the material softens enough to
flow. There are a freezing temperature and a
no-flow temperature. But plastics have an ad-
ditional behavior that makes their viscosity
change more than that of normal matenals.
This i1s the variation with shear rate. Shear
rate is essentially fill speed. Each material,
having its own molecular characteristics, has
a specific viscosity vs. shear rate curve.

So each material responds in its own way
to changes in temperature, pressure, and fill
speed. The rheology numbers in a typical
computer flow analysis program are:

1. Thermal conductivity (J/m-sec-"C)
. Specific heat (J/kg-"C)

Density (kg/m?)

Freezing temperature (“C)
No-flow temperature ("C)
Viscosity factor

Shear factor

% N oA R W

Temperature factor

Shear rate (filling speed) The velocity of
mjection is one of the most critical controls
in the molding process. This is because the
viscosity of the polymer reduces dramatically
with increasing injection rate. A maximum 1s
reached whereby further increases in speed
only use excess energy, and the optimum is at
the lower fill rates. When the fill is too slow,
small variations in speed will cause large van-
ations in viscosity, which cause irregularities
in the process and resultant shot.

It i1s very important to fill the cavity using
volume as the cutoff and making sure the ma-
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chine is using enough of its pressure capabil-
ity to assure a uniform fill rate from shot to
shot. The fill rate used should be an optimum
rate for the material and the job. This rate
can be found experimentally with successive
tryouts, but can also be estimated from a com-
puter program.

Melt temperature Flow needs a melt with
a consistent and homogeneous temperature.
Itis affected more by shear-rate changes than
by small temperature changes, but neverthe-
less the desired temperature needs to be con-
trolled and held constant. At least half the
heat is provided to the material by the me-
chanical work of the screw, so the tempera-
ture needs to be monitored on a regular basis
by using a preheated needle pyrometer in an
air shot.

Mold temperature and cooling rate The
cooling of the shot, if not planned carefully,
can cause many problems. Skin formation af-
fects the flow. The cooling rate affects the
cycle time. The appropriate temperature for
the mold depends on the polymer, geometry
of the shot, fill rate, and characteristics re-
quired in the finished part, The mathematics
involved for the skin formation are propri-
etary for each flow analysis program and are
well-kept secrets.

The water lines in the mold are difficult if
not impossible to change once the mold is
built, so here is a place where heat-transfer
technology can be used to great advantage
during the tool design. The computer ana-
lysts who provide these cooling layouts can
provide both reduced cycle times and quality
Improvements.

Pressure Thisis the molding foreman’s fa-
vorite! When something changes in the oper-
ation, raise (or lower) the injection pressure;
the results are immediate. These changes of-
ten overcompensate and have a whipsawing
effect on the process, making it difficult to get
back to normal operation.

The injection pressure is leveraged at least
10 times, and lately machine cylinders and
screws have been built to produce 20 and
30 times the injection pressure. Then there
1s a pressure drop as the melt passes through
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Poor sliding on the screw surface can be
caused by melted material sticking to the root
of the screw channel or the sides of the flights.
This is caused by heat traveling back from the
hotter front portion of the screw. Most often,
this occurs when the machine is allowed to
stand unused. This problem can sometimes
be cleared up by inserting larger pieces of
plastic, like tabs or sliced-up parts, directly
into the feed throat. This requires that the
hopper be removed and caution exercised to
keep hands out of the screw. The larger pieces
will usually clean the melted matenial from
the feed section enough, so that the pellets
can do the remainder of the job. In extreme
cases, this can also happen while the screw
1s turning if high frictional heat generated in
the front is conducted back to the feed sec-
tion, melting the plastic on the screw. In that
case, the continuous supply of cold unmelted
pellets cannot continually clean the melted
material from the screw surfaces of the feed
section. This can be remedied by water cool-
ing the screw in the feed section.

Improvement in feeding is enhanced by in-
creasing friction between the plastic and the
barrel inner surface. As mentioned before,
axial grooves in the inside wall of the barrel
feed section will yield very high resistance to
circumferential sliding and provide excellent
solids conveving. This is not required except
in extreme cases, such as processing HDPE.

The only significant control the operator
has over feeding is the temperature settings
in the rear of the barrel. These barrel temper-
atures can play an important role in the feed-
ing characteristics of a screw—barrel-material
combination. The goal is to set the tempera-
tures to maximize the frictional force of the
solid plastic against the inner wall of the bar-
rel. This will inhibit sliding and promote feed-
ing. If the temperature 1s too low, the fric-
tional force will be too low and slipping will
occur. If the temperature is too high, the solid
will melt and will shide easily along the very
fluid plastic, resulting in poor feeding. To aid
in mixing and melt uniformity, barrier screws
can be used.

This phenomenon is shown in Fig. 3-5
which describes a hypothetical resin. The
resin feeding occurs at the point of maximum
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Fig.3-5 Hypothetical plot of solid-plastic friction
coefficient vs. barrel temperature.

friction, point C on the graph. At this point,
the melt film 1s sufficient and has high enough
viscosity to cause sticking on the barrel sur-
face. At point A, the inner surface of the bar-
rel is not hot enough to form sufficient melt
to cause sticking. At point B, the barrel is
too hot, causing the melt to have a lower vis-
cosity, with resultant easier circumferential
movement and poorer feeding. All this also
explains why feeding is sometimes improved
by raising barrel settings and sometimes by
lowering them. Of course, the hypothetical
situation is only good for one situation in-
volving a certain screw speed, resin and lot,
operating pressure, and other parameters.

Material effects The form of the material
entering the feed hopper or feed section has
an effect on processing success. Powders and
fluffy regrinds, for instance, generally lead
to more feed and processing difficulties than
pellets, cubes, and heavier regrinds. The bulk
density of the feed material determines how
effectively the screw’s feed flights are filled
and how well the extrusion (injection plas-
ticator) process can then commence. Most
low-bulk-density regrinds and some powders
(especially filled powders) will not readily
flow down the hopper and through the feed
throat to fill the feed flights adequately. When
hopper flow problems are evident, special
material-forcing devices, such as compact-
ing screws in the hopper and/or feed throat,
sometimes are used to ensure a filled screw
feed flight. Alternatively, the materials that
cause feeding difficulties can be pelletized or
otherwise densified on other equipment to al-
leviate feed difficulties and hence processing
inefficiencies on the production extruder.
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including a screw redesign, a barrier type of
screw, higher heat in the rear, or lower screw
speeds and output.

Compaction and elimination of voids In
the transition section, the polymer changes
from compacted pellets with air spaces be-
tween to melted polymer without air bub-
bles. Usually, the bulk density of the resin
at the feed throat i1s about one-half that of
the melted resin without voids. The transi-
tion zone accomplishes this change by using
a compression ratio of 2: 1 or greater. A typi-
cal compression ratio for olefin materials 1s 3
to 4:1 for a conventional single-stage meter-
ing screw., If the compression ratio 1s too low,
the possibility of air entrapment exists.

If the compression ratio is too high, the
possibility of solid blocks is greater because
the screw may not be able to melt the plastic
as fast as the deeper feed section is deliv-
ering it to the transition. High compression
can be obtained by decreasing the meter-
ing depth or increasing the feed depth or
some combination of both. Usually, machine
manufacturers will obtain high compression
by reducing the depth of the metering sec-
tion. This also makes the transition shallower
and creates greater shear, mixing, and fric-
tional heat. If the high compression is ob-
tained by deepening the feed section, a cooler
running screw will probably result. Natu-
rally, the reverse applies to low-compression
screws obtained by a deeper meter or shal-
lower feed section. A low-compression screw
having both shallow feed and meter will
run hot.

Pressure buildup The transition zone also
forces material to squeeze mnto a smaller
space and thereby builds pressure. The more
severe the transition or greater the volume
change, the greater the potential for build-
ing pressure. In most single metering screws,
the greatest pressure along the entire screw
length occurs at the end of the transition or
the beginning of the meter. This is particu-
larly true of screws with long metering sec-
tions or high compression ratios. Pressure at
the face of the parison die is zero, and as you
go back upstream from that point, the pres-
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sure usually increases to a maximum at the
discharge end of the transition.

Metering Section

The metering section controls the output
of a properly designed and operated mold-
ing screw. The term “metering” comes from
the 1dea of a constant-depth section metering
out a smooth and exact amount of plastic. The
concept 1s much like a mechanical gear pump
metering out oil or any other fluid in precise
and constant amounts. The modern metering
screw does a good job of this, if properly de-
signed. The metering section should accom-
plish at least the first of the following: (1) me-
tering a uniform output, pressure, and melt
temperature; (2) some final melting; (3) melt
refinement; and (4) pressure holding in the
barrel.

Metering The output of a metering screw
i1s fairly predictable, provided everything else
1s under control.

Many designs have long metering sections
in order to provide the maximum benefit of
damping pressure, temperature, and output
surges. The metering section can do some of
this, but it is best to remember that these
surges were created before the metering
section.

Uniformity of output is most critical in
molding operations. Here any variance of
output rate, temperature, or pressure can
cause changes in the melt front. In operations
using accumulators or reciprocating screws,
uniformity is still important but not quite as
critical. Usually, a variation of output (surge)
will be accompanied by a variation in melt
temperature and quality. This nonuniform
mass 1s stored in the accumulator or barrel
front and then shot.

Final melting is usually done in the me-
tering section. It 1s here that the screw is
the shallowest and most efficient in melting
the smaller unmelted particles that are
suspended in the molten polymer. Frictional
heat i1s highest here, as can be seen by the
formula for shear rate shown below.
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Shear rate Most of the energy that a screw
imparts to the plastic material is by means of
shear. The plastic is sheared between two sur-
faces moving in relation to each other. These
surfaces are the barrel inner wall and root of
the screw. The rate of energy imparted to the
plastic increases as the shear rate increases.
The shear rate increases as the relative speed
of the two surfaces increases and the distance
between the surfaces becomes less. Knowl-
edge of the shear rate can be useful when
there are problems with excessive shear caus-
ing high melt temperatures and burning of
heat-sensitive matenals. Low shear rate can
cause poor mixing, low melt temperatures,
and unmelted material. The actual shear rate
at any single point along a screw can be cal-
culated using the following formula:

DN

SRl

19.1A

where § = shear rate (reciprocal seconds)
D = screw diameter (in.)
N = screw speed (rpm)
h = screw channel depth (in.)

As can be seen from the formula above, the
highest shear is in the metering section, be-
cause the channel depth is the smallest. Shear
heating is a mechanical phenomenon and can
be reduced only with a lower screw speed
and output, smaller-diameter screw and re-
duced output, or greater channel depth with
more output and less melt uniformity. With a
screw properly designed for the material and
output rate, the final melt temperature can
be controlled by barrel temperature settings.
Ideally, the screw should be deep enough so
that a temperature somewhat below the de-
sired melt temperature is obtained by fric-
tional heat without conductive heat supplied
by the barrel heaters.

The final desired melt temperature is then
obtained by barrel pyrometer settings, pri-
marily in the metering zone. In actual prac-
tice, many screws are supplhed undersized for
the required output of the molding press.
This usually means that the output is ob-
tained by high screw speeds with frictional
heat override. Then it 1s attempted to achieve
the desired melt temperature by cooling
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the barrel at the front. Of course, this 1s
energy-inefficient and also an active contrib-
utor to high- and low-temperature gradients
throughout the resin mass.

Pressure holding The pressure at which a
screw can pump through a die or fill an ac-
cumulator depends largely on the configura-
tion of the metering section. The longer and
shallower the metering section, the greater its
ability to maintain constant output or sustain
pressure created at the end of the transition
section.

This 1s due to a relative back flow, or re-
duced forward flow. The hydraulic resistance
of the die or accumulator requires a higher
pressure at the discharge end of the screw,
corresponding to a flow in the opposite direc-
tion up the screw channel. This 1s just like a
fluid running up a spiral square-shaped pipe.
The longer and shallower the metering sec-
tion, the greater its resistance to the back
flow. A resin with greater melt viscosity will
be less susceptible to it. The back-flow pres-
sure gradient is overlaid by the greater and
opposite pressure gradient developed by the
transition section.

Elements of the Plasticating Processes

This section provides a theoretical expla-
nation of the plasticizing action. Later a more
practical review is presented. Since the 1950s,
when the reciprocating screw injection unit
was introduced, screw design concepts have
been developed based on combining practi-
cal performance with theory of melt behav-
ior (1). It 1s convenient to separate the pro-
cess of reciprocating screw plastication into
the elements of screw rotation, soak, and
injection stroke. These elements may then
be subsequently combined into an overall
model (1, 7).

Screw Rotation
During screw rotation, polymer is con-

veyed along the screw channel owing to the
velocity difference between the screw and
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heat transfer, as shown in Fig. 3-10. The re-
lationship may be expressed in the following
nondimensional form:

X_X | _~1
W= W P13 Hp,
2kt (Ty ~

Tm) + plsicos®)
ZCPI[T:TI = T.;J + 22

where X = initial solid bed width
W = channel width
H = solid bed height

and the other symbols are as previously de-
fined.

The form of the equation above indicates
the contributions of both conduction and vis-
cous dissipation, Almost invariably, in prac-
tice, the viscous dissipation term is small in
comparison with the conductive term; hence,
the melting is dominated by conductive melt-
ing. Even so, the degree of melting is gener-
ally significantly greater than would occur in
a static soak because the melt film is main-
tained at a constant thickness and thereby
provides a high degree of conductive heat
transfer.

A consequence of the exponential form
of the equation (above) is that a charac-
teristic time constant may be evaluated for
a given practical situation, during which a
reduction in the solid bed width by a fac-
tor of 0.632 occurs. Typically, practical time
constants lie in the range of 5 to 50 sec
for most injection-stroke melting situations,
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Fig.3-11 Companson of actual and predicted re-
duced solid-bed width profile at the end of injec-
tion.

which when compared with the injection
time indicate the significance of the injection-
stroke melting.

The validity of this model for injection
stroke melting has been demonstrated, and
it can provide a useful method for estimating
the solid bed profile at the end of the injection
stroke, as shown in Fig. 3-11.

Injection Pressure Required

The specific injection pressure applied by
the screw to the melted material 1s affected by
the amount of resistance the screw meets as it
progresses during the injection stage (8). The
pressure is directly proportional to the gauge
reading of the hydraulic circuit pressure and
may be calculated using the following equa-
tion:

H:F:.-A} &

A A

where P = specific pressure on matenal
(bar or daN/sq cm)

F. = gauge reading of the hydraulic
circuit pressure (bar or
daN/sq cm)

Ay = cross-sectional area of the
hydraulic injection ram (sq cm)

As = cross-sectional area of the
plasticizing screw (sq cm)

F = force applied by the hydraulic
injection ram (daN)

The diagram appearing n Fg. 3-12
(applicable to Negri Bossi machines and
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ig. 3-12  Diagram to determine specific pressure on the screw melt.

included in their machine instruction man-
uals) simplifies calculations and may be used
to determine the specific pressure on ma-
terial when the hvdraulic pressure gauge
reading and plasticizing screw diameter are
known.

A machine’s maximum shot capacity is de-
termined by the volume the screw generates
as it moves multiplied by its volumetric vield.
As the latter normally amounts to .85, the
shot volume can be calculated from the fol-
lowing formula:

where (J = maximum shot volume in cubic
centimeters
d = screw diameter in centimeters

¢ = screw stroke in centimeters
n = volumetric vield (approxi-
mately 0.85)

Also in this example, the diagram in
Fig. 3-13 (applicable to a specific class of ma-
chines) allows the actual melt shot volume to
be quickly determined as a function of the
plasticizing screw stroke and diameter.

The third diagram in Fig. 3-14 allows us
to choose correct values of the specific back
pressure on the screw (ie., on the molten
material) during the plasticizing phase. In
general, values from §; to 5 of injection
pressure can be adopted. Nevertheless, when
glass-reinforced polymers have to be plasti-
cized, lower back pressure must be selected
in order to avoid breaking of glass fibers and
consequent decrease of the molded part’s
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Fig. 3-13 Diagram to determine the actual shot size (injected volume).

mechanical strength. Once a machine’s actual
maximum shot volume is known, the corre-
sponding maximum shot weight in grams of
material can be obtained by multiplying the
volume by the material’s specific gravity.

Screw Plasticizing

The function of the IMM’s heating cylin-
der is to thoroughly and uniformly convert
(plasticize ) the plastic feed maternial into a ho-
mogeneous heated plastic melt of controlled
viscosity, and then force it into the clamped
mold where the end product is formed (1, 7).

The main elements of a typical reciprocat-
ing screw injection unit are shown in Figs. 3-1
and 3-2: a screw occupying the bore of a cylin-
drical barrel, a motor used to rotate the screw,
and an injection ram and cylinder used to pro-

vide axial movement of the screw relative to
the barrel.

For processing thermoplastic matenals, the
barrel is generally equipped with electri-
cal resistance heater bands around its cir-
cumference, and thermocouples are used to
monitor the barrel temperature for control
purposes. In some cases, where extremely
precise control of barrel temperature is re-
quired, air blowers may be provided for ad-
ditional cooling capability, or combination
heating/cooling bands may be used. These
have a provision for the circulation of a cool-
ing fluid, normally water or oil, to provide
additional cooling capability.

With thermoset plastics, the barrel is usu-
ally liquid-cooled to ensure more accurate
temperature control. Electrical heater bands
are not used. See the section on “Injection
Molding Thermoset Plastics™ in Chap. 6 for
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Fig. 3-14 Diagram used to determine the specific back pressure on the screw.

details. In this book, most of the review
regarding plasticizing will concern the melt-
ing of thermoplastics, since most of the plas-
tics (about 90% ) processed are TPs.

The heating cylinder 1s a simple heat ex-
changer. Most cylinders have heavy steel
walls with highly polished and hardened in-
ner surfaces. For some purposes, the cylinder
may be lined inside with a special corrosion-
resistant matenal designed to resist the pos-
sible degradation products of thermally un-
stable resins.

It 1s important to note that only the cylin-
der temperature is directly controlled. The
actual temperature of the plastic melt within
the screw and as it is ejected from the noz-
zle can vary considerably, depending on the
efficiency of the screw design and method by
which 1t 1s operated. Factors that affect the

melt temperature include the time the mate-
rial remains in the cylinder; the internal sur-
face heating area of the cylinder and screw
per unit volume of material being heated,;
the thermal conductivity of both the cylin-
der and screw wall and the plastic matenal;
the differential in temperature between the
cylinder and the plastic; the wall thickness of
the cylinder and of the stationary film (on
the inner cylinder wall) of the plastic being
heated: and the amount of turbulence in the
cylinder.

Because of their molecular structure, plas-
tics have low thermal conductivities; thus,
it is difficult to transmit heat through them
rapidly. In addition, plastic melts are very
viscous, and it 1s difficult to create any tur-
bulence or mixing action in them without
the positive application of some form of
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process of shot preparation i1s often termed
screw back.

Once the new charge of polymer melt has
been prepared, and when the solidified part in
the mold cavity has been ejected and the mold
reclamped, the subsequent molding cycle can
begin. In general, there can be a penod of
time between the end of screw rotation and
the start of injection; any such delay is termed
soak or idle time.

The overall process of converting the poly-
mer from a solid feedstock to a melt is termed
plastication. Since the overall reciprocating
screw process involves a sequence of differ-
ent events, the overall plasticating process
becomes quite complex. In subsequent sec-
tions of this chapter, the interrelationship be-
tween the various events and their effects on
the plasticating process will be evaluated in
detail.

Advantages of Screw Plasticizing

There are major benefits to using the screw
plasticizing method, in which the melting is
a result of the shearing action of the screw.
As the molecules slide over each other, the
mechanical energy of the screw drive is con-
verted into heat energy, and the heat is ap-
plied directly to the material. This action,
plus the mixing action of the screw, gives this
plasticizing method several important advan-
tages:

1. This high shearing rate lowers the vis-
cosity, making the material flow more easily.

2. Good mixing results in a homogeneous
melt.

3. The flow is nonlaminar,

4. The residence time in the cylinder is
approximately three shots, compared to the
eight to ten shots of a plunger machine.

5. Most of the heat is supplied directly to
the material.

6. Because little heat is supplied from the
heating bands, the cycle can be delayed by a
longer period before purging.

7. The method can be used with heat-
sensitive materials, such as PVC.
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8. The action of the screw reduces the
chances of material holdup and subsequent
degradation.

9. The preplasticizing chamber 1s in front
of the screw.

10. The screw is easier to purge and clean
than a plunger machine.

Regarding the injection end specifications,
the following items at least are included:

1. Type: reciprocating screw or screw-pot
2. Diameter of the screw
3. L/Dratio

4. Maximum weight in ounces (or kilo-
grams) of polystyrene that can be injected in
one shot; alternatively, the volume of mate-
rial per shot

5. The plasticizing capacity, which is in
effect the amount of material that can be
melted per unit time with the screw running

continuously. In injection molding the screw
runs about one-half of the time.

6. Maximum injection pressure on the
screw, usually 20,000 psi (138 MPa).

7. Other specifications that will be pro-
vided by the manufacturer and are dictated
by the above,

Length-to-Diameter Ratios

Based on the requirements for plastics
melting charactenstics, different L/Ds are
used. There are screw and barrel L/Ds
(Fig. 2.50). For a screw, it is the length from
the forward edge of the feed opening to the
forward end of the screw flight (not including
tips, pressure cones, and nonreturn valves) di-
vided by the screw diameter. The ratio is of-
ten expressed with its denominator reduced
to 1; for example, a 24/1 screw has a screw
length 24 times its diameter. To calculate the

L/D ratio use the following formula:
L _ flighted length of screw FL

D  outside diameter of screw D

The nominal diameter D is normally used.
For example, a typical 2}-in.-diameter screw
might have an actual diameter of 2.493 in.,
but we use 2.500 for the above calculation.
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Typical data on screws are given in Table 3-1.
The flight length FIL does not include the
length of the check valve, in the case of an in-
jection screw. The SPI and SPE have alterna-
tive methods for determining the flight length
for the calculation of the L/Dratio. In the first
method, they consider only the enclosed and
flighted portion of the screw and eliminate
that portion exposed in the feed port. This
means that you must deduct the axial length
of the extruder or injection feed port from the
flighted length of the screw. The two meth-
ods for L/D ratio calculation are presented
below:

Method 1:
i.': FL — PL

—
——

D D

{where PL = axial length of the feed
pocket in the barrel)

Method 2:
L FL

D D
Here are some of the reasons for using a
large or a small L/D for screw and barrel
length:

Advantages of small L/D

1. Less residence time in the barrel, keep-
ing heat-sensitive materials at melt temper-
ature for a shorter time, thus lessening the
chance of degradation.

2. Occupies less space.

3. Requires less torque, making strength
of the screw and amount of power less im-
portant.

4. Lessinvestment cost initially and for re-
placement parts,

Advantages of large L/D

1. Allows ascrew design for greater output
or recovery rate, provided sufficient torque is
available.

2. Screw can be designed for more uniform
output and greater mixing,

3. Screw can be designed to pump at higher
pressures,
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4. Screw can be designed for greater melt-
ing with less shear and more conductive heat
from the barrel.

Compression Ratios

The compression ratio 1s used to give an
idea of the amount the screw compresses or
squeezes the plastic. The intentis to divide the
volume of a flight in the feed section by that
of a flight in the metering section. Actually,
the standard simplified method i1s usually em-
ploved, where the depth 1n the feed section,
hi. is divided by the depth in the metering
section, fi12:

depth of feed

depth of meter
h
h>

The compression ratio should be high
enough to compress the low-bulk-density un-
melted plastic into the solid plastic without
air pockets (bubbles). High percentages of
regrind, powders, and other low-bulk-density
materials will be helped by a high compres-
sion ratio. However, a high compression ratio
can overpump the metering section.

A common misconception is that engineer-
ing and heat-sensitive plastics call for a low
CR. This is true only if it is decreased by
deepening the metering section, and not by
making the feed section shallower. The prob-
lem of overheating 1s more related to chan-
nel depths and shear rates than to CR. As an
example, a high CR in polyolefins can cause
melt blocks in the transition section, lead-
ing to rapid wear of the screw and/or barrel.
For TSs the CR is usually 1, so that acciden-
tal overheating does not occur and cause the
plastic to sohidify in the barrel. Barrels for TSs
are usually heated using a hiquid medium, so
that very accurate control of the melt occurs
with no overriding the maximum melt heat.
With overheating TS melt sohdifies. If it sohd-
ifies, the CR of 1 also permits ease of removal
by just unscrewing the solidified TS from the
screw. A CR of 1 is also used for TPs when
the rheology so requires.

Typical compression ratios are given in
Table 3-5.

Compression ratio (CR)
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Fig. 3-19 'Thermoset screw with CR 1.

one to avoid possible overheating during
plastication: Fig. 3-19 is an example with
CR 1. If overheating occurs, the TS will so-
lidify in the barrel. If it does, the screw must
be removed from the barrel and the solidified
TS removed from the screw, as well as from
the plasticator nozzle and (usually) the inside
of the mold.

Screw Actions

The constantly turning screw augers the
plastic through the heated barrel, where it is
heated to a proper temperature profile and
blended into a homogeneous melt. The ro-
tation causes forward transport. It is the ma-
jor contributor to heating the plastic once the
initial barrel heat startup occurs. The melting
action through the screw is as follows:

1. The feed section initiates the conveying
of the solid. Sliding with low friction on the
screw and high friction on the barrel enhances
this action. In this section, there is also some
compacting and a little heating of the plastic.

2. At the beginning of the transition, the
plastic is further heated and more compres-
sion occurs. The solid plastic is forced against
the barrel, causing a sliding action. This fric-
tional heat creates a thin film of melted plastic
on the inner barrel surface.

3. As the plastic proceeds down the transi-
tion zone, there is more melting and more
compression. Usually most of the melting
takes place in the transition zone. Here the
plastic i1s divided into three parts: a com-
pacted solid bed, a melt film along the barrel
surface, and a melt pool (Fig. 3.16). The melt
pool is formed as the melt film is collected
by the advancing flight. Most of the melting
continues to be the result of sliding friction of

the solid bed against the heated barrel. This
is a rapid and efficient melting action. similar
to melting an ice cube by pushing it against a
hot grinding wheel.

4. The channel depth continues to de-
crease as plastic progresses down the tran-
sition zone. Melting continues and the width
and volume of the solids bed decrease, while
the width and volume of the melt pool in-
crease. Unfortunately, as the channel gets
shallower, the shear rate increases. Now the
already melted plastic continues to be heated.
With too much heating, the plastic can be de-
graded.

5. Continuing downstream through the
plasticator, the solids bed breaks up: the un-
melted plastics are distributed throughout
the channel like ice cubes in water. The ef-
ficient melting by friction of the solid bed
against the barrel tends to stop. Now only
less efficient melting occurs where heating in
the melt continues in the shallow metering
zone. Within this zone, complete melting ac-
tion should occur.

6. Plastic continues down the shallow me-
tering section to its exit from the plasticator
(screw and barrel). There is a possibility that
unmelted plastics or the melt has nonuniform
temperature and viscosity. This nonunifor-
mity usually results in poor product perfor-
mance, color mixing, and so on. Improved
mixing can be obtained by reducing the
screw’s channel depth, but then overheating
and reduced output occur. A better method
of feeding plastics from the hopper can alle-
viate or solve this problem. A constant-depth
metering section is not considered a good
mixer for this purpose. This is because the
smooth, laminar flow patterns desired for
metering cause the different portions of melt
to continue to move without mixing. Screw
design plays an important part in eliminating
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the problem (see the subsection on Stabiliz-
ing via Screw Return Time in the section on
Cavity Melt Flow Analyses in Chap. 7).

The features common to all plastics screw
plasticators are screw(s) with matching bar-
rel(s) that have at least one hopper (feeder)
intake entrance for plastics, and one dis-
charge port for exit of the melt. The essential
factor in the pumping process is the interac-
tion between the rotating flights of the screw
and the stationary barrel wall. If the plastic is
to be mixed and conveyed at all, its friction
must be low at the screw surface but high at
the barrel wall. If this basic criterion is not
met, the material may rotate with the screw
without moving at all in the axial direction
and out through the nozzle. The clearance
between the screw and barrel is usually ex-
tremely small

Mechanical Requirements

Screws always run inside a stronger and
more rigid barrel. For this reason, they are not
subjected to large bending forces. The critical
strength requirement is resistance to torque.
This is particularly true of the smaller screws
with diameters of 2.5 in. (6 cm) or less. Unfor-
tunately, the weakest area of all screws is the
portion subjected to the highest torque. This
1s the feed section, which has the smallest root
diameter. A rule of thumb is that a screw’s
ability to resist twisting failure is proportional
to the cube of the root diameter in the feed
section. Finite element analysis (FEA) soft-
ware has been used to obtain a more accurate
determination of the stress levels.

Torque

It 15 the torque that does the work of
melting by rotating the screw in a stationary
barrel. The rotational quantity called torque
is the product of the tangential force and
the distance from the center of the rotating
member. For example, if a 1-1b (0.454-kg)
weight were placed at the end of a 1-ft
(0.3-m) bar attached to the center of the
screw, the torque wouldbe 1ft x 1lbor1 ft-lb
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(1.36 N-m). Torque 1s related to horsepower
(hp). which equals [torque (ft-Ib) x rotation
speed (rpm)]/5252 or [torque (N-m) x rota-
tion speed (rpm)]/7124. The torque output of
an electric motor of a given power depends
on its speed. A 30-hp (22-kW) motor has the
following torques at various speeds: 87.5 ft-1b
(119 N-m) at 1800 rpm, 133 (181) at 1200, and
175 (238) at 900.

Torque vs. Speed

The speed of a motor is determined by
its design. Changes in speed and torque can
be accomplished by transforming the output
speed of the motor by using a gear or pul-
ley train. The torque then varies inversely
with the speed. During startup, the torque
decreases as the speed increases. As an ex-
ample, if an ac motor is used, it will develop
a starting torque of almost twice the running
torque. The screw has to be protected against
overload to prevent screw breakage. This 15
not a problem with hydraulic drives.

The drive must supply enough torque to
plasticize at the lowest possible screw speed,
but not enough to mechanically shear the
metal screw. Different torque regquirements
are used to meet the requirements of the dif-
ferent plastics. As an example, much higher
torque is required to plasticize PC than PS.
The strength used limits the input power. Us-
ing too little torque to turn the screw means
the heater bands are providing too much of
the energy required to melt the plastic, usu-
ally as a result of poor or no temperature con-
trol. Plastication efficiency suffers in these
conditions, and mixing problems and/or long,
inconsistent recovery times are likely results.

Injection Rates

Machines can operate to move the plastic
melt into a mold at different injection rates.
Generally, the faster rate permits molding
thinner parts and reducing cycle time. With
typical reciprocating screw injection molding
machines in use today, the injection rate ca-
pability varies with machine size, particularly
the injection-unit shot size.



150

mnitial temperature in the screw plasticator;,
in order to preheat the material but not melt
it in the screw’s feed section prior to entering
the compression zone. Crystalline material
requires higher initial heating to ensure that
it melts prior to reaching the compression
zone (see the section on Plastic Structures
and Morphology in Chap. 6). Careful imple-
mentation of these procedures produces the
best melts, which in turn produce the best
products (see the subsection on Melt Temper-
ature Profiles in the section on Temperature
Controllers in Chap. 7).

Barrel Heating

Heating the barrel requires the use of
heater band(s) wrapped around the outside
of the cylinder. They act as heat exchangers
that control the melt temperature. Their con-
trollers permit developing the required tem-
perature profile to produce its best melt char-
acteristic. Several types of heater bands are
used. They include cast aluminum (heaters
with coolers are available) calrod electrical
elements in grooved aluminum elements, ce-
ramic, and mica. The cast types are more ex-
pensive, but do better job of distributing the
heat and are particularly effective at control-
ling cooling.

The ceramic heater band has a unique
heating capability that is similar to that of a
high-temperature electric furnace. The built-
in insulation acts to minimize unwanted tem-
perature changes along the barrel. Mica and
other types of band heaters are primarily con-
ductive and require an intimate fit with the
component being heated. Surface irregulari-
ties such as grooves in machined barrels form
voids under the bands, leading to hot spots
and premature heater failure. Surface irreg-
ularities do not affect ceramic heaters’ heat
transfer efficiency.

Although ceramic heater bands are more
expensive than mica bands, that s more
than compensated by (1) longer heater
life with consequently less downtime for
band replacement, (2) power efficiencies and
economies made possible by extremely ef-
fective ceramic fiber insulation, and (3) the
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use of fewer bands on a given installation
[e.g., two 13-in. (38-mm) wide mica bands
can be replaced with one 3-in. (76-mm) wide
ceramic band]. However, since each type of
band heater has certain advantages and dis-
advantages, one must study the requirements
of the IMM.

Cooling

The usual IMM plasticators used in pro-
cessing TPs do not require any cooling action.
The barrel heat temperature profiles are con-
trolled so that no significant overheating oc-
curs. However when processing certain TPs
that are very heat-sensitive, cooling devices
are used, such as water-cooling coils around
the barrel and/or fans to blow cool air around
it (3).

With TS plastics the usual barrel contains
a water-cooling jacket, which may be in sec-
tions so that controlled cooling can take
place. TSs requires close temperature con-
trol, since any overshooting will cause the
plastics to solidify in the plasticator. Then
the plasticator screw has to be removed and
all solidified plastics removed. Water cooling
can eliminate overheating.

Occasionally a hole drilled through a screw
15 used for cooling it. This technique 1s prin-
cipally used in certain extruders. Some im-
provement in plastic melt is possible by circu-
lating cooling water or oil through the cored
center section(s) of the screw, at least the
feed section. The amount of cooling required
in this “pipe” is dependent on screw design
and operating parameters. Cooling is more
critical for larger-diameter screws, because
the larger volume of melt flow requires more
cooling. Superior extrusion may be achieved
by optimizing cooling, but reduced output
rates and/or surging may result unless proper
processing temperatures are maintained. A
primary area for cooling is at the feed en-
trance from the hopper.

The main objective of screw cooling is
to enhance the ability of the screw to ad-
vance the solid plastic feed at the steadiest
possible rate. This is accomplished by pro-
viding a more constant and lower coefficient
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of friction between the screw shank and the
plastic. In so doing, the screw is able to ro-
tate inside the mass of unmelted plastic solids
while the transport of plastic melt takes place
inside the barrel surface through the scraping
action of the rotating screw flights.

Melt Performance

As reviewed melt produced by the screw
is not perfect, that is, melt is not uniform in
temperature, consistency, or viscosity. With
the passing of time, melt performance has al-
ways improved via screw designs including
barriers and different screw mixing actions
and availability of more uniform plastic ma-
terials. With certain plastics and conventional
screw designs, temperature within the screw
channel can vary by 200°F (111°C). This is
an extreme case, but it helps to explain that
selecting plastic (particularly regrind) is im-
portant. The more uniform the melt output
the better product performance, repeatabil-
ity, and reduced cycle time.

Residence Time

The residence time is the amount of time a
plastic is subjected to heat during fabrication.
Its effects differ for virgin plastics and for re-
cycled plastics, whose properties are affected
by previous fabrication and granulation. Ex-
cessive residence time can have minor or ma-
jor undesirable effects on the properties of
the plastic during the next processing step
and/or in the finished product. This can oc-
cur even when the same plastic (from the
same source) and same fabricating machine
are used as in a previous successful operation.
Various thermal tests are available to detect
these conditions (434).

Melt Cushions

The purpose of ameltcushionis to keep the
melt injected in the mold under pressure until
it solidifies and completes its shrinkage. To do
50, a ram screw stroke injects a small metered

181

amount of additional plastic shot. Thus, when
the stroke is completed and the mold filled, a
cushion of melt just a few millimeters thick is
maintained between the screw or ram tip and
the nozzle. The result i1s greater compactness
and lower shrinkage of the product.

Melt Shear Rate

Most of the energy a screw imparts to the
plastic is by means of shear between the screw
and barrel surfaces. The rate of energy im-
parted increases as the shear rate increases.
The shear rate increases as the relative speed
of the two surface increases and as the dis-
tance between the surfaces decreases.

Melt Displacement Rate

The nominal displacement rate is the rate
of flow of melt from the screw into the mold
during the injection portion of the molding
cycle in cu in./sec {cu cm/sec). The actual dis-
placement rate i1s usually shghtly less, due
to factors that reduce the flow rate, such
as thickness and length of cavity, absence
or amount of mold venting, plastic viscos-
ity, melt and mold venting, melt and mold
temperature distribution, and gate size(s). Of
these factors, insufficient gate size is probably
the most common, followed by lack of ade-
quate venting. The actual rate is determined
by first taking a full shot, determining the pre-
cise time for the shot, and weighing the shot.
Convert weight to volume by dividing shot
weight (g) by the plastic’s specific gravity and
multiplying by 16.36. The resulting volume of
melt shot (in cu in.), divided by the time pe-
riod (sec), results in a displacement rate for
the plastics used in a specific machine with
specific control settings.

Shot Size

The shot size is the maximum (theoretical)
calculated swept volume (or trapped volume
in a plunger unit), in cu in. (or cu cm), that
can be displaced by a single stroke of the
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injection screw (being used as a plunger).
It 1s assumed that there 1s no leakage. (In
intrusion molding, where the screw contin-
ues to rotate as it injects, the additional vol-
ume displaced by screw rotation is included. )
The capacity is also expressed by weight in
ounces, pounds, or kilograms. However, the
more precise method is by volume, since plas-
tic densities vary.

When the shot size 1s specified by weight,
either the plastic 1s specified or the general
industry tvpe is used. The latter is general-
purpose polystyrene (GPPS). During mold-
ing, the usual shot size used is up to about
80% of the plasticator available capacity. The
lower the percentage, the greater the poten-
tial for a residence-time problem, particularly
with heat-sensitive plastics (Table 3.6).

The theoretical machine shot size, or ca-
pacity, in cu in., 18 1.734 times the shot size
in 0z divided by the specific gravity. Thus
a 32-oz, 250-ton IMM using plastic with a
1.06 specific gravity will have a shot size of
1.734 x 32/1.06 = 52.35cu in.

Recovery Rate

The recovery rate is the volume or weight
of aspecified processable material discharged

Table 3-6 Machine capacity in relation to cost
per hour

Cost/h Capacity

(sec) kN tons cu cm cu in.
18 445 50 81.1 4.95
23 670 75 162 9.9
25 890 100 213 13.0
28 1,110 125 267 16.3
30 1,335 150 324 19.8
32 1,780 200 374 22.8
34 2225 250 533 32.5
37 2,670 300 640 39.0
40 3,115 350 B2 52.0
43 3.56(0) 400 059 58.5
46 4,005 450 1,065 65.0
44 4 450 S0 1.600 a97.5
54 5,340 GO0 1,865 113.8
38 6,230 700 2.556 156
65 7,120 8K 2917 178
72 8,010 900 3,195 195
80 8,900 1,000 4,392 268
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from the screw per unit of time when oper-
ating at 50% of injection capacity. A high re-
covery rate can shorten the cycle time and
eliminate one of the reasons for the use of a
nozzle shutoff valve.

Screw—Barrel Bridging

When an empty hopper 1s not the cause
of machine output failure, plastic mayv have
stopped flowing through the feed throat be-
cause of screw bridging. An overheated feed
throat, or startup followed with a long delay,
can build up sticky plastics and stop flow in
the hopper throat.

Plastics can also stick to the screw at the
feed throat or just forward from 1t. When this
happens, plastic just turns around with the
screw, effectively sealing off the screw chan-
nel. The screw is said to be bridged and stops
feeding the plastic. The common remedy is
to use a brass rod to break up the sticky
plastic and/or to push 1t down through the
hopper. More details on this subject 1s con-
tained in Chapter 11 under the heading of
Troubleshooting Guides, Screw Wear Guide,
and Maintenance.

Yented Barrels
Overview

Problems can occur in a plasticator melt.
There may be melt that must be freed of
gaseous components that include moisture,
air, plasticizers, and/or other additives as well
as entrapped gases released by certain plas-
tics. Gas components such as moisture re-
tained 1n and on plastics have always been
a problem for all processors. They result in
many problems develop with the products
(splay, poor mechanical properties, incorrect
dimensions, etc.). This situation is of particu-
lar importance when processing hveroscopic
plastics. One major approach to this prob-
lem 1s to use plasticators that have vents in
their barrels to release the contaminants. The
other major approach is to dry the plastic, as
reviewed in the section on Drying Plastics in
Chap. 10. It may be very difficult to remove
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all the gases prior to fabrication, particularly
from contaminated powdered plastics, unless
the melt is exposed to vacuum venting (for
most vented screws, a vacuum pump is con-
nected to the vent’s exhaust port in the bar-
rel). Venting of the melt in the mold cavity is
sometimes used, asin the arrangement shown
schematically in Fig. 2.41.

The standard machines operate on the
principle of melt degassing. The degassing is
assisted by a rise in the vapor pressure of
volatile constituents, which results from the
high melt temperature. Only the free surface
layer 1s degassed; the rest of the plastic can
release its volatile content only through diffu-
sion. Diffusion in a nonvented screw 1s always
time-dependent, and requires long residence
time. Thus, a vented barrel with a two- or
three-stage melting screw is used.

Those with one vent use a two-stage screw
that looks like two single screws attached in
series. Where the two meet, there is a very
shallow channel section, so that when the
melt reaches that section, no melt pressure
exists. In turn, gaseous materials are released
through a port opening. With those having
two vents, a three-stage screw is used that
provides another stage to eliminate contam-
inants. The first stages of the transition and
metering zones are often shorter than the
sections of a single-stage conventional screw.
The melt discharges at zero pressure into the
second stage under vacuum instead of pres-
sure. The first-stage melt must not be hot
enough to become overheated in the second
stage. And the first stage must not deliver
more output per screw rotation at discharge
pressure than the second stage can pump
through the barrel under the maximum nor-
mal operating pressure. This usually means
that the second-stage metering section must
be at least 50% deeper than the first stage.
The pumping ratio (PR) as applied to two-
stage vented screws gives a measure of the
ability of its second stage to pump more than
the first stage delivers to it. Too high a PR will
tend to surge, and too low a PR will tend to
cause vent melt flow (434).

In practice the best metering-section depth
ratio (pump ratio) is about 1.81:1. The ra-
tio to be used depends on factors such as
screw design, feedstock performance, and
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operating conditions. There is likely to be
melt flow through the vent (avoid this sit-
uation) if the compression ratio is high or
the metering-section depth ratio 1s shghtly
too low. If the metering-section depth ratio
1s high, there 1s a gradual degradation of the
output. With the screw channel in the vent
area not filling properly, the self-cleaning ac-
tion is diminished, and the nisk of plate-out
increases. In any case, sticking or smearing of
the melt must be avoided, or degradation will
accelerate.

Vent bleeding is the unplanned escape of
melt through the vent during vented-barrel
processing. Vent flow problems are usually
blamed on the screw design, but more often
are due to a bad design of the venr diverter.
The function of the decompression volume
(vent section) of the screw is simply to gener-
ate a partially filled channel with no pressure.
The vent diverter’s function is to accept the
moving melt and move it into the next section
of the screw.

The cause of vent melt flow can be deter-
mined by one of two tests. First remove the
diverter, rotate the screw slowly, and observe
the degree of fill. If it is % or less, the prob-
lem i1s almost certainly the diverter. The other
method is to run for a few minutes at open
discharge at the normal screw speed. If vent
flow begins, it is the diverter that is a fault,
as the screw 1s working against no discharge
pressure.

There are other factors that can cause vent
flow besides the diverter or screw design.
They include the melt foaming, screw/barrel
wear, improper vent location, and excessive
pressure.

There is a hopper feeder venting system
that can be used. It is also called starve
feeding. It uses a controlled material-feeding
device that may be necessary in any case to
maximize the operation of a vented system.
It is a useful device for many reasons. It
determines the amount of plastic that is being
feed into the screw, thereby controlling the
output of the first stage of a two-stage screw.
This action should eliminate all causes of
possible vent bleeding and plugging of the
vent hole. Also, by partially filling the screw
flight channels, the device allows the surface
moisture that 1s being driven off the plastic a
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place to evaporate to the atmosphere. Finally,
it can govern the amount of shear and energy
that is delivered to the plastic via the screw
geometry, provide different shear history, etc.

Basic Operations

Injection molding operations can turn to
vented barrel (VB) machines as an alter-
native to predrying, processing hygroscopic
plastics, and mold products with critical ap-
pearance requirements. The basic idea of
venting (Fig. 3.20) is to extract moisture and
other troublesome volatiles (such as residual
monomers and low-molecular-weight impu-
rities) from the melted plastic in the barrel.
Such volatiles produce splays, streaks, bub-
bles, etc. that ruin the appearance of the
part, degrade its properties, and interfere
with plating (16, 158). VBs can be used on
virtually all thermoplastics where moisture or
other contaminants create quality problems.

Hygroscopic plastics The hygroscopic na-
ture of many widely used thermoplastics can

result in severe molding problems unless en-
trained moisture is removed prior to mold-

ing (see the section on Drying in Chap. 6).

‘l
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Excessive moisture can result in appearance
defects, such as splay, or even losses in phys-
ical properties. One approach to removing
entrained moisture is to predry the material,
but in most cases a more viable approach is
the use of a vented-barrel molding machine
without predrying. In this case, the polymer
is devolatilized after it has been melted, and
because the vapor pressure of water at typ-
ical melt temperatures is high, devolatiliza-
tion can be accomplished rapidly. Moreover,
at typical melt temperatures other (nonaque-
ous) undesirable volatiles may also be re-
moved by using a vented-barrel molding ma-
chine.

Devolatilization from the melt stream is
made possible by the use of a two-stage
screw and barrel incorporating a vent port
as shown in Fig. 3-20. The first stage of the
two-stage screw accomplishes the basic plas-
ticating functions of solids feeding and melt-
ing. During this process, significant material
pressures are generated.

Molten polymer leaving the first stage of
the screw enters a decompression section
with a large cross-sectional area such that the
channel does not completely fill with melt.
As a result, the melt pressure drops to es-
sentially atmospheric pressure, and volatiles

)

Fig.3-20 Simplified schematic of a vented injection barrel. (1) Wet material enters from a conventional
hopper. (2) The pellets are conveved forward by the screw feed section, and are heated by the barrel and
by some frictional heating. Some surface moisture is removed here. (3) The compression or transition
section does most of the melting. (4) The first metering section accomplishes final melting and even flows
to the vent section. (5) Resin is pumped from the first metering section to a deep vent or devolatilizing
section. This vent section is capable of moving quantities well in excess of the matenal delivered to it by
the first metering section. For this reason, the flights in the vent section run partially filled and at zero
pressure. It is here that volatile materials such as water vapor escape from the melted plastic. The vapor
pressure of water at 500° is 666 psi. These steam pockets escape the melt, and travel spirally around
the partially filled channel until they escape out the vent hole in the barrel. (6) Water vapor and other
volatiles escape from the vent. (7) The resin is again compressed, and pressure is built up in the second
transition section. (8) The second metering section evens the flow and maintains pressure so that the
screw will be retracted by the pressure in front of the nonreturn valve. (9) A low-resistance sliding-ring
nonreturn valve works in the same manner as it does with a nonvented screw.



3 Plasticizing

Since the function of the devolatilization
zone 15 to provide residence to enable vola-
tiles to escape from the recirculating melt,
a high heat mput is not necessary. Conse-
quently, the barrel temperature should be set
at a level just sufficient to maintain the de-
sired melt temperature, this being generally
a lower setpoint than in the melting zone.

The final-pumping-zone temperature is se-
lected to adjust the final melt temperature to
that required for molding, and to provide a
lower melt viscosity to reduce the pressure
drop through the nonreturn valve to avoid
any loss in pumping capacity.

Screw speed Since devolatilization 1s a
rate-sensitive diffusion process, a long de-
volatilization time ensures a large reduction
in volatiles. Consequently, unless an auxiliary
starve feeder i1s used, the lowest screw speed
that maintains an adequate throughput, con-
sistent with cycle-time requirements, should
be used. This will provide the slowest transi-
tion of material through the devolatilization
zone, and hence the greatest devolatilization
time. However, when an auxiliary feeder is
used, higher screw speeds may be advanta-
geous:

1. Since higher shear rates, and hence
higher levels of viscous dissipation, occur in
the melting zone, higher melting rates can be
generated.

2. When extremely low melt viscosity pre-
vents the second stage from generating suf-
ficient pressure to retract the screw with-
out material backup into the devolatihzation
zone, a higher screw speed can provide a
higher drag flow component to counteract the
reverse pressure flow.

3. Since the conveying rate in the de-
volatilization section 1s a product of screw
speed and degree of fill, when the rate is con-
trolled externally by the auxihary feeder a
higher screw speed will reduce the degree of
fill and hence provide better devolatilization.

Back pressure In conventional molding,
application of back pressure is used to im-
prove the melting characteristics of an other-
wise marginally performing screw. However,

187

as shown in Fig. 3-20, the first stage of a two-
stage screw is hydraulically isolated from the
second stage by the unfilled devolatilization
zone. Consequently, back pressure cannot be
used to affect melting.

Applyving back pressure affects the second
zone only and serves to increase the reverse
pressure flow component. This will necessi-
tate a longer filled length of the second stage
to produce adequate conveving, and thus the
length of unfilled channel will be reduced and
devolatilization impaired. In an extreme case,
back filling can progress to the vent port, and
vent bleed will occur.

The only practical advantage of back pres-
sure lies in the additional mixing it induces
in the second stage. In rare instances, this ad-
ditional mixing may be advantageous. How-
ever, the additional length of a two-stage
screw 1s almost always sufficient to ensure
adequate mixing without the application of
back pressure.

Residence time Certain polymers, notably
polyvcarbonate and thermoplastic polvesters,
are hydrolytically degradable and may suffer
undesirable depolymerization effects due to
chemical reaction of moisture with the poly-
mer prior to devolatilization. Consequently,
the residence time of material in the first stage
of the screw should be minimized, and in
practice this implies that a high throughput
rate is required. Average residence time 1s
long for extended cycle times and small shot
utilization. Consequently, care is necessary in
correctly sizing the injection unit for the ap-
plication. In cases where the potential for sig-
nificant hydrolytic degradation exists, process
conditions may be altered to compensate, for

example, by reducing the melt temperature
in the melting and devolatilization zones.

Advantage summary There are a large
number of meaningful advantages to vented
injection molding machines, as opposed to
the use of hopper or central drying systems:

1. Eliminates predrying. A vented injec-
tion unit removes moisture more completely
without a dryer. Often. a drver cannot do the
job completely in a reasonable time period.
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2. Rapid startup and color or material
changes. You do not have to wait for hours
when starting up or changing colors or ma-
tertals. This increases machine and personnel
utihzation.

3. Superior parts. The improved melt, free
of volatiles, renders higher-quality parts with
excellent appearance and better physical
properties. Splay marks are eliminated from
appearance parts and parts to be plated.

4. Energy-efficient. The vented machine
uses less energy. Btus are not lost while mate-
rial stands in large hoppers at elevated tem-
peratures for long periods. Dryers are large
users of energy.

5. Removes other volatiles. Water vapor is
not always the only volatile contaminant that
should be removed. The vent removes other
undesirable materials that come off at tem-
peratures not possible in a dryer. Of course,
the escape of volatiles is easier from a melted
and agitated plastic. This has been very effec-
tive in solving mold and ejector pin plate-out
problems.

6. Eliminates dryer maintenance. Dryers
are high-maintenance items with clogged fil-
ters., heater element burnout, and contam-
inated desiccant beds. Even in shops with
good routine maintenance programs, it is
common to operate with ineffective dryers
for long periods before it 1s noticed. When
this happens, quality goes down and scrap ac-
cumulates.

1. Lessened contamination and material
handling. There 15 no need to clean out
large, complicated hopper dryer systems on
every matenial or color change. The sim-
ple, lightweight, standard hopper is easier to
clean.

8. Less space required. The hopper dryer
requires a large volume in order to obtain up
to 5 h of drying time. This means a heavy,
large, and high hopper that may not fit into
the space available,

9. Eliminates dryer variability. The varia-
tion in part quality and appearance due to
changes in dryer performance is eliminated.
The vent operates the same all the time.

10, Greater use of regrind. The improved
moisture-removal ability of the vent allows
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the use of larger percentages of regrind. The
vent also allows the storage of materials in
open containers.

11. Reduced mold venting. The removal of
volatiles from the vent reduces the mold-
venting problem. It can also eliminate the
problem of clogged mold vents.

Barrel-Venting Safety

It 1s a common practice to plug a vented
barrel and use it the same way as a solid par-
allel machine. In such cases, on rare occasions
the internal pressure can exceed the strength
limit of the bolts retaining the plug, so that the
plug 1s released violently from the barrel. To
prevent this hazard a number of safety pre-
cautions are taken. Retaining bolts with more
than enough strength should be used. Also,
the barrel should be oriented downward or
away from the operator (even with no plug,
in case the vent opening becomes overloaded
with melt and s forced out). A pressure gauge
at the head of the barrel can provide a pre-
liminary warning at a maximum safe pressure
value, followed by shutoff of the machine at
higher pressures if practical (otherwise, all
persons in the plant should be alerted). Fi-
nally, one can install shear pins and/or a rup-
ture disk (if not already installed), and ensure
that the machine 1s heated adequately at the
forward barrel end (see the section on Safety
in Chap. 2).

Screw Designs

Even in today’s high-technological world,
the art of screw design is still dominated by
experience, trial and error having shown the
exact capabilities of the screws for a partic-
ular plastic operating under specific condi-
tions. However, computer models (based on
proper data input and, very important, ex-
perience of a person with a setup similar to
the one being studied) play a very important
role. When new materials are developed or
improvements in old materials are required,
one must go to the laboratory to obtain
rheological and thermal properties before
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computer modeling can be performed effec-
tively. New screws improve one or more of
the basic screw functions of melt quahity, mix-
ing efficiency, melting performance along the
screw, melt heat level, output rate, output sta-
bility, and power usage (energy efficiency)
(see the section on Rheology and Melt Flow
in Chap. 6).

Design Basics

Thus, this technology is still basically em-
pirical, and it is often proprietary. However,
scientific approaches to screw design based
on an analytical melting model can be used.
The production rate of acceptable melt from
a screw, which is its most important char-
acteristic, is often limited by its melting ca-
pacity. The melting capacity in turn depends
on the plastic properties, the processing con-
ditions, and the particular geometry of the
screw. Once the melting capacity is predicted,
the screw can be designed to match it.

Design Performance

The rotating helical-flighted screw me-
chanically plasticizes, with the help of heat
and pressure at a controlled flow rate, and
advances a melt through the barrel. Plasticin
the screw channel is subject to changes dur-
ing operation. Each operation of the screw
subjects the plastic to different thermal and
shear situations.

Consequently, the plasticizing process be-
comes rather complex. However, it1s control-
lable and repeatable within the limits of the
equipment and matenal capabilities. A fixed
screw speed, screw pitch, and channel depth
determine output. A deep channel screw is
much more sensitive to pressure changes than
a shallow screw. At low pressures a deep
channel will provide more output; however,
the reverse is true at high pressures. Shal-
lower channels in general tend to give better
mixing and flow patterns.

A screw feature that mfluences melt behav-
ior is its length-to-diameter ratio L/D. The
denominator of the ratio 1s conventionally
reduced to 1 for uniformity, so that a 24/1

189

screw has a screw length 24 times its diameter.
Based on the melt characteristics, there are
various reasons for having short or long L/Ds.
Advantages of a short screw are: (1) less resi-
dence time in the barrel. so that heat-sensitive
plastics are exposed to heat for a shorter
time, thus lessening the chance of degrada-
tion; (2) a smaller plasticator; (3) less torque
required, making screw strength and power
required less important; and (4) less invest-
ment cost initially and for replacement parts.
Advantages of a long screw are: (1) it allows
for greater output and melt recovery rates;
(2) the screw can be designed for greater mix-
ing and more uniform output; (3) the screw
can be designed to operate at higher pres-
sures; and (4) the screw can be designed for
greater melting with less shear and more con-
ductive heat from the barrel.

Mixing and Melting Devices

A screw without special mixing elements
may not do a good mixing job, mainly because
of the nonuniform shear acting in a conven-
tional screw channel. Mixing is distributive
and/or dispersive. Distributed and dispersive
mixing are not physically separated. In dis-
persive mixing, there will always be distribu-
tive mixing. However, the reverse 1s not al-
ways true.

In distributive mixing, there can be disper-
sive mixing only if there is a component ex-
hibiting a yield stress and if the stresses act-
ing on this component exceed the yield stress.
In order for a dispersive mixing device to be
efficient, it should have the following charac-
teristics:

l. The mixing section should have a region
where the plastic is subjected to high stresses.

2. The high-stress region should be de-
signed so that exposure to high stresses oc-
curs only for a short time.

3. All fluid elements should experience the
same high stress to accomplish uniform mix-
Ing.

In addition, it should follow the general
rules for mixing: minimum pressure drop in
the mixing section, streamline flow, complete
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Fig. 3-23 Melt model for standard screw. (a) The feed section initiates solids conveying. This is en-
hanced by sliding (low friction) on the screw and high friction on the barrel. Of course, when the plastic
sticks to the screw and slides on the inside surface of the barrel, it just goes around with the screw
and never moves forward. In the feed section, there is also some compaction and a little heating of the
resin. (b) At the beginning of the transition, the resin is further heated and more compression occurs.
The solid resin 1s forced against the barrel, causing a sliding friction. The resulting heat creates a film
of melted polymer on the inner barrel surface. (c) As the plastic proceeds down the transition, there is
more melting and more compression. Usually most of the melting takes place in the transition. Here
the polymer is divided into three parts: a compacted solids bed, a melt film along the barrel surface, and
a melt pool. The melt pool is formed as the melt film is collected by the advancing flight. Most of the
melting continues to be the result of sliding friction of the solids bed against the heated barrel. This is
rapid, efficient melting something like melting an ice cube by pushing it against a hot grinding wheel.
(d) The channel depth continues 1o decrease as we progress down the transition. Melting continues,
and the width of the solids bed decreases, while the width of the melt pool increases. Unfortunately,
as the channel gets shallower, the shear rate increases. Now the already melted polymer continues to
heat. This is normally undesirable. (e) Further down, the solids bed breaks up, and the unmelted pellets
are distributed throughout the channel like ice cubes in water. The efficient melting of the solids bed
by friction against the barrel stops. Now only less efficient melting continues. This is something like
heating the water to melt the ice cubes. It will finally get the job done, but it 15 slow and much less
efficient. Overheating of the melt continues in the shallow metering section. (f) The plastic continues
down the shallow metering section to the discharge. It is possible that there remain unmelted pellets or
portions within the melt having higher or lower temperatures and viscosities. Then the melt is nonuni-
form, giving poor properties and color mixing. Greater mixing can be achieved by reducing the channel
depth, but this must be done at the expense of more overheating and less output per revolution. The
constant-depth metering section is not a good mixer. This i1s because smooth laminar flow patterns
are established, causing the different portions of melt to continue to move in a fairly constant circular
pattern, This does not mix the dissimilar portions of melt.

Chemical Co. It has a series of semicircular
grooves cut on a long helix in the same di-
rection as the screw flights. There are usu-

zone depth and the desired results:

Desirable results Obtained by

High output Deep screws ally three or more such sections, interrupted
Low melt by short cylindrical sections. This interrupts

temperatures  Deep screws the laminar flow, and it divides and recom-
Melt quality Shallow screws bines the melt many times. In this way, it

works something like a static mixer. It is still

used on foam screws and other applications
(Fig. 3-24).

A solution is needed that can provide good
mixing and product uniformity at high pro-
duction rates without excessive stock temper-
atures. The answer has been found in a vari-

ety of mixing and barrier screws designed to
overcome these problems. Some of the more
common mixing devices are described and 1l-
lustrated below.

Dulmage mixer The Dulmage screw has
one or more Dulmage sections incorporated
as an integral part of the screw, usually lo-
cated at the discharge end. The Dulmage
screw was one of the first mixing screws and
was developed by Fred Dulmage of Dow

Mixing pins Around 1960, several com-
panies started to place radial pins in the screw
root. These pins tend to interrupt the laminar

Fig. 3-24 Dulmage mixer.
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Fig. 3-29 (Continued) (g) The Willert II screw (trademark of W.H. Willert Inc.) starts a second flight
from the back side of the primary flight at the beginning of the transition. This flight has a lesser lead
than the original primary flight, causing it to move away from that flight and creating a melt channel.
This new flight is full-diameter and becomes the new primary flight. After it has separated the proper
distance, it changes its helix angle and runs parallel to the new barrier flight. The barrier flight is really
a continuation of the original primary flight, except that it is undercut, like all barrier flights. The solids
channel is deepened in the area where the new melt channel is created so that the conveying action will
not be choked off. The melt channel becomes deeper and the solids channel shallower as you progress
down the transition. Near the end of the screw, the primary and barrier flights interchange for added
mixing. Both channels are open at the discharge end.

melting rate is controlled by providing a bar-
rier between the solid bed and the melt pool
to assure that the solid bed does not break up
prematurely and become encapsulated in the
melt.

An example of this concept, introduced
by George Kruder of HPM (Fig. 3-29d), is
called a Double Wave screw. The conven-
tional feed and melting zones are employed
until the point at which about 50% of melt-
ing is completed. There the melt and solids
are mixed together, This 1s accomplished by
varying the metering channel depth in a sinu-
soidal pattern. The mixing action alternates
between very shallow, high-shear zones and
rather deep, low-shear zones. The effect of
this action is to promote the distributive mix-
ing of the solid bed melt (which has been thor-
oughly broken up) with the melt pool.

Specialized Screw Designs

Low-shear screws Some 1njection mold-
ing operations may require complete melt-

U

Conductive meiting zone

ing, but with minimal strains or stresses ap-
plied to the melt. Minimizing induced strains
is required when an otherwise high level of
mixing would destroy some desired inhomo-
geneous feature of the material: a typical ex-
ample occurs in the injection molding of mot-
tled or marbelized products using a polymer
feedstock consisting of dissimilarly colored
components. In this example, a high degree of
melt mixing can result in uniformly colored
product. Minimizing applied stresses may be
required to avoid physical degradation of the
feedstock, as, for example, in the injection
molding of polymers reinforced with long
glass fibers. In this case, breakage of the re-
inforcement during processing may result in
an insufficiently strong product.

A specialized shear screw design (US.
Patent 4,299,792, 1981) is shown in Fig. 3-30,
consisting of a flighted section just long
enough to provide adequate conveying and
moderate compaction to initiate melting, fol-
lowed by a deep flightless section to sup-
ply extensive maternal residence that enables
conductive heat transfer from the barrel to

AN

-!-— Conveying IGHEJ

Fig. 3-30 Low-shear screw.
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Fig. 3-31 Example of a marbleizing screw.

provide a major contribution to melting. The
absence of screw flights in the latter section of
the screw, in effect, substitutes an essentially
two-dimensional simple strain field for the
more complex three-dimensional strain field
encountered in a fully flighted screw channel
and significantly reduces mixing. The local-
ized high shear stresses associated with re-
circulatory flow in a fully flighted section are
similarly avoided.

Marbleizing screws Molded parts can be
produced that resemble variegated marble
(like marble cake). The surface has an at-
tractive appearance of two or more colors.
It 1s produced by not developing the “ideal”
melt during the extrusion (plasticizing) ac-
tion (Fig. 3-31). A worn-out screw may be
satisfactory, or a screw such as the low-shear
(Fig. 3-30) screw.

Screw Tips

With two-stage IMMs there are no spe-
cial screw tips required beyond those for re-
ciprocating IMMs. However, special designs
have been developed to improve the move-
ment of melt (Fig. 2.10). The reciprocating
screw machine uses the screw as a plunger.
As the plunger comes forward, the material
can flow back into the flights of the screw.
For low-melt-viscosity, thermally stable plas-
tics, a nonreturn valve is attached to the front
of the screw to prevent material backflow.
Figure 3-32 shows a sliding-ring nonreturn
valve, the most widely used configuration.
However, a number of different check valves
have been designed and used, such as those
shown in Fig. 3-33.

With the ring type of valve, the ring 1s in
the forward position while plasticizing so that
melt can flow past the seat and through its
hollow portion of the screw. When the screw
operates as a plunger, the ring moves into the
back position. Basically. the flow path must be

(a) Ring in back position
bl lntuatas
- - —— - -
Ring in forward
position during
wrew rotation
(b)

R I

L

Fig. 3-32 Shiding nonreturn valve: (a) Schematic
of ring (split) to show forward and backward mo-
tions. (b) Melt flow pattern. (¢) Valve with adapter.
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are heated, they gradually soften and form
a layer of meli. By the time the material
reaches the transition zone of the screw, it is
a mixture of melted and unmelted material.
The semifluid mixture can then fit into the
smaller flight volume of the transition zone.

This ability of amorphous materials to
soften and melt over a fairly long range al-
lows the use of a smaller L/D screw ratio and
low compression ratio. The feed section also
can be rather short.

Crystalline pellets, on the other hand, re-
tain their shape until they have absorbed suf-
ficient heat and melt all at once. This means
that pellets in the screw retain their shape
as they reach the transition section of the
screw. The volume of pellets cannot fit into
the reduced-volume flights of the transition
section, so until the plastic melts, the screw
may stall during its backward travel.

A longer screw, coupled with a higher com-
pression ratio, is desired for these matenals.
The larger L/D allows more time to heat the
pellets before they reach the transition sec-
tion. The higher compression ratio means re-
duced flight depths in the metering section to
reduce the possibility of unmelted material
getting through.

Melt Quality

Screw geometry IMM suppliers provide
a general-purpose screw (GPS) with their
equipment unless the customer makes a spe-
cific request otherwise. There are many rea-
sons for this standard practice. A GPS is de-
signed to handle most of the many different
thermoplastics available (particularly com-
mercial types). It is obvious that this screw
cannot handle all these materials with equal
efficiency; it may be most efficient on amor-
phous plastics and not so efficient on crys-
talline plastics, or the reverse. What screw is
supplied as standard depends on the markets
served by the machinery manufacturer.,

It has become common practice to rate the
screws by L/D ratio, which is nothing more
than a ratio of the length to the screw diam-
eter. The longer the screw, the greater the
amount of material in the screw under heat at
all times. Therefore, a long (large L/D) screw

3 Plasticizing

would be beneficial for crystalline plastic be-
cause of the longer exposure time available
for heating and melting the plastic. However,
other factors of screw design (flight configu-
ration, flight depths, compression ratio, and
pitch) have a distinct bearing on screw per-
formance.

Flight configuration concerns how much
of the screw length is devoted to the feed
section, the transition (compression ) section,
and the metering section. Each section plays
animportant part in the screw’s performance.
(Details were given at the start of this chap-
ter.) For any given L/D, changing these three
sections can change the performance of the
screw. Asan example, a long feed section with
a short metering section will create a screw
with high throughput, but poor quality. Witha
reduced feed section and long transition and
metering sections, the output will be reduced,
but the melt quality greatly improved. To aid
in improving heat buildup, a preplasticator
with or without external heaters can be used
to improve melt performance (Fig. 3-36).

Flight depths affect performance in that
a shallow feed section limits performance
because the amount of plastic picked up
by the screw is limited. Deep flights in the
metering section allow unmelted plastic to
move through. The higher the compression
ratio, the lower the output but the better the
quality.

Residence time The process of heating
and cooling thermoplastics can be repeated
indefinitely by granulating scrap, defective
parts, etc. During the heating and cooling cy-
cles of injection molding, the plastic develops
a “time to heat” history, or residence time.
With only a few repetitions of the recycling,
the properties of certain plastics are not sig-
nificantly affected by residence time. How-
ever, for some TPs they can be. The amount of
residence time is also critical during the initial
processing of virgin material. If the temper-
ature is higher than required and/or the hot
melt is in the barrel longer than necessary.
the residence time is increased and problems
arise in plastics behavior during injection into
the mold and/or the molded finished part.

Ideally, one wants a good-quality melt, no
more or less than required. However, if the
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Fig. 3-36 Preplasticator use with a two-stage IMM.

processor desires to obtain more plasticated
material per hour (as an example) than the
screw can provide, the temperature in the bar-
rel is raised. This can result in a poor-quality
melt that necessitates longer cycle times.

Some machinery manufacturers tell their
customers that they can use up to 80% of the
machine’s shot capacity. However, the aver-
age shot size used by most molders does not
exceed 50% of maximum capacity. What is
involved here is residence time.

In operating the screw to plasticate the next
shot, a certain heat profile is used to bring
the plastics to the desired temperature by the
time it comes off the end of the screw. The
plastic moves along the screw in increments,
depending on the shot size. Each time the
screw operates to pump back, it feeds a slug
of cold pellets along the feed section of the
screw. Once this has been accomplished, the
screw sits motionless until it 1s required to
mject the previously prepared shot into the
mold. Then the screw pumps back, and the
process starts all over again,

Depending on the capacity of the screw,
the shot size required for the particular mold-
ing, and the overall cycle time of the opera-
tion, the operator can determine how long
the plastic must be exposed to heat to bring
it to the desired temperature and condition.
Another factor to consider is the effect of the
screw stroke. As the screw pumps back, the
length of the feed section is reduced. This

action has a bearing on feeding capability
as well as heat exposure. In general, a feed
stroke of three diameters 1s about the maxi-
mum for good performance (298). However,
most machines today are using a stroke of
four diameters to obtain a larger shot size.

The reason for studying the residence time
is that even though you are using the proper
injection molding machine as far as clamp ca-
pacity is concerned, youmay not have enough
screw capacity. The shot capacity of the screw
1s not always the best indicator of machine
performance, Even at 50% shot capacity, the
residence time created by the desired cycle
time may not prove enough for the plastics in
the barrel to ensure a good-quality melt. (In
this example, not enough residence time was
used; in most cases, it is too long.)

It is important to understand residence
time because of its effect of limiting cycle time
and part quality. Raising the temperature of
the barrel may help, but usually creates other
problems. Fortunately, most molding jobs are
in the range of 20 to 25% shot capacity or
less, so residence time problems do not ap-
pear. However, if the mold permits a faster
cycle and the desire is to run as fast as pos-
sible, residence time is a factor, Experience
indicates that a residence time of less than
1.5 min usually means that vou are on the
edge. However, long residence time is not a
problem if you anticipate it and thus use a
lower temperature.
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Different materials of construction are
used to meet the requirements of the dif-
ferent plastics being processed. As an exam-
ple, bimetallic barrels offer extensive durabil-
ity when processing abrasive materials such
as glass- and mineral-filled plastics, certain
engineering plastics, and granulated/recycled
plastics. In contrast, when processing unfilled
nylon continuously, the probability is that you
will have to replace a worn out screw about
every six months. These questions are dis-
cussed below under the subheading Screw
Wear Protection.

Screw Qutputs

The rate of output (throughput), or the
speed at which plastic 1s moved through
the plasticator, has been pushed continu-
ally higher as a result of design advances in
screws, IMM equipment, and plastic maten-
als. Output rates generally range from a few
kilograms to tons per hour on single-screw
machines. (With twin-screw extruders using
large diameters, output rates range {rom a
few kilograms to at least 30 tons per hour.)
A rough estimate for output rate (OR) in
Ib/h can be calculated by using the barrel’s
ID ininches and using the following equation:
OR = 16 ID; for kg/h multiply by 0.4536.

The output of a screw is fairly predictable,
provided that the melt is under control and
reasonably repeatable. With a square-pitch
screw (a conventional screw where the dis-
tance from flight to flight is equal to the di-
ameter), a simplified formula for output is
R = 2.3D*hgN, where R is the rate or out-
put in Ib/h (kg/h), D is the screw diameter in
in. (mm), & is the depth in the metering sec-
tion in in. (mm) (for a two-stage screw use
the depth of the first metering section), g is
the specific gravity of the melt, and N is the
screw rotation speed (rpm).

This formula does not take into account
back flow and leakage flow over the flights.
These flows are not usually a significant factor
unless the plastic has a very low viscosity dur-
ing processing or the screw is worn out. The
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formula assumes pumping against low pres-
sure, giving no consideration to melt quality
and leakage flow of worn screws.

With all these and other limitations, the for-
mula can still provide guidance as follows:

1. It can serve as a general guide to the
output of the screw.

2. Ifthe actual output of the screw is signifi-
cantly greater than calculated, it is caused by
high compression ratios that overpump the
metering section. Sometimes this 1s desirable,
but it can lead to surging and rapid screw wear
if it is excessive.

3. If the output 1s a lot less, it usually indi-
cates a feed problem or a worn screw or bar-
rel. The latter can be determined by measure-
ment. A feed problem can, on occasion, be
corrected by changes 1n barrel temperature
settings. More often, the problem is caused by
other 1tems, such as screw design, shape and
bulk density of the feedstock, surface condi-
tion of the screw root and barrel ID in the
feed area. feed-throat design, or screw tem-
perature.

Influence of Screw and Barrel Wear
on Output

There are two types of wear. One i1s me-
chanical. such as adhesive and abrasive wear.
The other is corrosion, which produces pitted
surfaces. Adhesive wear is caused by contact
between the flight and the barrel. The screw
and barrel are engineered to mimimize such
contact, but some is unavoidable. The plastic
matenal being processed can significantly in-
fluence the abrasive and/or corrosive actions.

Wear does not occur suddenly but builds
up over months of machine operation. It fi-
nally shows itself in one of several ways. The
examples to be discussed concern recipro-
cating screw machines, since they have the
major wear problems; but wear also occurs
in two-stage IMMSs, including the breaking
of nonreturn valve rings. There can be loss
of shot control or consistency, requiring in-
creased feed to make up for melt slippage
back over the valve and screw. Screw recov-
ery time can increase. There can be a decrease
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in product quality. The cycle time increases
due to higher-temperature melt.

Mechanical wear is usually in the part of
the screw where the feed section ends and the
transition starts. Itis usually caused by the use
of high back pressure, an improper heat pro-
file, or a worn nonreturn valve that restricts
flow.

Often the plastic is filled with talc, glass,
or other maternials that do not melt but form
slugs and can cause scrubbing of the screw
and barrel, particularly the roots of screw
flights. This action continues until the flight
is worn away. The barrel is likewise worn in
the corresponding area. A change in the heat
profile in the rear and center zones of the bar-
rel will usually eliminate this problem. The
plastic must start to melt as it reaches the end
of the feed zone in order to move easily into
the transition zone. If the screw returns 1n an
erratic manner, the plastic does not have the
required temperature, and screw and barrel
wear result.

Another complication can be that the shot
size and the cycle time do not allow sufficient
residence time for the plastic to melt properly
as it passes through the barrel. A usual guide
isthatif the residence time is less than 1 % min,
there may be a cold condition.

Influence of the Material on Wear

Corrosive wear due to plastic matenals
usually occurs in the front of the screw and
barrel. The major wear is in the metering sec-
tion of the screw, at times extending a little
into the transition section. Most of the wear
problem is with the barrel core and the screw
root. It leads to darkening of the screw and
pitting of its surface. Note that certain plastics
and fillers (nylon, phenolic, etc.) when heated
degrade, giving off corrosive gases and/or
liquids.

This wear usually occurs during startup and
shutdown when the melt is not moving on
cycle and sits in the barrel under heat. The
long soaking time of the barrel on startup and
shutdown can cause degradation of the plas-
tic when it is in contact with the steel screw
and barrel. The ratio of wear of the barrel to
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that of the screw’s root is usually about 2: 1.
The barrel ID enlarges at twice the rate of the
decrease of the root of the screw. This differ-
ence occurs because the heat source comes
from the outside of the barrel. The screw root
1s not as hot as the barrel’s interior surface,

When a nonreturn valve is new, it will fit
the barrel closely, preventing leakage of melt
during injection. When the barrel ID changes
due to wear, leakage begins to occur during
injection. If the barrel wear reaches 0.010 to
0.012 in. (0.025 to 0.030 ¢m), the ring on cer-
tain nonreturn valves can break. Then the
IMM does not operate efficiently.

Screw Wear

The wear in screw plasticators generally
causes an increase in the clearance between
screw flight and barrel (Fig. 3-37). It often oc-
curs toward the end of the compression sec-
tion. This type of wear is more likely to oc-
cur when the screw has a high compression
ratio. Regardless of where it occurs, the plas-
ticator’s melting capacity is reduced. If the
wear is serious enough, it will cause the prod-
ucts to exit at a slower rate or (more likely)
to have lower quality. In addition to adhesive
wear (caused by metal to metal contact under
high stress), abrasive wear (galling), and cor-
rosion wear (chemical reaction/mechanical
attack on the sliding surfaces), screws are sub-
ject to laminar wear (affecting thin outer lay-
ers of metal at interfaces) and surface-fatigue
wear (micro- or macroscopic separation from
the surfaces).

Production Variations

As screw flights and the insides if bar-
rels wear, the pumping ability of the screw
is diminished. Some materials and some ad-
ditives will cause higher wear than others;
for example, hnear low-density polyethylene
(LLDPE) will cause more wear than conven-
tional LDPE or polypropylene. Many fillers,
such as titanium dioxide (used for white
coloring) and reinforcing fibers, also create
high-wear situations. Under some conditions,



208

people tend to run a poorly performing screw
long after it should have been changed. Con-
verting the cost of a screw into an equivalent
volume of plastic or into a profit per day will
determine the payback for a change. Assume
a screw cost $30,000 to $40,000 each with out-
put at 3,000 Ib/h (1,400 kg/h) of a $0.40/1b
plastic. If you waste 100,000 Ib (45,400 kg) of
plastic, you have thrown away cost of a new
screw. A new screw would have saved 33 h of
processing. It pays to replace the screw.

Screw Wear Protection

Most screws are made of medium-carbon-
alloy steel, usually heat-treated and hard-
ened to 28 to 32 RC (see Table 3-3 Materials
of Construction). It is then nitrided (gas or
ion) or chrome-plated for better wear resis-
tance. Screws with improved abrasion resis-
tance can be made of vanadium bearing tool
steel hardened to 54-56 RC. Cost and brittle-
ness generally limit such screws to less than
90-mm diameter, Materials with improved
corrosion resistance include precipitation-
hardened (pH) stainless steel and nickel al-

Table 3-7 Guidelines for purging agents

3 Plasticizing

loys. The outer surface of the flights is the
area of the screw most susceptible to wear.
The most common means of protecting that
area is to weld on a hard-facing alloy.

Coatings Different wear-resistant and
protective coating techniques, such as hav-
ing the screw flight land hardened, are used
to meet different requirements according to
whether the plastic being processed is corro-
sive, abrasive, clinging, etc. Types of coating
used include chrome plating, nickel plating,
and impregnation with carbon, silicon car-
bide, tungsten carbide, boron, cobalt, etc (see
Table 3-4).

Purging

The purging of the plasticator—that 1s, re-
moving all plastics from it—is normally done
on changing material colors (particularly go-
ing from a dark to light color) and on shut-
down, at the end of a production run. Agents
used for this purpose are listed in Table 3-7.
See also the section on Cleaning Molds and
Machine Parts in Chap. 4.

Material to be Purged

Recommended Purging Agent

Polyolefins
Polystyrene
PVC

ABS

Nylon

PBT polyester
PET polyester
Polycarbonate

Acetal
Engineering resins
Fluoropolymers
Polyphenylene sulfide
Polysulfone
Polysulfone/ABS
PPO
Thermoset polyester
Filled and reinforced
materials
Flame-retardant compounds

HDPF

Cast acrvlic

Polystyrene, general-purpose, ABS, cast acrylic

Cast acrylic, polystyrene

Polystyrene, low-melt-index HDPE, cast acrylic

Next material to be run

Polystyrene, low-melt-index HDPE, cast acrylic

Cast acrylic or polycarbonate regrind; follow with
polycarbonate regrind; do not purge with ABS
or nylon

Polystyrene; avoid any contact with PVC

Polystyrene, low-melt-index, HDPE, cast acrylic

Cast acrylic, followed by polyethylene

Cast acrylic, followed by polyethylene

Reground polycarbonate, extrusion-grade PP

Reground polycarbonate, extrusion-grade PP

General-purpose polystyrene, cast acrylic

Matenal of similar composition without catalyst

Cast acrylic
Immediate purging with natural. non-flame-retardant
resin, mixed with 1% sodium stearate
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Table 3-8 Guidelines for plastic changes
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Temperature

Matenal in Material Mix with Rapid Bridging

Machine Changing to  Purge and Soak Matenal Follow with
ABS PP ABS .- PP
ABS SAN SAN — SAN
ABS Polysulfone ABS PE Polysulfone
ABS PC ABS PE PC
ABS PBT ABS PE PBT
Acetal PC Acetal PE PC
Acetal Any material PE — New material
Acrylic PP Acrylic — PP
Acrylic Nylon Acrylic — Nylon
TPE Any material PE —- New material
Nylon PC PC - PC
Nylon PVC Nylon PE PVC
PBT ABS PBT PE ABS
PC Acrylic PC - Acrylic
PC ABS PC PE ABS
PC PVC PC PE PVC
PE Ryton PE PE Ryton
PE PP PP - PP
PE FE PE — PE
PE PS PS — PS
PETG Polysulfone PETG - Polysulfone
Polysulfone ABS Polysulfone PE ABS
Polysulfone ABS Cracked acrylic — ABS
PP ABS ABS — ABS
PP Acrylic Acrylic —_ Acrylic
PP PE PE — PE
PP PP PP — PP
PS PP PP — PP
PVC Any matertal LLDPE or HDPE — New material
PVC PVC LLDPE or HDPE —_ PVC
PPS PE PPS PE PE
SAN Acrylic Acrvlic - Acrylic
SAN PP SAN — SAN

This action consumes substantial non-

productive amounts of plastics, labor, and
machine time. It 1s sometimes necessary to
run hundreds of pounds of plastic to clean out
the last traces of a dark color before changing
to a lighter one; if a choice exists, process the
light color first. Sometimes there is no choice
but to pull the screw for a thorough cleaning
(Table 3-8).

There are few generally accepted rules on
purging agents to use and how to purge:
(1) try to follow less viscous with more viscous
plastics; (2) try to follow a lighter color with a
darker color plastic; (3) maintain equipment
by using preventative maintenance; (4) keep

the materials handling equipment clean; and
(5) use an intermediate plastic to bridge the
temperature gap such as that encountered in
going from acetal to nylon.

Ground or cracked cast acrylic and PE-
based (typically bottle-grade HDPE) mate-
rials are the main purging agents. Others are
used for certain plastics and machines. Cast
acrylic, which does not melt completely, is
suitable for virtually any plastic. About one
pound for each ounce of injection capacity is
usually used.

PE-based compounds containing abrasive
and release agents have been used to purge
the “softer” plastics such as other olefins,
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styrenes, and certain PVCs. These purging
agents function by mechanically pushing and
scouring residue out of the plasticator. Other
techniques use chemical agents.

Removal of extraneous materials (impuri-
ties) from a substance or mixture can be ac-
complished by one or more separation tech-
niques. A pure substance is one in which no
impurities can be detected by any experimen-
tal procedure. Though absolute purity 1s im-
possible to attain, a number of standard pro-
cedures exist for approaching it to the extent
of 1 ppm or even less.

Patents Influence Screw Designs

It 1s widely recognized that screw design is
extremely important in providing high out-
put, good melt quality, and in many cases ex-
tensive mixing. As a consequence, many spe-
cial design features have been invented and
patented. U.S. patent laws help stimulate the
creation of new inventions by granting exclu-
sive rights to the inventor (or the assigned
owner) for an extended period—formerly 17
years but now often longer; see the subsection
on Patents in the section on Legal Matters in
Chap. 16.

Some owners of special screw designs
choose to license other firms to build their
patented designs, but many owners do not l-
cense their inventions. The strategy followed
by most hardware vendors 1s to use all the
legal methods available to optimize the per-
formance of screw design features. Rarely
do they have an opportunity to study how
their optimized designs perform in compar-
ison with their competitors’™ patented screw
designs. There usually 1s no opportunity to
test a competitor’s optimized screw design,
since design features may differ for each ap-
plication.

Terminology

Aspect ratio The ratio of length to diam-
eter (L/D) for a plasticator screw or barrel
hole.
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Auger The action of the rotating screw in
advancing the plastic from the unmelted to
melted stages.

Axis A reference line of infinite length
drawn through the center of the rear of the
screw shank and the center of the discharge
end.

Blister ring A raised portion of the root
between flights of sufficient height and thick-
ness to effect shearing of the melt as it flows
between the blister ring and the inside wall
of the barrel.

Checkup When purchasing a screw, it is
important to inspect it fully, at least for out-
side diameter, channel profile, shank dimen-
sions, and overall length.

Coating Different coating systems are
used to meet different requirements of the
screw (see the subsection on Screw Wear Pro-
tection above).

Constant-lead screw Also called uni-
form-pitch screw. A screw with a flight of con-
stant helix angle.

Cushioning See Melt cushioning.

Decreasing-lead screw A screw in which
the lead decreases over the full flighted
length, usually of constant depth.

Depth The perpendicular distance from
the top of the screw thread to its root.

Drive motor A motor that rotates the
plasticating screw.

Face The flight extending from the root
of the screw to the flight land. The rear face
1s the side toward the feed section, and the
front face is the side toward the meter end of
the screw.

Flight crack A hairline crack in the flight
surfacing matenal of a screw. This 1s not a
problem as long as pieces do not come out of
the surface. That usually occurs next to the
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hopper so that the screw in a plasticator re-
ceives less material than what it can handle.
The purpose is to provide a better and/or
better-controlled melt.

Melt cushioning To keep melt injected in
the mold under pressure until it solidifies and
shrinks, the ram plasticizing stroke and con-
sequently the metered amount of plastic to be
injected in the plasticator must be set shightly
in excess of the shot size. The purpose of
this action is to ensure that as the stroke is
completed and the mold filled, a cushion of
melt just a few millimeters thick is maintained
between the ram and nozzle. The result 1s
greater compactness with little or no shrink-
age of molded products (see Thickness ad-
justments below).

Mixing Different screw designs are used
to meet various plastics’ melt requirements.
As an example, the Spirex Pulsar mixing
screw is used where low shear action is re-
quired. The Spirex Z-mixer is for higher-
shear melts.

Mixing section A section added to some
plasticating screws, at the output end, that
thoroughly mixes the plastic.

Multiple flighted screw A screw with
more than one helical flight such as double-
flighted (double-lead, double-thread, or two-
start), and tniple-flighted, etc.

Multiple-stage screw A screw with one
or more special mixing sections, containing
changes in the flight helix, choke rings, vent-
ing, or torpedos, that combine feeding, mix-
ing, and metering.

Nonreturn valve A valve to prevent re-
turn flow. Different designs are used to meet
different plastic melt flow and/or costs re-
quirements. They greatly influence the prod-
uct quality.

Performance Evaluation of screw perfor-
mance usually starts with a comparison with
other screws if available. The parameters that
should be considered include the following:
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(1) output rate, (2) extrudate melt tempera-
ture, (3) extrudate melt quality, (4) extrusion
stability (pumping consistency). and (3) en-
ergy usage. Different processes will require
different values for each of the parameters
listed, and these values must be known for
accurate screw design selection.

Pitch, square Sce Flight pitch, square.

Planetary A multiple-screw device in
which a number of satellite screws, gener-
ally six, are arranged around one longer and
larger-diameter screw. The portion of the
central screw extending bevond the satellite
screws provides the final pumping action, as
in a single-screw extruder. This screw system
provides special compound mixing actions as
well as the discharge of volatiles toward its

hopper end when processing powders such
as dry-blended PVC.

Plasticating Preparing the melt via the
screw and barrel actions.

Plasticator frictional heat The heat gen-
erated within the stock as a result of mechan-
ical working between the rotating screw and
the stationary barrel.

Plasticizing The melting and mixing ac-
tion occurring during plastication.

Plastic volume swept The volume of ma-
terial which 1s displaced as the screw (or
plunger) moves forward. It is the effective
arca of the screw multiplied by the distance
of travel.

Plate dispersion plug Two perforated
plates held together with a connecting rod
and placed in the nozzle to aid in dispersing
a colorant in a plastic as it lows through the
orifices in the plates.

Pocket The feed pocket exists on most
screws and is located at the intersection of
the bearing and the beginning of the flight.

Pushing flight The face or edge of the
screw flight that drives the plastic forward to-
wards the barrel exit.
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Screw compression ratio The value ob-
tained by dividing the developed volume of
the screw channel at the feed opening by that
of the last flight prior to discharge. For ther-
moplastics, typical values range from 2 to 4,
alsoexpressedas2:1to4:1; with thermosets,
it usually is 1. The value is rounded off to a
whole number or simple fraction such as 3 %_

1
or 21.

Screw compression zone See Screw tran-
sition zone.

Screw, constant-lead See Constant-lead
SCrew.

Screw, constant-taper A screw of con-
stant lead and uniformly increasing root di-
ameter over the full-flighted length.

Screw core A hole in the screw for the
circulation of a heat-transfer medium (hiquid)
or installation of a heater.

Screw core plug The plug used in the core
to modify the length (or depth) of the core.

Screw core tube An interior pipe or tube
used to introduce a heat-transfer medium
into the screw core in conjunction with a ro-
tary union assembly.

Screw decompression zone, vented In a
vented barrel, the decompression zone ex-
1sts between the first and second compression
zones and allows venting of volatiles without
the escape of plastic melt.

Screw diameter The diameter developed
by the rotating flight land about the screw
axis.

Screw diametral clearance The differ-
ence in diameters between the screw and bar-
rel bore.

Screw drag flow In the metering section,
the drag flow is the component of total ma-
terial flow caused by the relative motion be-
tween the screw and barrel; it is equal to the
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volumetric forward displacement of the plas-
tic in the screw channel. The plasticator out-
put is equal to the drag flow less the sum of
the pressure flow and leakage flow.

Screw drive The entire electric and me-
chanical system used to supply mechanical
energy to the mput shaft.

Screw feed section The portion of a screw
that picks up the material at the feed open-
ing (throat) plus an additional portion down-
stream. Many screws, particularly those for
extruders, have an initial constant-lead and
-depth section, all of which is considered the
feed section. This section can be an integral
part welded onto the barrel or a separate part
bolted onto the upstream end of the barrel.
The feed section is usually jacked for flud
heating and cooling.

Screw feed side opening An opening that
feeds the material at an angle into the side of
the screw.

Screw flight The outer surface of the he-
lical ridge of metal on the screw.

Screw flight depth The distance in a radial
direction from the periphery of the flight to
the root. The location of measurement should
be specified.

Screw flight front bottom radius The ra-
dius of the fillet between the front face of the
flight and the root.

Screw flight front face The face of the
flight extending from the root of the screw
to the flight land on the side of flight toward
the discharge. It is the same as the pushing
flight or leading edge.

Screw flight full length The overall axial
length of the flighted portion of a screw, ex-
cluding nonreturn valves, smear heads, etc. in
an injection molding screw.

Screw flight helix angle The angle of the
flight at its perniphery relative to a plane
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perpendicular to the screw axis. The location
of measurement should be specified.

Screw flight land The surface at the ra-
dial extremity of the flight, constituting the
periphery of the screw,

Screw flight land hardening The wear sur-
faces (primarily of flight lands) are usually
protected by welding special wear-resistant
alloys over these surfaces. There are many
different types.

Screw flight land width, axial The dis-
tance in an axial direction across one flight
land.

Screw flight lead The distance in an ax-
ial direction from the center of a flight at
its periphery to the center of the same fhght
one turn away. The location of measurement
should be specified.

Screw flight number of turns The total
number of turns of a single flight in an ax-
1al direction.

Screw flight pitch The distance in an ax-
ial direction from the center of a flight at
its periphery to the center of the next flight.
In a single-flighted screw, pitch and lead will
be the same, but they will be different in a
multiple-flighted screw. The location of mea-
surement should be specified.

Screw flight rear face See Flight rear face.
Screw heat treatment See Heat treatment.
Screw hub  See Hub.

Screw, constant-lead See Constant-lead
SCrew.

Screw decreasing-lead See Decreasing-
lead screw.

Screw leakage flow See Leakage flow.

Screw materials The majority of screws
and barrels are made from special steels.
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Low-alloy steels are sometimes used with
wear-resistant liners.

Screw mechanical requirements Screws
always run inside a stronger, more rigid bar-
rel. For this reason, they are not subjected
to high bending forces. The critical strength
requirement is resistance to torque. This is
particularly true of the smaller screws with
diameters of 2% in. (6.4 cm) and less. Unfor-
tunately, the weakest area of a screw is the
portion subject to the highest torque. This 1s
the feed section, which has the smallest root
diameter. A rule of thumb is that a screw’s
ability to resist twisting failure is proportional
to the cube of the root diameter in the feed
section.

Screw melt cushion 5See Melt cushioning.

Screw melt performance With screws,
particularly injection types, the melt is not
perfect, that is, it is not uniform in temper-
ature, consistency, or viscosity. With the pass-
ing of time, melt performance has been
improved via screw designs, such as the bar-
rier screws and different screw mixing ac-
tions. Nonuniform melt can also be due to
variability in the plastic. With certain plastics
and conventional screw designs, the temper-
ature within the screw channel can vary by
200°F (111°C). This is an extreme case, but
it helps explain that selecting the correct (or
best) screw for a particular plastic is impor-
tant. The more uniform the melt output, the
better the product performance.

Screw melt zone The zone (section)
where the plastic has been plasticized by heat
and pressure.

Screw metering zone A relatively shal-
low portion of the screw at the discharge end
with a constant depth and lead, usually hav-
ing the melt move three or four turns of the

flight.

Screw, metering-type A screw that has a
metering section.
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Screw mixing and melting A screw with-
out special mixing elements does not do a
good mixing job, mainly because of the
nonuniform shear action in a conventional
screw channel. Mixing is distributive and/or
dispersive. Distributive mixing is the mixing
of regular fluids, that 1s, fluids without a yield
point (a plastic with a yield point does not
deform when the applied stresses are below
a critical stress level, the yield stress). Dis-
persive mixing is the mixing of a fluid with
a solid filler, that is, a plastic with a yield
point. The objective in dispersive mixing is
to break down the particle size of sohid filler
below a certain critical size and evenly dis-
tribute the filler throughout the mixture. An
example is the manufacture of a color concen-
trate in which the breakdown of the pigment
agglomerates below a certain cnitical size 1s
crucial.

Distributive and dispersive mixing are not
physically separated. In dispersive mixing,
there will always be distributive mixing. How-
ever, the reverse is not always true. In dis-
tributive mixing, there can be dispersive mix-
ing only if there is a component exhibiting
vield stress and the stresses acting on this
component exceed the yield stress. In order
for a dispersive mixing device to be efficient,
it should have the following characteristics:
(1) the mixing section should have a region
where the plastic is subjected to high stresses,
(2) the high-stress region should be designed
so that exposure to high stresses occurs only
for a short time, and (3) all fluid elements
should expenence the same high stress level
to accomplish uniform mixing. In addition,
they should follow the general rules for mix-
ing: a minimum pressure drop in the mixing
section, streamline flow, complete barrel sur-
face wiping action, and easy-to-manufacture
mixing section.

Screw, multiple-flighted See Muliple-
flighted screw.

Screw, multiple stage See Mulhiple-stage
screw.

Screw pitch, square See Flight pitch,
square.
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Screw plunger stroke The distance the
plunger moves.

Screw plunger transfer molding A combi-
nation of reciprocating screw injection mold-
ing and transfer molding. Plasticis heated just
as in a conventional IMM, and the melt 1s in-
jected into a pot in the mold. As in conven-
tional transfer molding, a transfer ram then
forces the melt from the pot through a sys-
tem of runners into cavities of the mold (or a
sprue into a single cavity).

Screw pulling The screw can be removed
from the barrel manually, which can be dif-
ficult, time-consuming, and risky, or it can
be pushed out automatically (by hydrauhc
action, etc.). The automatic approach elim-
inates the need for special extraction devices
and reducing chances of screw damage.

Screw pump ratio For two-stage, vented
screws, a measure of the ability of the second
stage to pump more than the first stage deliv-
ers to it. In extrusion, a high pump ratio will
tend to cause surge, and a low compression
ratio to cause vent flow.

Screw radial clearance One-half the di-
ametral screw clearance.

Screw rear bottom radius The radius of
the fillet between the rear face of the flight
and the root.

Screw rebuilding and repair Screws and
barrels are expensive components. When
they are damaged or worn, it is often de-
sirable to repair rather than replace them.
It 1s a common practice to rebuild a worn
screw with hard-surfacing materials. Quite
often, the rebuilt screw will outlast the orng-
inal one, This 1s always true if the original
screw was flame-hardened or nitrided. The
larger the screw diameter, the more econom-
ical screw rebuilding becomes. The rebuild-
ing of a 43-in.-diameter 24 : 1L/D screw costs
approximately two-thirds the price of a new
flame-hardened screw and half the price of
a new stellited screw. It usually does not pay
to rebuild 2-in.-diameter and smaller screws.
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Repairs are also made on other parts of
screws, such as internal thread, splines, etc.

Screw recovery rate The volume or
weight of a specified processable matenal dis-
charged from the screw per unit of time, when
operating at 50% of injection capacity. The
SPI test procedure is used. A high recovery
rate can shorten the cycle time and eliminate
one of the reasons for a nozzle shutoff valve.

Screw restriction or choke ring An inter-

mediate portion of a screw offering resistance
to the forward flow of matenal.

Screw, reverse-flight See Reverse-flight
sCrew.

Screw root or stem The continuous cen-
tral shaft, usually of a cylindrical or conical
shape, of a screw.

Screw seal A sealing device to prevent
leakage of plastic back around the screw hub,
usually attached to the rear of the feed sec-
tion.

Screw shank The rear protruding portion
of the screw, to which the driving force is ap-
phied.

Screw, single-flighted A screw having a
single helical flight.

Screw speed The number of revolutions
per minute (rpm) of the screw.

Screw speed control Many processes re-
quire speed controls. The performance and
reliability of these controls are very similar
to those of temperature controls—you get
what vou pay for. Early speed controllers,
like temperature controllers, were mechan-
ical. Speeds were held to within 5%, result-
ing in poor plastic melt control. When bet-
ter speed control is desired, the solution is
the same as in temperature control; only the
equipment names are changed. A device is
added to the motor, and an integral charac-
teristic is provided, corresponding to the au-
tomaticreset in temperature control. [t brings
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the speed closer to the set point. A derivative
characteristic, corresponding to the heating-
rate control in temperature control, heat, en-
sures a prompt response to any upsets.

The arguments for the use of integral or
derivative control of speed are the same as
for temperature. Different systems are avail-
able, including the all-digital speed control on
machimes that require speed control. These
controls permit accuracies of 0.5% orless. An
all-digital phase-locked-loop system permits
all motors in a machine and/or a processing
line to be synchronized with each other ex-
actly or in a desired speed ratio, just as if they
were mechanically geared together.

Screw taper A tapered (conical) transi-
tion section in which the root increases uni-
formly in diameter.

Screw temperature zone A section of the
flow path of the plastic that is controlled to the
optimum temperature for that zone. Extrud-
ers typically have three to six zones on the
barrel and a number of zones downstream in
the adapter, screen changer, die, and postex-
trusion treatment areas. IMMs typically have
two to four zones on the barrel and nozzle
and a number downstream in the mold.

Screw, thermoset type A typical TS screw
(with an L/D of 1) has a water-cooled barrel.
Control of the temperature of TS plastics is
very critical during plasticizing in the screw-
barrel; if it goes just slightly too high, it so-
lidifies in the barrel, requiring screw pulling.
Thus, one uses an L/Dof 1 and a water-cooled
barrel.

Screw thrust The total axial force exerted
by the screw on the thrust bearing (screw sup-
port). For practical purposes, it 1s equal to the
melt pressure times the cross section of the
barrel bore.

Screw thrust bearing The bearing used to
absorb the thrust force exerted by the screw.

Screw-thrust-bearing rating at 100 rpm
The pressure (in psi or MPa) that can be
sustained under normal operating conditions,
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Table 4-1 Examples of plasticizing processing temperatures”

Processing
j Temperature,
Polymer Type F(°C) F(C)
Polyetheretherketone (PEEK)  Semicrystalline 290 (143) 650 (343)
Polyphenylene sulfide (PPS) Semicrystalline 185 (85) 630 (332)
Polyaryleneketone Semicrystalline 400 (204) TO0-780 (371-416)
Polyarylene sulfide Amorphous 410 (210)  625-650(329-343)
Polyethernimide (PEI) Amorphous Varies: Varies:
450 (232)  575-650 (302-343)
to 545 (285)  to 630-700 (343-371)
Polvarylether Amorphous 476 (247) 650 (343)
Polyethersulfone (PES) Amorphous 510 (266) 575 (302)
Polyamide-imide (PAI) Amorphous 470 (243) 650 (343)
Polyimide Pseudothermoplastic 470 (249) 630 (3610))
482 (250) 660 (349)
536 (280) 660 (349)
536 (280) 660 (349)

“ Typical commaodity TPs use about 400 1o 5507 F (204 1o 2887°C),

If due to machine and plastic variables
rejects develop, then one moves the ma-
chine controls to achieve higher tempera-
tures and/or lower pressures and thus restore
quality. This is a simplified approach to pro-
ducing quality parts, since only two vanables
are being controlled. (This example uses a
thermoplastic; with a thermoset, to reduce
cvcle time the highest temperature and pres-
sure would be used. etc.)

The next step in the molding-area tech-
nigue 1s to use a three-dimensional diagram
(Fig. 4-2). By plotting melt temperature vs.

—— AT PIRSSUTE

=+ Mold temperature

Fig. 4-1 Molding area diagram.

Injection pressure vs. mold temperature, one
obtains a molding volume diagram (MVD),
providing more precision control in setting
the machine.

Developing the actual data involves slowly
increasing the ram (injection) pressure until
a value is obtained at which the mold is just
filled out. This is referred to as the minimum
fill pressure for that combination of mate-
rial, mold temperature, and melt tempera-
ture. The ram pressure is then increased until
the mold flashes. This is logged as the maxi-
mum flash pressure. These two pressure val-
ues then represent a set of data points for one
combination of melt and mold temperatures.

Next, the melt temperature is changed
(leaving the mold temperature constant ), and
a new set of minimum and maximum pres-
sures determined. This is continued until the
maximum and minimum melt temperatures
are found.

Then the mold temperature is changed,
and all the above repeated until the maxi-
mum and minimum mold temperatures are
found. Once the data are obtained, three-
dimensional MVDs are constructed.

MVDs show that the melt temperature
for injection molding plastic is an important
variable that was not evident in two-
dimensional MADs. MVDs are used with all
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control requirements of the plastic melts. The
variables in the machine, plastic melt, and
process control must all be managed.

Some information on melt behavior 1s pre-
sented here. See also Chapters 2, 5, 6, and 7
for more processing details.

Basics of Melt Flow

There are variable conditions during mold-
ing that influence part performance. Of para-
mount importance are gate location(s) and
controlling the cavity fill rate or pattern.
The proper fill helps eliminate part warpage,
shrinkage, weld line(s), and other prob-
lems or defects (Chap. 8). In the practical
world of mold design, there are many in-
stances where tradeoffs must be made in
order to achieve a successful overall de-
sign. As an example, while a naturally bal-
anced runner system is certainly desirable,
it may lead to problems in mold cooling or
increased cost due to excessive runner-to-
part weight ratios, depending on the produc-
tion guantity, Software flow analysis guides
are available that allow successful designs
of runners in which pressure, temperature,
rate of flow, etc. are chosen consistently
(Chap. 9).

In a typical IMM, the flow of melted
plastic into its mold s basically controlled
by the injection unit’s plasticizing capabil-
ity and uniformity, control of melt pres-
sure, and screw position. When hot runners
are used, their valve gates are involved. Se-
quential valve gating has become important
in some multigate applications. Thus these
gates can be opened at different times dur-
Ing injection, increasing control over weld-
line location and fill balancing. With an open-
loop process, the injection unit is tied to
the valve gates from the start of the injec-
tion by either the time or the screw po-
sittion. Once the valve is opened, the flow
rate is completely controlled by the injec-
tion unit. The so-called dynamic-feed closed-
loop system uses variable flow valves. Each
valve's position is controlled in response to
the pressure requirement downstream of the
valves.
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Mold Filling Hesitation

Here i1s one of many examples of meth-
ods of operating an IMM. To understand the
hesitation effect, consider the flow patterns
throughout injection mold filling. The melt
first enters the cavity from the gate, and the
flow front reaches the first thin wall section,
There is insufficient pressure to fill this thin
section, as the melt has an alternative route
along the thick section. Melt that just entered
the thin section sits there losing heat, until
the rest of the mold is filled. When the mold
1s almost completely filled, the full injection
pressure is available to try to fill the thin sec-
tion. However, the melt in the thin section
has frozen, and the thin section is not filled.
This problem is caused by the fast-slow-fast
(hesitation) filling sequence used. If the melt
continues to flow at a nearly steady (uniform)
rate, there is no difficulty in filling the thin sec-
tion. To do so only requires the melt entering
the cavity to have the proper temperature,
pressure, and rate of injection.

Melt Cushioning

Cushioning the melt means continuing to
inject it into the mold cavity under pressure
during its shrinkage and until solidification
occurs. The purpose is to ensure that, as the
stroke is completed and the mold fills, a cush-
ion of melt exists. Usually just a few milli-
meters (.04 in.) distance is maintained be-
tween the screw or ram tip and the nozzle,
which in turn feeds into the cavity or cavities.
This action will result in greater compactness
and will eliminate or sigmficantly lower the
shrinkage of molded products.

Mold Filling Monitoring

Flow-front speed during filling is com-
monly inferred either from screw position or
cavity pressure sensors. The quality of the fi-
nal molded part, however, 1s determined by
the actual flows of molten plastic into the
cavity to pack the melt. The ultrasonic tech-
nique is one way of monitoring the filling
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action. This technology involves the use of
ultrasonic transducers and software to ver-
ify mold filling patterns and measure flow-
front speeds. It permits identifying exactly
when mold cavities are filled and switching
immediately from injection pressure to pack-
ing pressure, saving energy. Ultrasonic beams
are emitted from transducers installed on the
external surfaces of a steel mold. The beams
propagate to the cavity interface. Before
the melt arrives at the transducer’s position,
ultrasonic energy is totally reflected at this
interface. After the melt’s arrival, part of the
beam energy is transmitted into the melt, in-
dicating the arrival. A sensor can monitor
the gap caused by the shrinkage of the part
away from the mold wall, as well as measure
the speed of the gap’s development. Ultra-
sonic waveforms show echoes in the solidify-
ing parts, which can be used to obtain tem-
perature profiles across the melt and to study
cooling efficiency.

Sink Marks

Different processing conditions can cause
product problems or defects. An exampleisa
sink mark. Sink marks are an indentation on
the surface of a molded part that usually oc-
cur when there is a significant local change in
wall thickness. Examples include ribs, bosses,
and undercuts. Sink marks are caused by ther-
mal contraction of the melt during cooling
in the mold. Since the volumetric shrinkage
of plastics from melt to solid can be about
25% and their compressibility 1s smaller (per-
haps 15%). it is possible to pack out a mold.
This action can prevent sink marks during
the pressurization phase only. Some compen-
sating flow is necessary to eliminate the sink
marks entirely. If it is impossible to use a high
enough holding pressure to do so, a lower
holding pressure may reduce the marks to an
acceptable level.

By analyzing flow as a combination of vis-
cous fluid flow and heat transfer, one can
hope to understand what is happening in the
mold (Chap. 7). The object is to flow plastic
through the thin sections and into the thick
sections. With a very slow rate, the pressure
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drop will be high because of the high heat loss.
In the extreme case the plastic can freeze off.
With a high holding pressure, there will be a
high flow in the pressurization phase and a
low flow in the compensating phase. This low
compensating-phase flow means that the thin
sections will not remain molten long enough
for the thick sections such as a boss to be
adequately packed out.

Mold Descriptions

Molds are a very important part of the in-
jection molding process, as summarized in
Fig. 1-14. There are many different mold de-
signs used to produce all the thousands of dif-
ferent shapes and sizes of products. Examples
of a few mold designs are shown in Figs. 4-4
to 4-9.

In the past, when someone purchased an
IMM and had made a low estimate of the to-
tal cost to set up an operation with its auxil-
iary equipment, to reduce expenses the mold
was skimped. The result most of the time was
a disaster, because products did not meet per-
formance requirements or, worse, the cost
of molding a quality product went up. The
message here is that vou get what vou pay
for.

Molds are of many different designs to
meet different product requirements. There
are molds that can have common assembly
and operating parts so that the tool's cavity
or cavities can receive different cavity inserts.
Molds can themselves be highly sophisticated
and expensive pieces of machinery. They can
comprise many parts requiring high-quality
metals and precision machiming. To take the
greatest advantage of these investments, the
mold may incorporate many cavities, adding
further to its complexity. Many molds have
been reengineered as standardized products
that can be used with different cavities, run-
ner systems, cooling lines, unscrewing mech-
anisms, etc.

For over a century it has been easy for
those familiar with the engineering (and art)
of mold making to obtain the molds they de-
sired. In the past, however, molds were not as
complicated as they are now, and in the future
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tie-rods. In turn, the machine tie-rod clear-
ances limit the number of cavities that can be
installed in a multicavity mold.

It is important to design a mold that will
safely absorb the forces of clamping, injec-
tion, and ejection. Furthermore, the flow con-
ditions of the plastic path must be adequately
proportioned in order to obtain uniformity of
product quality in cycle after cycle. Finally,

General configuration of a mold.

effective heat absorption from the plastic
by the mold has to be incorporated for a con-
trolled rate of solidification prior to removal
from the molds.

The mold designer should become thor-
oughly familiar with the processing informa-
tion on the plastic material for which the mold
is being built. (See Chap. 6 for information on
material processing.)
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Fig. 4-11 Exploded view of a mold base.
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Table 4-2 Functions of the injection mold

4 Molds to Products

Mold Component Function Performed
Mold base Hold cavity or cavities in fixed, correct position relative
to machine nozzle.
CGiuide pins Maintain proper alignment of two halves of mold.
Sprue bushing (sprue) Provide means of entry into mold interior.
Runners Convey molten plastic from sprue to cavities.
Gates Control flow into cavities.
Cavity (female) and force (male) Control size, shape, and surface texture of molded article.
Water channels Control temperature of mold surfaces, to chill plastic to

ngid state.

Side (actuated by cams, gears, or
hydraulic cylinders)

Vents

Ejector mechanism (pins, blades,

stripper plate)
Ejector return pins

Form side holes, slots, undercuts,
threaded sections.
Allow escape of trapped air and gas.
Eject ngid molded article from cavity or force.

Return ejector pins to retracted position as mold closes

for next cycle.

The mold determines the size, shape, di-
mensions, finish, and often the physical prop-
erties of the final product. It is filled through
a central feed channel, called the sprue. The
sprue, which is located in the sprue bushing,
1s tapered to facilitate mold release. In single-
cavity molds, the sprue usually feeds the poly-
mer directly into the mold cavity, whereas in
multicavity molds it feeds the polymer melt
to a runner system (cold or hot), which leads
into each mold cavity through a gate.

The mold is aligned with the injection cylin-
der by means of a ring in the stationary mold
half, into which the cylinder nozzle seats. The
locating ring surrounds the sprue bushing and
is used for locating the mold in the press
platen concentrically with the machine noz-
zle. The opening into which the ring fits is
made to a tolerance of —0.000 and +0.002 in.
(—0.000 and +0.005 cm). The ring itself is
made 0.010 . (0.025 cm) smaller than the
opening, providing a clearance of 0.005 in.
(0.013 cm) per side, A clearance above this
amount may cause misalignment with the
nozzle, which in turn would entrap part of the
sprue, causing the sprue to stick on the wrong
side. The sprue bushing on the locating ring
end has a sphenical radius of ’]'1 or _-: in. (1.27
or 1.91 ¢m) to fit the machine nozzle radius,
The hole through the length of the sprue has
a 3 in/ft taper of 1°115 on each side. This

hole must have a good reamed and polished
finish to prevent sprue sticking.

The parting line is formed by cavity plates
A and B. Cavity plate A retains the cavity
inserts and supports the leader pins, which
maintain the alignment of cavity halves dur-
ing operation. These guide pins are prefer-
ably mounted in the stationary mold half to
ensure that the molded product(s) will fall
out of the mold during ejection without being
fouled. One of the four leader pins is offset by
about % in. {0.48 cm) to eliminate the chance
of improper assembly of the two halves.

The alignment of mold halves is usually ac-
complished using leader pins. Many moldma-
kers use tolerances of £0.0008 to +0.0013 in.
(£0.0020 to £0.0033 cm) from side pin to
bushing. Tighter tolerances of +0.0004 to
£0.0008 in. (£0.0010 to £0.0020 ¢cm) provide
more accurate alignment and less wear. On
ejector systems, a minimum of four leader
pins and bushings are used to prevent cocking
of the plate, which reduces wear and prevents
seizing.

Mating with plate A is plate B, which
holds the opposite half of the cavity or the
core and contains the leader-pin bushings for
guiding the leader pins. The core establishes
the inside configuration of a part. Plate B
has its own backup or support plate. The
B backup plate is frequently supported by
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production on a strict order basis, whereby
manufacturers produce molds according to
exact defined parameters submitted by cus-
tomers, to more of a partnership basis.
A moldmaker now becomes involved in a
project from the beginning, acting more as a
consultant who supports a client throughout
all stages of a project.

Taking this into consideration, we see that
a moldmaker is not only requested to pro-
duce molds, but also has to design the parts
according to the requirements of a customer.
Furthermore, a moldmaker, in addition to
his or her specific technical knowledge, must
be acquainted with various plastics and the
relevant injection molding technologies that
will be used. Usually, the moldmaker has to
undertake detailed discussions with the cus-
tomer and material supplier to decide on
the most relevant parameters with regard to
tolerances, etc., prior to starting the design
process.

An additional need in recent vears, to
be competitive in the international market
where new products have to be presented on
shorter time scales, has made the use of com-
puters indispensable. The application of com-
puter systems such as CAD, CAM, or CAE
in the mold industry nowadays is a basic re-
quirement. More and more companies are
requiring the transfer of design and geom-
etry data by the use of these systems. To
work profitably for customers in many areas,
it is necessary to install a complete network
that directly links computer-generated design
data to the numencally controlled produc-
tion metal-cutting machinery. The CAD sys-
tem should have two- and three-dimensional
capabilities to advance all relevant design
activities.

A powerful computer system enables one
to react quickly to clients’ requirements,
espectally in terms of changes in design and
savings in time and money. Specific software
automatically produces the data for CNC pro-
gramming and forms the connection between
design and production departments. The
CAM portion of a computer-automated sys-
tem converts design data into numerical con-
trol data used by CNC machines, which will
mill and/or erode the shapes onto the parts.

4 Molds to Products

Inevitably, the use of computer systems re-
quires the adjustment of mechanical equip-
ment according to the rapidly progressive
CNC technology. It becomes an integral part
of the system.

Mold Types

There are many different types of molds,
designed to meet many different prod-
uct requirements (1, 7. 179, 256). Indus-
try generally identifies six basic types for
use with thermoplastics. These types are
(1) the cold-runner two-plate mold; (2) the
cold-runner three-plate mold; (3) the hot-
runner mold:; (4) the insulated hot-runner
mold; (5) the hot-manifold mold; and (6) the
stacked mold. Figures 4-13 and 4-14 il-
lustrate these six basic types of injection
molds.

A two-plate mold consists of two plates
with the cavity and cores mounted in either
plate. The plates are fastened to the press
platens, and the moving half of the mold usu-
ally contains the ejector mechanism and run-
ner system. All basic designs for injection
molds have this design concept. A two-plate
mold is the most logical type of tool to use
for parts that require large gates. This cold-
runner system results in the sprue, runners,
and gates solidifving with the cavity plastic
material.

The three-plate mold is made up of three
plates: (1) the stationary or runner plate.
which is attached to the stationary platen and
usually contains the sprue and half of the run-
ner; (2) the middle or cavity plate. which con-
tains half of the runner and gate and 1s al-
lowed to float when the mold is open; and
(3) the movable or force plate, which con-
tains the molded part and ejector system for
the removal of the molded part (Fig. 4-15).
When the press starts to open, the middle
plate and movable plate move together, thus
releasing the sprue runner system and degat-
ing the molded part. This type of cold-runner
mold design makes it possible to segregate
the runner system and the part when the mold
opens. The die design makes it possible to use
center-pinpoint gating.
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