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Whether one recycles to materials or to en-
ergy has to be decided by an economic audit.
Recycling is preferable to landfill practice,
the costs of which are increasing and where
the inherent value of the plastic is lost. Mu-
nicipal authorities have to consider the eco-
nomics of recycling operations, taking into ac-
count the cost of landfill. Factors to consider
are: revenue from recycled materials or pro-
duced energy, cost of recycling, savings from
nondisposal in landfill, and cost of disposal
in landfill of the remaining tonnage after re-
cycling. Although recycling can save energy
and resources in the manufacturing process,
getting recyclables to market and then pro-
cessing into products also uses energy and
generates waste that must be managed. The
use of fuels and the environmental impact of
preparing, collecting, sorting, and transport-
ing recyclables should be considered when
developing an audit.

Recycling and Lifecycle Analysis

A lifecycle environmental analysis pro-
vides information starting from raw materi-
als, through fabricated products, to end of
their useful lives. Issues that arise include: re-
cycling of process and scrap materials, release
of water pollutants and emission of gaseous
and particulate pollutants, disposal of nonre-
cyclable and hazardous waste, disposition of
toxic wastes, and costs.

Recycling Commingled Plastics

Commingled plastics are plastics not sorted
by type in a waste system. The unsorted plas-
tics must be combined or blended into one
harmonious material.

Recycling Automatically Sorting Plastics

The goal with plastic scrap or waste has
always been to speed throughput, improve
quality, and add value. This means splitting
plastic waste into a much broader network of
flows than has previously been possible. The
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challenge in automating plastics reclamation
lies in integrating separate technologies that
require devices for separating, detecting, and
aligning. There have been all kinds of ap-
proaches; however, the major problem has
been (and continues to be) cost to set up the
complete operation from collection to out-
put sales. There have been more losers than
winners in this field.

Recycling and Common Sense

Before undertaking recycling, incinera-
tion, land fill disposal, chemical reclamation,
cryogenic gasification, electrokinetic meth-
ods, hydrogenation; pyrolysis, or other meth-
ods factors such as practicality and economics
must be considered. A variety of good cases
have been made for recycling with controlled
conditions. Good cases can be made for in-
cineration, based strictly on volumetric mass
(reduced into insignificant mass with ashes
buried under controlled conditions), recla-
mation, based on energy savings, and so on.
Landfill can be beneficial in different ways. Of
critical importance is that decisions be based
on logic with a full knowledge of facts and
costs.

Recycling Limitations

Criteria of logistic technology and proper-
ties will determine whether or not it is plausi-
ble to reclaim and reuse plastic wastes. These
criteria can be assessed economically in a
complex way under the aspects of production
and economy. Logistic criteria will cover the
conditions of accrual according to location
and quantity. Technological criteria are the
purity and type of plastic, its cleanliness, and
its geometry (basic shape and uniformity).
Property criteria result from the extent of
damage to the material during recycling.

Recycling Facts and Myths

As reported by the knowledgeable and
practical people in the waste industry (and

Exhibit 2029  Page 368
IPR2023-01424



562

those who sensibly approach the waste prob-
lem), it is not possible to recycle everything
as some zero-waste advocates claim. Not only
is 100% recycling not attainable, but it is not
even good for the environment. It has been
reported that although the United States re-
cycles an average of about 27 wt% of its trash,
in most areas the amount recycled does not
exceed 30 to 35% for good reasons. (1) At
least 25% of trash is simply not recyclable
since it does not make sense to collect value-
less items; thus, if communities want to even
achieve 50% recycling, about two-thirds of
every current recyclable item would need to
be recovered. (2) Recycling is also limited in
that only a few of about fifty identifiable items
are present in significant amounts. Large con-
tributors are cardboard boxes at 13% and
newspapers at 6 %; most only represent about
1% of trash so that recovering them would
create great cost and inconvenience to con-
sumers and waste handlers. (3) Toincrease re-
cycling rates dramatically, many items would
have to be trucked greater distances with
more resources needed to clean and process
dirty trash, and this would negatively affect
the environment.

Recycled plastic items include PET post-
consumer soft drink bottles and HDPE bot-
tles. Recycling is a mainstream waste man-
agement tool and one that communities
should continue to pursue. However, the
public and politicians should recognize that
high recycling rates could be counterproduc-
tive from environmental and economic stand-
points (Chap. 17, Correcting Misperceptions
about Plastics).

Warehousing

Warehouses for raw materials, additives,
auxiliary equipment, spare parts, molds, dies,
tools, processed plastic parts, etc. comprise
a significant requirement of the plastics in-
dustry. Warehousing requires proper han-
dling and storage procedures that must be
logged economically. Various systems are
used successfully. These include the unit
warehouse, which makes use of pallets, cages,
and similar equipment. Unit warehouses
employ a structured organizational scheme
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for integrating order-picking and transporta-
tion. The system integrates the inward and
outward flow (input-output matrix) of goods,
the factory administration, process control,
quality control, etc. (Chap. 10).

There are various methods of keeping
(storing) materials, tools, additives, equip-
ment spare parts, etc. The different products
to be stored usually have specific require-
ments such as temperature, height of loads,
handling characteristics, etc. (see Chap. 10,
Material Handling).

Plastic materials can be received in dif-
ferent forms (pellets, powders, etc.) and dif-
ferent size packages or containers, requiring
different methods of storage.

Storage and Condensation

If a plasticis stored in a relatively cold area
and then brought into the operating plant, it
will often become wet (due to moisture con-
densation) enough to cause processing prob-
lems. Different procedures can be used to
eliminate this problem area, such as moving
material to an indoor closed storage bin to
expose the plastic to the same temperature.

Material Storage

All storage and unloading areas should be
kept clean and dry to minimize fire hazard.
The store room should be separated from
the processing shop by fire-resistant doors.
Store materials away from direct sunlight
and in properly constructed racks, containers,
and/or silos. Usually the use of unheated stor-
age areas with natural ventilation is sufficient.
Ensure that the plastic does not stagnate in
storage by adopting a strict stock control pol-
icy. Adopt a first-in, first-out policy (FIFO).
With stock control, if a faulty batch develops,
one can find the rest of that batch.

Silo Storage

For processors that can make (truck or
rail car) bulk purchases, silos with auto-
matic plastic handling systems, though ini-
tially costly, will provide economic paybacks.
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They also provide environmental benefits,
save floor space particularly when located
outside, reduce handling by people, and leave
no mess on shop floors as with sacks, gaylords,
or big bags, etc. It takes 40,000 Ib/month of a
single plastic to justifying using a silo.

Processing Different Plastics

The following sections review injection
molding of different plastics. They provide
different reviews that can be used as guides
in processing other plastics. Reviews include
molding start-ups to meet different perfor-
mance capabilities with cause-remedy ap-
proaches.

Polyethylenes

Low-density polyethylene (LDPE) is de-
fined as polymerized ethylene having a no-
minal density of 0.910 to 0.925 g/cu cm. How-
ever, medium-density polyethylene (MDPE),
with a density of 0.926 to 0.940 g/cu cm, is usu-
ally included with LDPE because their pro-
cessing conditions and properties are quite
similar. Therefore, the following informa-
tion will encompass both low- and medium-
density polyethylene unless otherwise stated.
Specific polyethylene formulations used for
illustration will be selected from the middle
of the density ranges covered by LDPE and
MDPE.

The injection molding of large, thin-walled
items is one of the most difficult challenges
in the injection molding of LDPE. Since one
of the most commonly encountered items of
injection-molded LDPE is a lid, the injection
molding of LDPE lids will be described as a
fairly typical representation of the injection
molding of LDPE.

Injection-molded polyethylene lids are
used in a wide variety of closure applica-
tions. Many products, such as margarine,
cream cheese, whipped topping, ice cream,
and sandwich spreads, are packaged in plastic
containers (which may be polyethylene) that
have polyethylene lids for primary closure.
Many other products, such as coffee, peanuts,
and shortening, are packed in metal cans that
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are used after they are opened to store the
unused portion of the contents. Most of these
cans are sold with polyethylene overcaps that
snap into place and furnish good closure for
the cans after removal of the metal tops.

The characteristics demanded in polyethy-
lene lids vary widely. Economy is always im-
portant;in nearly every application, it is desir-
able that the lids be flat and they snap tightly
upon the container that they cover.

Some applications demand some degree of
clarity so that printed matter on a metal lid
can be read through the overcap before the
can is sold. Some require resistance to envi-
ronmental stress cracking, so that the materi-
als that may be in contact with them will not
cause them to split. Some require still other
characteristics. In addition, the polyethylene
lid business has undergone significant tech-
nological advances in past years with most of
the emphasis on processability or production
rate. Extremely fast-cycling machines, stack
molds, and larger tonnage presses all have
contributed to an increase in the molder’s
productivity.

This section presents detailed information
about the important factors in the injection
molding of lids and describes some poly-
ethylene formulations widely used for this
purpose.

Screw-type molding machines are pre-
ferred to straight-ram machines for molding
polyethylene overcaps because they produce
more homogeneous melts and permit the use
of shorter cycles. They also permit better con-
trol of such variables as injection pressure,
injection speed, and melt temperature. It is
very difficult to mold flat, acceptable lids on
a straight-ram machine, unless it is equipped
with a screw preplasticator.

The size of the IMM to be used to mold
overcaps is intimately related to the diameter
of the overcap and number of cavities in the
mold. Generally, molds with two to four cav-
ities can be used on molding machines with
capacities of 2 or 3 oz and clamping forces
of 75 to 150 tons, whereas molds with six or
eight cavities frequently require machines of
a 5- to 16-0z (0.14 to 0.45 kg) rating with 200
to 400 tons of clamping force available. How-
ever, these figures could vary considerably,
depending on the size of the overcap.
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The clamping force usually necessary in a
molding machine for producing an overcap
25 to 30 mils thick is 1% to 2 tons per square
inch of projected area. A single-cavity mold
for a 5-in, lid, therefore, would require 28 to
38 tons; a four-cavity mold for the same-size
lid, 110 to 150 tons.

Molding Conditions

When setting conditions for molding
polyethylene, the objective should be to in-
ject fairly hot material into a cold mold while
subjecting the molded part to aslittle strain as
possible. This is usually accomplished by us-
ing high injection pressures to ensure quick
filling of the mold and very short plunger-
forward times to avoid packing the mold.

High melt temperatures are used to permit
the plastic to be injected quickly into the mold
with minimum strain. High melt tempera-
tures normally give maximum clarity, mini-
mum sunburst, and minimum warpage in the
molded parts.

If melt temperatures are too low, molding
will be difficult, requiring excessive injection
pressures and longer plunger-forward times.
This combination of conditions can produce
lids with poor clarity and excessive sunburst
and warpage.

Melt temperature generally varies from
325 to 550°F (163 to 288°C), depending on
the machine used, mold size and construc-
tion, and plastic formulation.

Large machines with large material holdup
in the cylinder usually operate between 325
and 475°F (163 to 246°C), whereas small ma-
chines with little holdup generally operate
between 425 and 550°F (218 to 288°C). If the
plastic moves through the cylinder rapidly,
the cylinder temperatures may have to be set
considerably higher than the above temper-
atures to maintain the desired melt tempera-
ture. In a machine operating near its plasticat-
ing limits, an indicated temperature of 480°F
(249°C) may be required to maintain a melt
temperature of 450°F (232°C).

Figure 6-55 shows the relationship between
injection molding melt temperatures and the
melt index of low-density polyethylene for-
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Fig. 6-55 Approximate IM temperature ranges
for LDPE.

mulations with a melt index ranging from 0.7
to 40. The optimum mold temperature for lid
production seems to be about 400 to S00°F.
Temperatures in this range permit short cy-
cles and produce lids with good clarity. Mold
temperatures lower than 40 to S0°F can make
mold filling difficult, but very clear lids are
generally produced while higher mold tem-
peratures result in slow lid cooling, usually
causing excessively long cycles.

The most important segments of the lid
molding cycle are plunger-forward time and
clamp time. Both factors significantly affect
shrinkage and toe-in.

The plunger-forward time should be about
0.1 to 0.3 sec longer than the actual mold-
filling time. If it is significantly longer than
this, the areas around the gates will be
packed, and thus they will shrink less than
the areas around the outer edges of the lids,
so that warpage could result. The plunger-
forward time is generally determined by set-
ting all temperatures for molding, decreasing
the plunger-forward time in small increments
until a short shot results, and then increasing
the time about 0.1 to 0.3 sec.

The clamp time should be the absolute
minimum setting at which a lid with accept-
able flatness, toe-in, and shrinkage can be
produced. The clamp time, which must be set
after the plunger-forward time is fixed, must
sufficiently exceed the plunger-forward time
to allow the molten plastic to solidify in the
cavities. Since toe-in is desirable but warpage
is not, the clamp time must be set for each
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mold to give a satisfactory combination of
these factors. If the cooling time necessary
to produce acceptable lid flatness and shrink-
age does not produce acceptable toe-in, the
thickness of the lid can be increased so that
this portion of the lid will be hotter and shrink
more after it has been removed from the cav-
ity. This will increase toe-in.

Since the main objective of lid moving is
to fill the mold cavities as rapidly as possible,
injection pressure and injection speed should
be set as high as possible while still maintain-
ing proper shot-size control. These settings
should be at their maximum, if possible.

Proper adjustment of shot size (“starve
feeding”) is the preferred method for con-
trolling packing when molding lids; if possi-
ble, the shot size should be the exact amount
of plastic needed to fill the mold cavities. On
some small molding machines and even some
larger ones equipped with screw preplastica-
tors, shot-size control is sufficiently precise
to make this possible. With precise shot-size
control, the adjustments described for cycle
time, injection pressure, and injection speed
should be satisfactory.

Maximum screw speed is usually used so
that the time needed to pump material to
the front of the screw will not delay the ma-
chine cycle. Fast screw speeds generate fric-
tional heat in the plasticand help to produce a
homogeneous melt. If temperatures become
too high and material degradation results, the
screw speed should be reduced. The heat gen-
erated in the plastic by the screw rotation is
a function of the square of the screw speed;
thus, a small reduction in screw speed can re-
sult in an appreciable reduction in the heat
generated.

Materials

Tenite polyethylene 18BOA (20 melt in-
dex, 0.923 g/cu cm) is the Eastman formula
used for the production of thin, clear lids.
This material is characterized by excellent
processability, warpage resistance, and clar-
ity, while exhibiting good toe-in character-
istics and stress-crack resistance. A higher-
melt-index version of 18BOA is 18DOA
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(40 melt index, 0.923 g/cu cm). This mate-
rial exhibits greater shrinkage and slightly
better flow characteristics, but not the toe-
in, processability, and stress-crack resistance
of 18BOA. Tenite polyethylene 1870A (7
melt index, 0.923 g/cu cm) exhibits excep-
tional stress-crack resistance. It provides a
material with fast cycling characteristics for
the lid molder interested in applications re-
quiring high stress-crack resistance.

All three materials have been used exten-
sively in the lid-molding industry in a vari-
ety of closure applications and other related
items. Because of their consistency, these
materials perform especially well in stack
molds.

To fully characterize this “family” of high-
quality lid-molding materials, an extensive
study was performed to evaluate formulas
18BOA, 18DOA, and 1870A over a wide
range of melt temperatures and injection
pressures to determine lid characteristics at
each of these conditions. The materials were
evaluated on a 250-ton, two-stage Husky in-
jection molding machine fitted with a three-
cavity, 603-lid mold. A four-cavity, 401-lid
mold was used in some cases to show the dif-
ference in characteristics between large and
small lids.

Molding Test Results

Shrinkage Tests were conducted for
shrinkage as a function of melt temperature
and injection pressure for the three mate-
rials. Three basic relationships exist. First,
lid shrinkage increases with increasing melt
temperature. Second, lid shrinkage increases
with increasing injection pressure. The effect
is most evident at pressures between 1,000
and 1,400 psi (6.89 and 9.65 MPa). This
trend could be attributed to an increase in
polymer temperature in the nozzle due to
frictional heat generated by the high injec-
tion pressures. Third, lid shrinkage increases
with increasing melt index. This trend is
more evident at low injection pressure than
at high pressures. Some deviation from this
relationship appeared with formula 1870 at
the higher melt temperature [greater than
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Table 6-34 Minimum melt temperature at indicated injection pressure

Material Melt Index 1,000 psi 1,400 psi 1,800 psi
1870A 7 ‘Would not flow 450°F 400°F
18BOA 20 475°F 375°F 350°F
18DOA 40 425°F 350°F 350°F

500°F (260°C)]. This last trend was reversed
with the small 401-lid size, with the lowest-
melt-index material giving the greatest
shrinkage, although only minor differences
were observed among the samples. This
would indicate that the cavity pressure and
frictional heat generated in the material can
be adjusted by careful control of the injection
pressure, injection speed, and melt temper-
ature to obtain the desired shrinkage. As
opposed to the 603-lid results, no difference
in shrinkage was observed with changing
injection pressure with the smaller 401 lids.

To summarize, the minimum melt tem-
perature at which each material could be
molded without causing short shots is given
in Table 6-34 for three different injection
pressures.

As would be expected, these data indi-
cate that proper mold filling is difficult at low
melt temperatures, at low injection pressures,
and with low-melt-index materials. This ef-
fect apparently lessens with increasing melt
index and injection pressure. A greater dif-
ference exists in mold-filling capabilities be-
tween 1870A and 18BOA than between
18BOA and 18DOA at a given injection
pressure and less difference exists among
the three materials as the injection pressure
increases.

Clarity No difference in the clarity of lids
molded at different melt temperatures or dif-
ferent injection pressures was observed. All

three materials formed lids with good clarity
at all molding conditions.

Sunburst Tests of lid sunburst effect ver-
sus melt temperature for the three materi-
als were conducted. Two basic relationships
were found in this evaluation. First, sunburst
decreased with increasing melt temperature;
second, sunburst decreased with increasing
melt index. Injection pressure had no effect
on sunburst.

Shot weight Tests of shot weight versus
injection pressure and melt temperature for
the three materials resulted in three ba-
sic relationships. First, shot weight increases
with increasing melt index. This effect is
more prominent with formulas 18BOA and
18DOA than formulas 1870A and 18BOA
in large lids, but the reverse is true with
small lids. Second, shot weight increases to
a point with decreasing melt temperatures;
then, beyond this point, the material becomes
too cold to flow properly, and shot weight
decreases. Third, shot weight increases with
increasing injection pressure. This effect is
more prominent at pressures between 1,000
and 1,400 psi (6.89 and 9.65 MPa). In general,
the optimum shot weight of the three mate-
rials as indicated by this study is as shown in
Table 6-35.

Toe-in angle 'Tests were made between
lid toe-in angle and melt temperature for

Table 6-35 Melt temperature at which optimum shot weight is obtained at

indicated injection pressure

Material Melt Index 1,000 psi 1,400 psi 1,800 psi
1870A 7 Would not flow 450°F 425°F
18BOA 20 500°F 425°F 400°F
18DOA 50 425-450°F 350°F 350°F
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the three materials. No significant relation-
ship exists between toe-in angle and injection
pressure, but as this graph indicates, melt in-
dex and melt temperature have definite ef-
fects on toe-in angle. For both lid sizes, toe-in
angle decreases as the melt index increases.
However, the relationship between melt tem-
perature and toe-in depends on lid size—
decreasing with increasing melt temperature
for the large lids and exhibiting just the op-
posite effect for small lids. This difference is
attributed to ashrinkage phenomenon. Large
lids have more total shrinkage across their di-
ameter than small lids, and this has the effect
of pulling the top of the lid rim inward around
the circumference. This overrides the shrink-
age in the skirt part of the lid, causing the
toe-in angle to be less, for the 401-lid size.

Warpage Tests were made on the three
materials on a standard cycle versus melt
temperature. They show that no warpage at
all occurred in lids molded from formula
18BOA and 18DOA, whereas those molded
from 1870A exhibited slight (but acceptable)
warpage at the melt temperature studied. As
only formula 1870A exhibited warpage, it
is difficult to see any relationship between
warpage and injection pressure. However,
there is some evidence of decreasing warpage
with increasing injection pressure for formula
1870A. The excellent warpage resistance ex-
hibited by 18BOA and 18DOA over the wide
range of injection pressures and melt tem-
peratures used in the study indicates that
warpage problems previously associated with
lid-molding materials have been overcome
with these new formulas. In addition, dur-
ing extensive field trials and the full-scale
production usage of these new materials, no
warpage problems have been encountered.

Stress-crack resistance Tests were con-
ducted on the stress-crack resistance of the
three materials versus melt temperature. No
relationship between injection pressure and
stress-crack resistance could be observed.
However, a significant relationship does ex-
ist among stress-crack resistance, melt tem-
perature, and melt index. Stress-crack resis-
tance is directly related to melt temperature
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and inversely related to melt index. Formula
1870A (7 melt index) exhibits a stress-crack
resistance (time to 50% failures) of greater
than 10 min for all melt temperatures at which
molding was possible. Relatively lower stress-
crack resistance was found in lids molded
from 18BOA (20 melt index) at melt tem-
peratures below 450°F (232°C) than those ob-
tained on 1870A lids molded over the same
temperature range. At melt temperatures of
450°F and above, time to 50% failures of
18BOA exceeded 10 min. However, analysis
of the data indicates that the stress-crack re-
sistance of 18BOA is still slightly lower than
that of 1870A, since some lid failures were
recorded at melt temperatures above 450°F
(232°C) even though time to 50% failures
was greater than 10 min. Formula 18DOA
(40 melt index) exhibited significantly lower
stress-crack resistance than both 1870A and
18BOA. However, at melt temperatures of
525°F (274°C) and above, the time to 50%
failures exceeded 10 min.

The apparent data scatter in the curves can
be attributed to the test method; any type
of stress-crack test exhibits a relatively large
standard deviation. However, the curves do
serve to point out that stress-crack resistance
increases with a decreasing melt index.

Minimum cycle time Data on minimum
cycle time (processability) versus melt tem-
perature resulted in three basic relationships.
First, cycle time increases with increasing
melt temperature. Second, formula 18BOA
(20 melt index) appears to exhibit better pro-
cessability than the other materials. Third,
the curves further indicate that the best melt
temperature for lid molding from the stand-
point of processability would be the point just
above where short shots occur. It is interest-
ing to note that this point is similar to the re-
gion of maximum melt flow previously men-
tioned under the shot weight discussions. As
would be expected, high injection pressures
permit the material to fill the mold at low melt
temperatures.

Summary This molding study of Tenite
polyethylene formulas 1870, 18BO, and
18DO indicates that the lid characteristics
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of shrinkage, shot weight, and low temper-
ature mold-filling capabilities are affected
by injection pressure, whereas all the lid
characteristics except clarity are affected by
changes in melt temperature. The study also
indicates the significant effect the melt in-
dex has on most of the lid characteristics.
In general, it can be concluded that for-
mula 18BOA (20 melt index) should be
considered the all-purpose, most versatile
material of the three. It is characterized
by excellent processability, warpage resis-
tance, and clarity while exhibiting good toe-
in and stress-crack resistance. The higher-
melt-index material, 18DOA (40 melt index),
exhibits higher shrinkage and slightly bet-
ter low-temperature flow characteristics than
18BOA. However, it does not exhibit the toe-
in and stress-crack resistance properties of
18BOA and should be considered only when
high shrinkage and/or exceptionally high flow
properties are required. Although formula
1870 (7 melt index) does not exhibit the
flow characteristics and warpage resistance
of 18BO, it does exhibit exceptional stress-
crack resistance and should be considered in
applications where this is the key property.

Polypropylenes

Polypropylene and propylene copolymers
are thermoplastic materials having the fol-
lowing characteristics:

Light weight

Heat resistance

Hardness

Surface gloss

Stain resistance

Stiffness

Ability to form an integral hinge

Processability

Chemical resistance

Stress-crack resistance

Dimensional stability

These properties make polypropylene and
propylene copolymers excellent choices for
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molding items such as housewares, appliance
parts, automobile parts and accessories, clo-
sures, laboratory ware, hospital ware, toys,
sporting goods, and miscellaneous items for
home and industry.

Polypropylene is typically supplied in ei-
ther cube-cut or cylindrical %—in. (0.32-cm)
pellets, the pellet shape depending on the
in-plant processing required for producing a
particular formulation.

Polypropylene plastic is offered in natural
color and a wide range of compounded colors
custom-matched to the user’s requirements
and accurately controlled for uniformity be-
tween lots. It can also be colored in the user’s
plant with either dry colors or color concen-
trates.

With a nominal as-molded density in basic
formulations of 0.902 g/cu cm, polypropylene
is lighter than polyethylene and nonpoly-
olefin plastics and, therefore, produces more
parts per pound than these other materials in
any given mold. In addition, the high stiffness
and excellent processability of polypropylene
permit the molding of parts with thin sections
that would often be too flexible or unmold-
able with other thermoplastics.

Basic formulations of polypropylene are
produced in flow rates ranging from less
than 1 to 450 to meet a variety of process-
ing and product performance requirements.
Variations of basic formulas are available
with additives to provide heat stability,
weatherability, and the ability to withstand
some of the effects of radiation. Some formu-
las offer improved impact strength, whereas
others contain fillers such as talc and cal-
cium carbonate for applications requiring
greater stiffness, tensile strength, and heat
deflection temperature than provided by
general-purpose polypropylene. Processing
and performance modifiers, such as antistatic,
nucleating, mold release, and slip agents, can
be added. Concentrates containing foaming
agents designed to be used alone or mixed
with other formulas can be supplied. Formu-
lations lawful for use in contact with food un-
der regulations of the U.S. Food and Drug
Administration are also manufactured.

In addition to low density and high stiff-
ness, polypropylene has a high softening
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point and excellent chemical resistance,
stress-crack resistance, electrical properties,
and resistance to abrasion. Its availability and
wide range of flow rates have promoted its
use in a great variety of injection molding ap-
plications.

Polypropylene and copolymers are well
adapted to molding in any of the commer-
cially available molding machines. For con-
venience, molding machines will be discussed
only as screw-ram and plunger-type ma-
chines. These machines differ in the manner
in which the plastic pellets are delivered from
the feed hopper to the nozzle of the machine.
The effect that screw-ram machines have
on the plastic is different from that of the
plunger machines (Chap. 2).

Cylinder temperatures, injection pressures,
and clamp pressures required for successful
molding are normally lower for a screw-ram
machine than for a plunger machine because
the action of the screw results in better ho-
mogenization of the material and the devel-
opment of frictional heat. The frictional heat
added by the work of the screw is propor-
tional to the square of the screw speed. If the
screw speed is doubled, the heat added is in-
creased by a factor of 4.

Faster molding cycles are generally possi-
ble with the screw-ram machines. Polypropy-
lene and copolymers harden relatively fast
when injection-molded, and with the lower
melt temperature possible with the screw-
ram machines, the cycle can be shortened.

The physical properties of items molded
from polypropylene and copolymers on a
screw-ram machine are generally better
than those of identical items molded on
a plunger-type machine. Usually, flexural
strength, notched impact strength, and Jow-
temperature toughness are increased while
shrinkage is reduced. Articles molded in the
screw-ram machine contain fewer stresses be-
cause the mold cavity can be filled at a lower
injection pressure. Reduced molding stresses
result in parts with better dimensional
stability.

When polypropylene and copolymers are
molded in colors, less time is required to
change from one color to another when a
screw-ram machine is used.
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Polypropylene and copolymers behave in
much the same way in processing operations,
and conclusions drawn concerning one ma-
terial generally apply to the other as well,
except that copolymers appear to be better
suited than polypropylene for insulated run-
ner molding on a screw-ram machine.

The use of a preplasticating unit is not
essential, but it is advantageous when poly-
propylene and copolymers are molded in a
plunger-type machine. With such a unit, the
high heat requirements of polypropylene and
copolymers are partially provided before the
material enters the cylinder. Therefore, the
cylinder can be maintained at a lower tem-
perature than when it is supplying the entire
heat input, and the possibility of hot spots is
greatly reduced.

Both polypropylene and propylene co-
polymers have excellent moldability, permit-
ting small parts with a wall thickness of
0.010 in. to be molded satisfactorily. In gen-
eral, these plastics show sharp decreases in
viscosity at their melting point. This allows
them to flow in the mold cavities more read-
ily than most other thermoplastics. Their su-
periority, not immediately apparent in molds
that are easily filled, becomes quite obviousin
difficult-to-fill molds as a result of this ease of
flow. Thin sections can be molded more satis-
factorily from polypropylene or copolymers
than from almost any other thermoplastic.

The molding of thick sections from
general-purpose polypropylene should be
avoided if possible because of the formation
of a coarse crystalline structure in the article
caused by slow cooling of the plastic. Articles
with such a structure usually have low impact
strength. The toughness of articles molded of
impact-modified polypropylene or propylene
copolymers is much less dependent on rapid
cooling, and these formulations may be bet-
ter than general-purpose polypropylene for
molding thick sections.

When it is necessary to mold an item with
a thick section, it is important to locate the
thick section near the gate with any reduc-
tion in thickness being made in the direction
of flow. This makes it possible to maintain ef-
fective pressure on the thick sections for a
longer time without placing excess pressure
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on the thin sections that are farthest from
the gate. Gating into thick sections minimizes
sink marks and results in less tendency to
warping than gating into thin sections.

Another possibility to consider when
molding thick sections is the use of a foam
concentrate such as Eastman’s Tenite poly-
propylene P2635-08AA. This concentrate
has effectively demonstrated, through years
of use, its capability for eliminating sinks and
voids in heavy-sectioned parts. The specific
use of this concentrate is described in an
Eastman publication, MB-55, available on
request.

Molding Conditions

Table 6-36 gives ranges of conditions for in-
jection molding articles of various thick-
nesses from polypropylene and copolymers.
These are suggested start-up conditions. Final
operating conditions may be different from
those shown, as they vary with the applica-
tion, mold design, formula selected, and in-

6 Molding Materials

jection machine used. For molding the same
part, plunger machines generally operate at
temperatures 30°F (17°C) higher than those
for screw-ram machines.

After the mold is constructed, the oper-
ating factors that affect the quality, quan-
tity, and cost of the molded product must be
determined. Although quality, quantity, and
cost are primarily dependent on the quality
and type of tooling and machine employed,
proper molding techniques and the use of
optimum molding conditions have a signifi-
cant influence. With regard to the quality of
injection-molded parts, the most important
variables are injection speed, injection pres-
sure, clamping pressure, melt temperature,
mold temperature, and cycle time. These vari-
ables are discussed in detail below.

Injection speed Normally, high injection
speeds are used when molding polypropylene
and copolymers because fast filling speed re-
sults in a relatively uniform temperature of
the material as it fills the cavity. If the filling

Table 6-36 Ranges of IM conditions for Tenite PP and polyallomer compounds

Thickness of Section

0.063 in. 0.125in. 0.25in.
Molding Conditions (1.6 mm) (3.2mm) (6.4 mm)
Temperatures
Rear cylinder, °F 380-420 380-400 380400
°C 193-216 193-204 193-204
Middle cylinder, °F 400-450 380-420 380420
°C 204-232 193-216 193-216
Forward cylinder, °F 420-480 400450 400-420
°C 216-249 204-232 204-216
Nozzle, °F 380420 380-420 380-420
°C 193-216 193-216 193-216
Melt, °F 400-480 400-450 380420
°C 204-249 204-232 193-216
Mold coolant, °F 50-80 50-80 50-80
°C 10-27 10-27 10-27
Hydraulic injection pressure
psi 600-1,500 600-1,500 600-1,500
MPa 4-10 4-10 4-10
Typical cycle time, s
Plunger forward 5-10 10-15 15-20
Total cycle 15-25 25-35 35-60
Shrinkage, % 1-2 1-2 1-2
DNA Genotek Inc.  Exhibit 2029 Page 377
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rate is slow, particularly in molding thin sec-
tions, the first material entering the cavity
may cool much more rapidly than the sub-
sequent material, resulting in an incomplete
fill, lamination, and possible warpage of the
part. This filling problem is present with any
thermoplastic, but it is accentuated in mold-
ing polypropylene, which has a relatively high
crystalline melting temperature and solidifies
quickly in the cavity.

It may be necessary to reduce injection
speed to control the uniformity of the flow
and maintain a good surface finish when parts
with thick cross sections are molded with
small gates.

Injection pressure The injection pressure
should be maintained at the minimum level
required to fill the mold. Molding shrinkage
may be reduced and sink marks minimized
by increasing the injection pressure, but this
results in packing the material into the mold
cavity. Such packing may cause difficulty in
ejecting the piece from the mold and warpage
of thin sections.

Normally, the stiffness of a part molded
from polypropylene or a copolymer increases
slightly as the injection pressure increases,
particularly when low melt temperatures are
used. Changes in injection pressure do not
significantly affect the impact strength of a
molded part.

Clamping pressure Clamping pressure is
the pressure needed to hold the mold closed
against the opposing pressure exerted by the
molten plastic under force of the injection
and holding pressure.

The pressure transmitted to the mold
cavity depends primarily on the type of injec-
tion unit used. For example, injection mold-
ing machines with any type of preplastica-
tor in which the shooting ram works against
molten polymer are very efficient in trans-
mitting applied pressure to the cavity. Screw-
ram machines are also very efficient, trans-
mitting up to 90% of the applied ram pressure
to the molten polymer in the mold cavity.
A plunger-type injection unit, in which the
plunger acts against unmelted pellets, is less
efficient in transmitting applied pressure to
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the mold cavities than screw-ram machines
or machines with preplasticators.

Restrictions in the nozzle, runner system,
or gates retard the flow of molten polymer
and limit the transmission of injection pres-
sure to the cavity. A web gate can be used
to good advantage when molding polypropy-
lene and copolymers because it gives a more
effective area for transmitting pressure than
other gates and will still freeze off when the
flow stops.

Melt temperature Processing tempera-
tures for polypropylene vary more with the
characteristics of the processing equipment
and its accessories (mold, etc.) than they
do with the formulation, but in any given
processing situation, the optimum tempera-
ture may vary somewhat with the flow rate
of the material. The best melt temperatures
for processing various formulas for Tenite
polypropylene will usually fall within the
ranges shown in Table 6-37

As the melt temperatures increase, there is
adecrease in the stiffness and impact strength
of molded polypropylene and copolymers.
The decrease in stiffness caused by the in-
crease in the melt temperature is greatest
when a high injection pressure is used. Below
certain minimum melt temperatures, severe
stresses in the molded part can occur with a
resultant loss of impact strength.

Atnormalinjection molding temperatures,
around 450 to 470°F (232 to 243°C), there is
no significant difference in deflection temper-
ature caused by changes in melt temperature.
Atextremely high temperatures, about 500 to
550°F (260 to 288°C), an increase is noted.
High melt temperatures along with long

Table 6-37 Melt temperatures for processing PP

Melt Temperature for

Flow Rate Injection Molding (°F)
4.5 380450
9.0 370-440
18-30 360430
50-70 340-410
Talc-filled formulas 380450

Calcium carbonate—

filled formulas 380-450
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Increasing stiffness
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\

Increasing impact strength

———————
Increasing mold temperature

—_——
Increasing mold temperature

Fig. 6-56 Effects of mold temperature.

residence time at melt temperature may re-
sult in increased flow rate (material break-
down) and reduced toughness. It is desirable
that the shot size utilize one-half or more of
the cylinder capacity to limit melt residence
time.

Generally, an increase in the cylinder tem-
perature makes it possible to use lower in-
jection pressure and produce a better surface
finish, but it also tends to increase drooling
from the nozzle, may make flashing a prob-
lem, and increases the time for cooling.

Mold temperature Close control of mold
temperature is important in molding any
thermoplastic, but it has increased signifi-
cance in the molding of polypropylene and
copolymers because of the highly crystalline
nature of these plastics.

Mold temperature affects the properties of
copolymers less than those of polypropylene,
and a relatively tough part can be molded
from Tenite polyallomer copolymer with only
limited mold cooling. Mold temperatures up
to 90°F (32°C) are often satisfactory.

Tenite polyallomer copolymer crystallizes
more slowly than prolypropylene, and a por-
tion of the crystallinity in the molded part
forms after the part is removed from the
mold. It is for this reason that the mold tem-
perature has less effect on the properties of
polyallomer than those of general-purpose
polypropylene.

In molding polypropylene and copolymer
parts, it is usually desirable to obtain maxi-
mum impact strength rather than maximum
stiffness. This indicates that low mold temper-
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atures should be used, normally in the range
of 32 to 60°F (0 to 32°C). A cold mold cools
the material rapidly and causes the formation
of a fine crystalline structure.

Some molded parts may require maximum
stiffness with impact strength of secondary
importance. If this is the case, mold temper-
atures in the range of 110 to 130°F (43 to
54°C) are desirable. The general trends in
stiffness and impact strength as related to
mold temperature are shown qualitatively in
Fig. 6-56. High mold temperatures result in
high shrinkage in the molded part.

In the molding articles of heavy cross sec-
tions, where high mold temperatures may be
necessary, it may be advantageous to cool
the articles in an ice water bath immediately
after ejecting them from the mold. This al-
lIows the article to be ejected while still hot
and thus shortens the cooling portion of the
molding cycle. Cooling the parts in ice wa-
ter also achieves the quick quenching neces-
sary for good impact strength, and it hardens
the surface sufficiently to prevent sink marks
from forming.

Cycle time Cycle time is largely depen-
dent on section thickness, machine condi-
tions, machine heating capacity, and injection
capacity. The overall cycle time can vary from
approximately 5 sec for thin articles to 60 sec
or more for thick articles.

The ram is in the forward position usually
one-fourth to one-third of the total cycle time.
If the booster pump is used, it is normally set
to cut out when the ram stops moving on the
forward stroke of the cycle.
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Copolyesters

Copolyesters include an extensive range
of amorphous materials with widely differ-
ing processing parameters and properties.
Probably the most frequently encountered
injection-moldable copolyester is Eastman
Chemical’s Kodar PETG copolyester 6763.
This material is a glycol-modified poly (ethy-
lene terephthalate). The modification is made
by adding a second glycol, cyclohexane-
dimethanol! (CHDM), during polymeriza-
tion. The second glycol is added in the proper
proportion to produce an amorphous poly-
mer. Kodar PETG copolyester 6763 will not
crystallize and thus offers wider process-
ing latitude than conventional crystallizable
polyesters. Plasticizers or stabilizers are not
required in this polymer.

Kodar PETG copolyester 6763 offers an
excellent combination of clarity, stiffness, and
toughness. It is lawful for use as an article
or component of articles intended for use
in contact with food, subject to the provi-
sions of Food Additive Regulations 21 CFR
177.1315 and 21 CFR Part 174, published
by the U.S. Food and Drug Administration.
Kodar PETG copolyester 6763 is not lawful
for use as an article or a component of arti-
cles intended for use in contact with carbon-
ated beverages, beer, or containers for food
that will be subject to thermal treatment, or
under conditions of fill or storage exceeding
120°F.

Typical injection molding applications for
PETG include toys, chairs, protective cov-
ers, medical device parts, face shields, brush
backs, display racks, ice scrapers, containers,
and appliance parts.

Molding Conditions

The processing variables that affect the
quality of articles molded of PETG 6763
include injection speed, screw speed, back
pressure on the screw, injection pressure,
clamping pressure, melt temperature, noz-
zle temperature, mold temperature, and cy-
cle time. The typical conditions for molding
PETG 6763 are shown in Table 6-38.
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Table 6-38 Typical molding conditions for
Kodar PETG 6763 [part thickness = 0.125 in.
(32 cm)))

Cylinder temperatures, °F (°C)

Rear 420 (216)
Center 450 (323)
Front 470 (243)
Nozzle 470 (243)
Melt temperature, °F (°C) 480 (249)
Mold temperature, °F (°C) 80 (27)
Injection pressure, psi (MPa) 12,000 (82.7)
Cycle time, s
Inject 20
Cooling 20
Recycle 2
Overall 42
Screw speed, rpm 60
Injection speed Slow

The shot size of items to be molded should
utilize at least 50% of the machine’s plasti-
cating capacity and, preferably, 75 to 80%.

Injection speed Low injection speeds are
desirable from the standpoint of part appear-
ance. If splay (visible flow lines generally
radiating from the gate) is encountered, it
can generally be minimized by reducing the
injection speed. If the molding machine is
equipped with programmed injection, an ini-
tial slow injection rate can be used until some
material has entered the cavity; then a more
rapid fill rate can be used without causing the
splay effect.

Screw speed A screw speed of 30 to
60 rpm is suggested for processing PETG
6763. High screw speeds result in frictional
heating, and this has the same effect as in-
creasing the cylinder temperature. If fric-
tional heating is excessive, polymer degrada-
tion may occur.

Back pressure on the screw Back pres-
sure is normally not required for molding
PETG. However, if large reground particles
are present in the feed or color concentrates
or dry coloring agents are being used, it may
be necessary to use a small amount of back
pressure to keep the screw full to plasticate
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the material properly and to aid in color dis-
persion.

Injection pressure Injection pressure is
not critical when molding PETG 6763. Rela-
tively high injection pressures are usually re-
quired because the material is somewhat vis-
cous at normal molding temperatures.

Melt temperature PETG 6763 can be
molded with stock temperatures ranging
from 380 to 525°F (193 to 274°C). At the
low end of the temperature range, the ma-
terial is extremely difficult to push into the
mold. At the high end of the range, material
breakdown can easily occur if long cycles or
an oversized machine results in a long dwell
time of the material in the heated cylinder.
For the most part, temperatures in the range
of 420 to 500°F (216 to 260°C) are desirable.

Mold temperature Mold temperature is
not critical to the production of acceptable
parts from PETG. When fast cycles are desir-
able, a cold mold can be used. When cavity
filling is a problem, a warmer mold can be
used. Mold temperatures higher than 130°F
(54°C) should be avoided because parts may
tend to stick in the cavities.

Purging

PETG 6763 is easily purged from mold-
ing machines. Polypropylene, high-density
polyethylene, or an acrylic purging com-
pound will readily purge a machine filled with
PETG 6763. In general, PETG 6763 can be
removed with any material that follows it in
the machine.

Shutdown and Start-Up

After the molding machine is purged, nor-
mal shutdown procedures should be em-
ployed. The screw should be moved to its
forward position and the machine operated
as an extruder until no more plastic is being
extruded. The heat can then be turned off and
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the screw stopped. When processing is to be
started again, the heater should be turned on
and allowed to heat the machine to operat-
ing temperature. Then, the injection switch
should be activated, even though the screw is
already in its forward position. The small mo-
tion that results will free the nonreturn valve
slip ring, so that it will operate properly. Ro-
tation of the screw can then be begun.

Thermal and Rheological Properties

As PETG 6763 is amorphous, its ther-
mal properties are essentially determined
by its glass transition temperature of 178°F
(81°C). This copolyester has deflection tem-
peratures of 145°F (63°C) at a fiber stress of
264 psi (1.82 MPa) and 158°F (70°C) at 66 psi
(0.45 MPa).

At temperatures encountered in injection
molding {450 to 525°F (232 to 274°C)], the
viscosity of PETG 6763 decreases rapidly
with increasing temperature and at high shear
rates.

Drying

The successful injection molding of Kodar
PETG copolyester 6763 requires that the pel-
lets be dried before processing, as is the case
with all thermoplastic polyesters. PETG 6763
issubject to hydrolysis when it is in the molten
state during processing. This hydrolysis re-
sults in a decrease in molecular weight that
is reflected by a lowering of physical prop-
erties, especially toughness. To prevent hy-
drolysis during the injection molding process,
PETG 6763 must be thoroughly dried. Dry-
ing the material in a dehumidifying dryer at
a temperature of 150°F (66°C) for 4 h is nor-
mally sufficient to reduce the moisture con-
tent to a level (approximately 0.04%) that
will prevent significant hydrolysis in process-
ing equipment operating at 380 to 525°F (193
to 274°C). The dryer temperature should not
exceed 150°F (66°C) to prevent the pellets
from softening and sticking together in the
hopper.
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Mechanical Properties

The most outstanding mechanical proper-
ties of Kodar PETG copolyester 6763 are
high stiffness and good impact strength, par-
ticularly at low temperatures. These proper-
ties are easily obtainable using the drying and
molding conditions given above.

Chemical Resistance

Unstressed tensile bars molded of Kodar
PETG copolyester 6763 exhibit good resis-
tance to dilute aqueous solutions of mineral
acids, bases, salts, and soaps, and to aliphatic
hydrocarbons, alcohols, and a variety of oils.
Halogenated hydrocarbons, low-molecular-
weight ketones, and aromatic hydrocarbons
dissolve or swell the plastic. The chemical re-
sistance of PETG 6763 is the subject of an
Eastman publication that is available on re-
quest (Publication TR-59).

Weatherability

Kodar PETG copolyester 6763 is not sug-
gested for use in applications requiring out-
door exposure.

Color

Kodar PETG copolyester 6763 may be col-
ored by using color concentrates, dry colors,
or liquid colorants. Compounded colors are
not available. Color concentrates in a PETG
6763 base to provide material compatability
when mixed are available from Eastman.
Most color concentrates are custom-made,
but a few standard color concentrates are
available from stock. The mixing ratio for
PETG 6763 and color concentrate is usually
20:1.

For injection molding PETG 6763 mixed
with color concentrate, it is sometimes neces-
sary to use mixing nozzles or Venturi plates
to obtain proper color dispersion.

The color concentrates should be kept
as dry as the PETG 6763 to minimize hydro-
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lytic degradation of the materials during
processing.

Polyvinyl Chloride

It is important to understand the molding
characteristics of polyvinyl chloride (PVC)
and how they relate to the design of process-
ing equipment. Injection molding of flexible
viny! compounds is relatively easy, but special
modifications to standard sprue machines are
suggested for processing rigid vinyls. Low-
shear screws are necessary to avoid overheat-
ing the melt. Special surface treatment, to
protect machine surfaces against the corro-
sion PVC can cause, is also available. Plating,
high-nickel steels, or stainless steels should
be specified in the mold designs. Heavy met-
als such as copper must be protected because
they are adversely affected by PVC, even
at levels as low as 2 ppm. Finally, internal
mold passageways should be designed with-
out sharp corners or other restrictions where
material may stagnate and degrade.

PVC homopolymers have a melting point
between 198 and 205°C (388 and 401°F) and
begin to decompose rapidly at 200°C (382°F).
Here lies the challenge to the processor.
Copolymers are somewhat more forgiving.
They begin to melt between 140 and 175°C
(284 and 347°F) and offer significant process-
ing advantages; decomposition remains at the
high level.

PVC is chemically inert, and it is water-,
corrosion-, and weather-resistant. It has a
high strength-to-weight ratio. It is an electri-
cal and thermal insulator, and it maintains its
properties over long periods of time. Perhaps
more important than these other considera-
tions, it has demonstrated good price stability
in the market.

Rigid PVC compounds in dry blend form
have been used for a variety of extrusion ap-
plications for quite some time because of fa-
vorable economics and processing. The use of
dry blends for injection molding rigid PVC
products has become increasingly popular.
Pelletized rigid PVC compounds were used
for the initial commercial production of most
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Table 6-39 PVC dry blend formulations
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Ingredient Common Type Concentration (parts/hundred)
PVC suspension resin Homopolymer, 0.68-0.74 IV 100.0
Tin stabilizer Mercaptide, 13-20% tin 1.2-2.0
Processing aid Methacrylate copolymer 1.5-3.0
Costabilizer/lubricant Calcium stearate 0.5-2.0
Filler Calcium carbonate, 1-3 um 0-5
Pigment/UV stabilizer Titanium dioxide 1-2
Impact modifier ABS or MBS polymer 0-5
Lubricant Paraffin wax or fatty acid amide or 0.5-1.5

fatty acid esters

current rigid PVC applications. PVC pipe is
an example.

Formulations

As with any rigid PVC formulation, the pri-
mary considerations for an injection mold-
ing dry blend formulation are cost, ease
of processing (molding), and providing the
necessary stiffness, impact strength, weather-
ability, appearance, and other physical prop-
erties in the finished part. However, molding
from dry blend also requires that other fac-
tors be considered. Formulations must be de-
signed to ensure rapid fusion; attempting to
inject cold or poorly fused material can re-
sult in degradation problems owing to high
“melt” viscosity at the high shear rates en-
countered, as well as poor physical proper-
ties in the finished part. Volatile components
in the dry blend must be minimized, since
there is no pelletizing step to help remove
volatiles. Additives must be selected so as
to avoid any potential for the segregation of
dry blend components during dry blend han-
dling and transfer. For example, ingredients
should be selected so that their particle size
distributions and bulk densities match fairly
closely. Fine particles can be undesirable be-
cause they can contribute to housekeeping
problems with poorly sealed material trans-
fer systems.

A potential advantage in formulating dry
blends as compared to pelletized compounds
can be in the use of stabilizer. The required
minimum level of this expensive ingredient
may be lower in the case of dry blends, since
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a pelletized compound has already experi-
enced one “heat history” before the com-
pound reaches the hopper of the injection
molder.

A typical starting-point formulation for
a PVC pipe-fitting dry blend is shown in
Table 6-39. For high-impact applications, the
impact modifier concentration should be in-
creased to a level such as 8 to 12 parts per
hundred. For applications where optimum
weathering resistance is required, the tita-
nium dioxide level should be increased to
perhaps 8 to 12 parts per hundred, and the
impact modifier used should be an acrylic or
EVA type.

The preparation of PVC dry blends for
injection molding is similar to that for other
dry blend applications. High-intensity mixers
should be used. Care should be taken to
avoid excessive fluffing or generation of a
static electric charge in the cooling blender
or dry blend conveying system, since air
entrapment in the melt can result during
processing. Properly formulated and blended
injection molding dry blend can be shipped
and handled in either bulk railcar, bulk truck,
or 1,000-1b (454-kg) boxes without problems.

Molding Conditions

Rigid PVCin one form or another (i.e., dry
blend, pellets, or regrind) has been processed
on nearly every conceivable type of recip-
rocating screw molding machine. These ma-
chines have been equipped with numerous
types of screws and mold configurations. Suc-
cessful field evaluations have been conducted
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using ABS screws and molds. Shot sizes have
ranged from 20% to nearly 100% of rated
capacity. Various types of gates, such as sub-
marine gates, have been successfully used.

Shot size Unfortunately, it is not always
possible to size the mold with the machine.
For maximum productivity and ease of pro-
cessing, the shot size should be approximately
75% of rated machine capacity. The lower the
shot size as a percent of machine capacity, the
longer the residence time. This means that
degradation is more difficult to control, and
quality problems due to greater temperature
gradient of the melt off the screw are more
apt to occur.

Clamp requirements Itis generally recog-
nized that a clamping force of 3 to 4 tons per
square inch of projected part area is needed.
With less force you run the risk of the mold’s
parting during the injection cycle. It should
be noted that rigid PVC requires a relatively
high injection pressure because it is one of
the most viscous of all the thermoplastics.

Barrel cooling Few molding machines in
the field today that are processing rigid PVC
are equipped with barrel cooling. Tempera-
ture override, particularly on the front barrel
zone, is not uncommon. Therefore, cooling
of this zone offers more control and reduces
the risk of degradation, thus giving more pro-
cessing latitude. A liquid (water or oil) cool-
ing system is more efficient; however, a fan is
generally adequate.

Hopper design A properly designed hop-
per can eliminate powder flow (bridging)
problems. The optimum angle is 60°; anything
less than 45° will lead to problems. The best
design is a round cone shape, but a square
design is adequate. The primary considera-
tion is the angle of the bottom portion of the
hopper.

Screw Design

The common square pitch feed screw (see
Fig. 6-57) with a compression ratio of 2:1 and
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Fig. 6-57 Standard square pitch feed screw.

L/ D ratio of 24:1 is used extensively. The
shorter L/ D of 16:1 is also successfully used,
but for dry blend an L/ D of 24:1 is preferred.
The screw should be chrome-plated and re-
built or replaced when worn beyond accept-
able limits. Often, loss of productivity and
quality can be traced to an excessively worn
screw. Fig. 6-58 shows a suggested screw de-
sign for PVC dry blend, which consists of a
barrier screw with a provision for cooling of
the screw tip. The barrier screw should pro-
vide better melt homogeneity than the square
pitch feed screw. The hottest portion of the
melt is in the center of the melt stream that
flows off the screw tip, so it makes good sense
to control the temperature of the tip of the
screw (Chap. 3).

There has been considerable debate re-
garding the best compression ratio (CR) for
PVC dry blend. In theory, a CR of 2.3 to
2.4:1 is well suited because the bulk density
of the powder is about 37 Ib/cu ft and that of
the PVC melt about 85 Ib/cu ft. The higher
CR can cause frictional heat override, but a
low CR can be detrimental to the physical
properties of the product because of poor fu-
sion. Some fittings producers believe that a
low CR (1.5:1) is needed for larger machines
(750 tons) and a higher CR (2.0 to 2.4:1)
works well for smaller machines (375 tons).

Screw tip The screw tip described in
Fig. 6-59 is recommended. Of primary con-
cern is the clearance between the screw tip
and nozzle. When the screw is in its full for-
ward position, a clearance of 0.025 t0 0.035 in.
ensures that a minimum amount of PVC is

Barrier Flight

Cored To Cool Tip

Fig. 6-58 Barrier screw.
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Opening 025 - .035
300 - 400 Clearance .
'y

Reverse Taper

Fig. 6-59 Nozzle and screw tip.

left in the nozzle during each injection cy-
cle. Both the nozzle and screw tip should be
chrome-plated.

Material Handling Equipment

Details on material handling equipment
(MHE) are given in Chap. 10.

Plantwide bulk system Figure 6-60 shows
a bulk handling system designed specifically
for dry blend. Dry blend is obviously more
dusty than pellets. However, a closed system
such as the one described minimizes house-
keeping problems.

Powder
Vent
Filter

-‘ 'k’l i
Bulk Powder™
Vacuum Unloading
Pump & Collector

6 Molding Materials

Compressed
Air*

Dump Cycle
The IMM loader.

Load Cycle
Fig. 6-61

Beside the press loader Inexpensive vac-
uum powder loaders such as the one seen in
Fig. 6-61 can be used successfully if the fol-
lowing conditions are met:

® The dry blend should not contain more
than 5% of an additive with small particles
such as calcium carbonate.

® A PVCresin that has an abundance of fine
particles will blind the filter, so particle size
must be regulated.

Cyclone Loader

Material Flow
" Direction
Selector Plate

Dust
Collector

’ Cyclone
Powdered ~
) s~ Material & ) rf‘“ Loader
3 Line €y > AR
Dust i Lo %; /‘gg
Collector | iyt
Fig. 6-60 Bulk dry blend transfer system.
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Processing Parameters

The conditions shown below can be used as
a guide for molding conditions for dry blend.
The optimum conditions depend on many
factors:

® Dry blend formulation

® Machine size

® Screw design and condition

® Shot size relative to machine capacity
e Mold design

The following suggestions are recom-
mended as a guide for maximizing dry blend
performance:

® Maintain the back pressure at a minimum
[0 to 100 psi (0 to 0.69 MPa)].

® Run the screw as long as possible for a bet-
ter melt consistency.

e Keep the injection pressure under 2,000 psi
(13.8 MPa), at about 1,200 to 1,600 psi (8.3
to 11.0 MPa).

® Operate with a low injection speed: for
large machines (750 tons), 3 to 4 sec/in.; for
small machines (375 tons), 1.5 to 2.0 sec/in.

e These and other suggestions are summa-
rized in Table 6-40.

Note The cooling time is the overall fac-
tor that governs productivity. The aforemen-
tioned molding conditions can be optimized
to stay within the normal cycle time so that
no loss in productivity occurs.

The recommended molding conditions are
also listed in Table 6-40.

Problem Solving

The three most prominent problems that
can be experienced when molding with PVC

579

dry blend are splay, degradation, and blush.
(See Chap. 11.)

Splay

(a) The PVC is not sufficiently melted in
the metering section of the screw. Thus, air
and volatiles are injected into the mold cavi-
ties.

(b) The PVC is fused too quickly in the
feed section of the screw and can trap unfused
particles. Also, the premature melting of the
dry blend can act as a barrier (seal) to air and
volatiles that need to be forced back through
the hopper.

(c) Inadequate venting of the mold exag-
gerates the problem.

Degradation A discoloration on the in-
side of the sprue indicates that the melt off
the screw is too hot. A discoloration on the
outside of the sprue, runner, and part is most
likely due to shear degradation.

Blush Blush is generally caused by too
large a variation in the melt temperature. In
other words, cold and possibly poorly fused
materialis injected in the mold along with the
hotter, more homogeneous melt.

Nylons

Nylons are injection-molded, and there are
numerous types of nylons providing differ-
ent performance characteristics. This review
on nylons only concerns nylon 66, a very
popular and useful type (108). Three im-
portant resin—mold—part interrelations must
be considered at the outset by those spec-
ifying nylon: First, nylon 66 is a family of

Table 6-40 Recommended molding conditions

Temperature profile (°F)
Zone 1 300-330
Zone 2 320-340
Nozzle 320-350
Mold temperature 50-100°F
Stock temperature 395-410°F

Injection rate

Screw rpm 20-50

Injection pressure (psi) 1,200-1,600
Hold pressure (psi) 800-1,000
Back pressure (psi) 0-100

Large machine (750 tons) 34 s/in.

Small machine (375 tons) 1.5-2.0 s/in.

DNA Genotek Inc.
Spectrum Solutions LLC v. DNA Genotek Inc.

Exhibit 2029  Page 386
IPR2023-01424



580

Table 6-41

6 Molding Materials

Your guide to selecting nylon 66 IM compounds

If You Need

Specify

What It Is

Good stiffness, strength, flow
Easier fill-in plunger machines,

General-purpose, unmodified
General-purpose, modified

Nylon 66 (melt point: 509°)
Lubricated

or faster screw recovery
in reciprocating screw
machines

Easy ejectability from the
mold

Greater heat stability in
use (to 250°F)

Greater heat stability plus
improved ejectability

Outstanding weather
resistance

Fast molding, improved color
retention on rework, lower
mold shrinkage

mold release

grade

Improved ejectability

Lower melting, lower mold
shrinkage, good flow and
color stability

copolymer

Outstanding impact toughness
especially at low
temperatures

General-purpose, but with
added mold release agent
Heat-stabilized grade

Heat-stabilized grade with
Weather-stabilized grade

Color-stabilized, nucleated

Color-stabilized, nucleated
grade with mold release
General-purpose nylon

General-purpose grade

Lubricated

Stabilizer retards embrittlement
at high use temperatures, best
thermal stability but poor
electricals

Same as grade above, but with
mold release

UV-stabilized grade with carbon
black

Rapid crystallization for fast
cycles, slightly stiffer than GP
nylons, but sacrifices some
toughness

Same as grade above, but with
mold release

Copolymer with melt point of
445°F, processes easily and well
for heavy sections, but sacrifices
stiffness and high-temperature
properties

Modified nylon 66 with good
moldability (not UL SE Class IT)

related resins, not just a single composition.
As shown in Table 6-41, various additives
or modifiers can be incorporated into ny-
lon 66 that alter its processing-property char-
acteristics. Second, resin selection must be
based on both processing and end-use re-
quirements. Thus, it is important to establish
carefully the process economics (cycle, num-
ber of cavities, heat removal, and mechani-
cal operation of the tool) so that the mold
can be built to handle the production goals.
Third, overall part design should be scruti-
nized for redundancy and simplified to re-
quire the least complicated mold design. This
is a frequently overlooked way to reduce ini-
tial mold costs and to improve subsequent
mold performance.

DNA Genotek Inc.
Spectrum Solutions LLC v. DNA Genotek Inc.

Although nylon 66 must be considered a
family of resins, all compositions have certain
common molding advantages:

® High flow and toughness in thin sections.

® Good weld strength and easy fill of compli-
cated shapes.

® Predictable mold and annealing shrink-
ages; little tendency for warpage.

® Fast overall cycles. Resins can be molded in
cold mold. Ejectability of parts from molds
is good; undercuts are readily stripped
from cores or cavities.

® Good rework stability. Property losses are
minimal on remolding of dry, rework- vir-
gin blends. Processing conditions are unaf-
fected by recycling high levels of regrind.
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Fig.6-62 The relationship of shear stress, shear rate, and melt viscosity at indicated melt temperatures

(Zytel 101 type 66 nylon).

e Moldability to close tolerances; multicavity
tooling presents no unusual difficulties in
achieving commercial tolerances.

Molding Conditions

The flow characteristics of nylon 66 mold-
ing grade resins are outstanding. If we con-
sider that these resins exhibit a very sharp
crystalline melting point at 509°F (265°C),
the melt has good fluidity at temperatures
as low as 520°F (271°C) as shown in Fig.
6-62. This figure also shows that the melt de-
viates from Newtonian behavior at all pro-
cessing temperatures, meaning that melt vis-
cosity decreases significantly as shear stress
(injection pressure) or shear rate (injection
speed) is increased. In other words, the melt
becomes more fluid as these molding vari-
ables increase.

Similarly, the temperature dependence of
melt flow (Fig. 6-63), although not greatly
different from other engineering resins, also
serves to lower viscosity (i.e., improve flow)
as the melt temperature is increased. For
example, changing the melt temperature by
50°F (28°C) will alter viscosity (flow) by a
factor of about 2. (Incidentally, melt viscosi-

DNA Genotek Inc.
Spectrum Solutions LLC v. DNA Genotek Inc.

ties in Fig. 6-62 are typical values at injection
pressures used in molding nylon 66.)

How best to fill thin sections It can be ar-
gued that any cavity, regardless of dimen-
sions, can be filled when the proper molding
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r" 131, 406
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Shear stress = 20 psi
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Key:
Zytel 101: General-purpose, unmodified nylon 66.
Zytel 103: Heat-stabilized nylon 66.
Zytel 105: Weather-stabilized nylon 66.
Zytel 109: General-purpose copolymer
Zytel 131: Color-stabilized, nucleated nylon 66
Zytel 008: GP, modified nylon 66.
.001 | L | | | |
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Apparent melt viscosity, Ib-sec/sq in.

Fig. 6-63 Melt viscosity versus temperature for
different nylon 66 molding compounds.
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conditions are used. If we assume, for ex-
ample, that melt solidification in the mold
does not occur (if mold temperatures are held
at or above the resin’s freezing point), any
cavity can be filled, provided sufficient injec-
tion time is available. From a practical stand-
point, however, solidification does occur, and
flow will terminate whether the cavity is filled
or not. In many cases, this condition results
from machine limitations. Thus, in estimating
whether any part can be molded, one must
first establish its minimum fill requirements
(based on the resin’s flow and freezing char-
acteristics) and then determine whether this
is within the capability of the molding equip-
ment. That is, one must examine the pres-
sure requirements for filling the cavity and
the necessary injection rate imposed by so-
lidification of the melt in light of the mold-
ing machine’s maximum hydraulic oil pres-
sure and pump delivery rate.

Filling a cool cavity with molten nylon, or
any thermoplastic for that matter, involves
quite complicated fluid flow relationships. As
Figs. 6-62 and 6-63 show, the melt viscosity of
plastics varies with shear stress, shear rate,
and temperature. Accordingly, certain rea-
sonable assumptions must be made to pro-
vide a practical guide for estimating fill.

Using a few basic melt-flow equations, we
derive Fig. 6-64, which provides useful in-
formation, well within engineering reliability,
for predicting mold flow and required cavity
fill time for nylon 66 (general-purpose nylon,
in particular). The data in Fig. 6-64 can be
used to predict maximum flow length at spec-
ified thickness (or minimum thickness for a
specified flow length) and to indicate the time
available for filling the cavity of indicated
thickness before melt freeze-off prevents ad-
ditional mold penetration.

The simple, general assumptions we draw
are these:

e The cavity can be considered a slab whose
volume can be described as length x
width x thickness.

® Cavity fill time is very fast, so that shear
stress and rate are unaffected by meit cool-
ing during the period of filling; that is, flow
in the feed channels is isothermal, and melt

DNA Genotek Inc.
Spectrum Solutions LLC v. DNA Genotek Inc.
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Fig. 6-64 Relationship of fill time, cavity dimen-
sions, and pressure in estimating fill at a melt
temperature of 550° 4+ 10°F (288°C) and a mold-
ing temperature of 120 +20°F (49°C) (with nylon
66 molding compound).

reaches the cavity at the same temperature
at which it leaves the nozzle.

e Channel diameters remain constant until
the cavity starts to fill.

Figure 6-64 shows generalized curves de-
rived specifically for nylon 66 resins. Based
on rheological and thermal data, it is partic-
ularly useful for thin sections [33—2in, (0.24 cm)
or less]. Knowing the solidification or freez-
ing characteristics of nylon 66, you can com-
pare the actual cavity fill time at various inlet
pressures with the allowable fill time before
the cavity freezes. (For estimating purposes,
pressure drop through the cavity is assumed
to be complete andis equal to the actual deliv-
ered melt pressure inside the gate.) The pen-
etration or fill time for any cavity, expressed
in terms of its thickness/length (/L) ratio,
depends on the available pressure, whereas
the maximum allowable time is dependent
on freezing of the part of specified thickness.
(Part width is not involved except, as dis-
cussed in the next section, when volumetric
fill rate affects toughness.)
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The following examples will illustrate how
you can use Fig. 6-64. These are not mere aca-
demic problems, but real everyday situations
applicable to any molding shop. Bear in mind
that the data are valid within £10% for ny-
lon 66 molding grade resins processed in the
range of 520 to 580°F (271 to 304°C) melt
temperatures and with mold temperatures of
60 to 180°F (16 to 82°C).

Example 1 What is the maximum flow
length that can be attained in a 0.030-in.-thick
part, single-gated, with 8,000-psi (55-MPa)
cavity pressure available, and what is allow-
able fill time before solidification occurs?

Look once again at Fig. 6-64 and observe
that a 0.030-in.-thick part freezes in 0.55 sec;
thus, fill time must be equal to or less than
0.55 sec. An intercept of 0.030-in. (0.076-
cm) part thickness (horizontal line) freezing
time (0.55 sec) with 8,000-psi (55-MPa) cav-
ity pressure curve yields a ¢/ L ratio of 0.0041
(at the bottom).

Since ¢ =0.030 in. and t/L=0.0041, L=
0.030 in./0.0041=7.3 in. (185 cm) flow
(total).

Example 2 The flow length of a 0.020-in.-
thick end-gated cavity is specified as 10 in.
What is the required cavity pressure to fill,
and how rapidly must the part be filled?

A 0.020-in. part will freeze in 0.23 sec,
so fill must be accomplished in this time
or less. The ratio ¢/L=0.020 in./10 in. =
0.002 necessitates a cavity pressure of about
22,000 psi (151.6 MPa), which is not feasi-
ble on most screw machines. An alternative
exists, however. Center-gate the part so that
the maximum cavity flow length is 5 in. Al-
though freeze time remains the same, the new
t/L=0.020 in./S in. = 0.004. This new ra-
tio now requires 12,000-psi (82.7-MPa) cavity
pressure. Also, if the part thickness could be
increased to 0.030 in. for the 10-in. flow case,
the ¢/ L would become 0.003. This would al-
low a fill time of 0.55 sec and an identical
12,000-psi (82.7-MPa) cavity pressure.

This approach to filling cavities can be com-
bined with pressure loss calculations in run-
ners, sprues, and gates to size the necessary
“plumbing” of any mold. In Fig. 6-65, pres-

DNA Genotek Inc.
Spectrum Solutions LLC v. DNA Genotek Inc.
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Fig. 6-65 Pressure drops (psi/in. of length) in

sprues, round runners, and gates when molding
nylon 66.

sure losses for various channel (bore or gate)
diameters are plotted versus upstream (en-
trance) injection pressures.

Example 3 You are given an edge-gated
part 0.0201n. (0.051 cm) thick that hasits most
distant flow point 4 in. (10.2 cm) from the
gate; it is to be molded on a reciprocating
screw machine capable of a maximum injec-
tion pressure of 20,000 psi (137.8 MPa); as-
sume that the total feed runner length is 7 in.
and the total pressure drop across the nozzle,
sprue, and gate is 3,000 psi. Determine the
minimum feed runner diameter necessary to
fill the cavity in nylon 66.

Using Fig. 6-64 and working back from the
cavity, we obtain:

thickness/length, #/L
=0.020 in./4 in.
= 0.005

P, = cavity fill pressure

(for 0.020-in.-thick part)
is 10,000 psi (68.9 MPa)

Prax = 20,000 (maximum available
at entrance to nozzle)

Pimax) — P = 20,000 — 10,000
= 10,000 psi (68.9 MPa)
(available to fill mold)
A P (nozzle/sprue/gate)
= 3,000 psi (20.7 MPa) (typical
pressure losses given)
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A Pg = 10,000 — 3,000
= 7,000 psi (48.2 MPa) (available
to flow melt thru runner)
runner length = 7in.
APg 7,000
in. ~ 7

= 1,000 psi/in. (maximum
allowable pressure drop in
runner)
inlet runner pressure

= 20,000 — 3,000

= 17,000 psi (117.1 MPa)

Using Fig. 6-65, we see that the 1,000-
psi/in. (6.9-MPa) pressure loss curve at
17,000-psi inlet pressure intercepts the
minimum channel diameter coordinate at
0.135 in. (0.343 cm). Thus, to fill the cavity,
the 7-in. feed runner must be at least 0.135 in.
(0.343 cm) in diameter (or equivalent area).

Cavity fill rate importance In the preced-
ing section, we have pointedly not concerned
ourselves with part width (actually, part vol-
ume or weight). As we saw in Fig. 6-64 there
are specific minimum fill times for different
thicknesses before cavity freeze-off occurs.
Thus, the thickness establishes the allowable
cavity fill time and establishes the maximum
length of flow at various cavity pressures.

Equally significant, we must be concerned
with the weight (volume) of the part, and the
consequence that this weight must go through
the gate in the time necessary to fill the cav-
ity. This, in turn, establishes a volumetric fill
rate through the gate. Based on a conserva-
tive premise that the fill rate through the gate
should not exceed a critical shear rate for the
resin (itself a function of melt temperature)
to yield maximum part toughness, we can de-
fine the size of the gate necessary to fill a
part without undue concern for flow-induced
brittleness (if we assume adequate cavity
venting).

In Fig. 6-66, maximum fill rate (oz/sec/gate)
for nylon 66 is shown as a function of gate
diameter at several melt temperatures. Note
that this is a maximum fill rate and is limit-
ing in that faster fill rates through the open-
ing may melt-fracture the nylon. This phe-

DNA Genotek Inc.
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Fig. 6-66 Maximum fill rate through round gates
(with nylon 66 molding compound).

nomenon often leads to brittleness, and it is
good practice to design molds and operate
machines to avoid it.

A practical part design—melt flow consider-
ation is to combine the concepts of Figs. 6-64
through 6-66. In Fig. 6-64, we have specified
the allowable fill time (in seconds) for a part
having a given thickness. Using Fig. 6-65 and
calculating pressure drops in the mold lay-
out, we can arrive at the pressure available
to fill the cavity and thus establish the maxi-
mum flow length. With Fig. 6-66, knowing the
gate size (or assuming that it is equal to part
thickness or some arbitrary fraction), we can
determine the maximum allowable fill rate
(oz/sec) that can be fed through the gate.

Multiplying by the fill time (sec) from
Fig. 6-64, we fix the maximum weight (oz)
of the part. Since the maximum weight is now
known, we can calculate the volume of a solid
part (density of nylon 66 at room tempera-
ture is 0.66 oz/cu in.). Since volume equals
length x width x thickness, we can read-
ily obtain the part width and thus have de-
fined the limiting geometry for a tough partin
nylon 66.
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Let us take an example and solve it step by
step.

Assume you have a rectangular part that
is 0.040 in. (0.102 cm) thick, molded in a
three-plate mold with three gates, 0.030 in.
(0.076 cm) in land, and 0.040 in. (0.102 cm)
in diameter (subsprues are é in. in diame-
ter and 1 in. long). The molding machine is
a 20-oz (0.57-kg) 300-ton unit and can de-
liver 18,000 psi (124 MPa) (maximum) dur-
ing injection at 5 gal/min; the nozzle has a
bore diameter of ;} in. and is 1 in. long; the
sprue averages TSG in. in diameter and is 2 in.
long; three 5-in.-long feed runners are % in.
in diameter; you are molding nylon 66 at
550°F (288°C) in amold at 120°F (49°C). You
want to determine how long the part can be
and what its maximum possible width and/or

weight is.
1. Calculate pressure drops (Fig. 6-65) with

machine at maximum pressure, 18,000 psi
(124 MPa). Here is what we do step by step:

(a) Nozzle: at 18,000-psi (124-MPa) injec-
tion pressure, nozzle pressure loss is
600 psi/in. x 1 =600 psi (4.1 MPa)

(b) %—in.-diameter sprue: inlet pressure
= 17,400 psi (120 MPa); APpre =
500 psi/in. x 2in. = 1,000 psi (6.9 MPa)

(c) 5-in.-long feed runners, % in. diameter:
inlet pressure = 17,400 — 1,000=
16,400 psi (113 MPa); A Punner =
700 psifin. x 5 in. = 3,500 psi
(24.1 MPa)

(d) APubsprues = (3 in. diameter x 1 in.
long): inlet pressure = 16,400 —
3,500=12,900 psi (889 MPa);
A Fypsprues = 900 psifin. x 1 in. =
900 psi (6.2 MPa)

(€) A Pyate,lana = 0.0301in.: inlet pressure =
12,900 — 900 = 12,000 psi (82.7 MPa);
A Pyaie = 1,500 psifin. x 0.03 = 50 psi
(0.3 MPa)
(f) Effective cavity pressure=12,000—
50=11,950 psi (823 MPa) or
6 ton/sq in.
2. From Fig. 6-66 with a 0.040-in.-diameter
gate, maximum injection rate/gate is 1.0
oz/sec or 1.5 cu in/sec. With three gates,

DNA Genotek Inc.
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4.5 cuin./sec (maximum) can be injected into
the cavity without exceeding the critical fill
rate for a tough part.

3. Since the machine can displace 5 gal/min
or about 20 cu in./sec at 18,000 psi (124 MPa)
and the 0.040-in. part must be filled in 0.9 sec,
hydraulic oil flow must be throttled by a fac-
tor of 4 (0.9 x 20/4.5) from the maximum
so as not to melt-fracture resin during cavity
fill.

4. Figure 6-64 at 12,000 psi (82.7 MPa) and
fill time of 0.9 sec (freeze time for a 0.040-in.-
thick part) gives a maximum ¢/ L= 0.0027.

5. Since ¢/L=0.0027 and ¢=0.040 in.
(0.101 cm), L=14.8 in. (37.6 cm).

6. We have established that the part is now
14.8 in. long x 0.040 in. thick and must be
filled in 0.9 sec. Since the maximum combined
fill rate (three gates) is 3 oz/sec, it follows
that 3 x 0.9 (or 2.7 oz) is the maximum part
weight. The corresponding volume is 2.7/
0.66 = 4 cuin.

7. The part now can be defined as
14.8in. x 0.040in. x w =4 cuin. (w =6.7).

8. This hypothetical part could be molded
in nylon 66 about 15 x 0.040 x 7 and satisfy
the machine and mold requirements for flow
and toughness. However, the projected cav-
ity area is approximately 15 x 7=105 sq in.
As the actual cavity pressure required to fill
was 12,000 psi (82.7 MPa) or 6 tons/sq in., one
would need about a 650-ton clamp to support
this force. Obviously, a 300-ton clamp will not
do, so in reality we are allowed then a part
about 15 in. long x 3 in. wide in order not to
flash the mold. Now the maximum part
weightis 15x3x0.040in.=1.8cuin. =1.2 0z
(0.034 kg), not 2.7 oz (0.077 kg) as originally
determined in step 7.

Performance Parameters

Avoid common pitfalls Thin moldings of
nylon 66 can exhibit strength differences
in their flow and transverse directions. This
phenomenon, called property anisotropy, is
induced primarily by flow (pressure) orient-
ation of the melt during flow.
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Two complicating factors exist. The first,
part geometry, is extremely important. Parts
of dissimilar shape, yet of the same thickness,
will fill in different patterns, and thus differ-
ences in flow orientation can arise that may
affect one part more than the other.

The second factor, the effect of flow length
on orientation, is easier to define. Atidentical
molding conditions, the longer the flow path
(per given thickness), the more chance of in-
duced orientation, since higher cavity pres-
sures and injection rates are required. All
injection moldings are produced under high-
shear conditions, and because cooling times
are rapid, only partial recovery or relaxation
of the oriented melt molecules can take place
before solidification occurs, leaving the part
in a strained condition.

This situation acts to reduce the as-molded
ductility in the direction of flow, since, in ef-
fect, some of the normally available elonga-
tion of the material has already been “used
up.” The usual ways of reducing flow ori-
entation cause reduction in initial molecular
stretching or give more time for stress relax-
ation.

Typical corrective actions are to increase
part thickness to reduce injection pressures
required for fill, use hotter molds (which
lead to longer cycles and greater stress re-
laxation), or specify postannealing. However,
these remedies can lead to increased costs.

Design Parameters

Parts requiring cavity fill pressures greater
than 8,000 psi (55.1 MPa) are likely can-
didates for anisotropic property behavior,
especially in thin sections. Accordingly, a crit-
ical flow length (at any thickness) can be
calculated for 66 nylons, which is useful in
planning gating and part design so as not
to exceed this fill pressure requirement.
Table 6-42 lists this maximum flow length at
three mold temperatures for several section
thicknesses.

Welds need not be weak links Inthe design
of complicated shapes, weld lines are often
unavoidable. Weld or knit lines are formed

DNA Genotek Inc.
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Table 6-42 Critical flow distance for uniform
physical properties of nylon 66 molding compound
Nominal Cavity Mold Temperature
Thickness (in.) 60°F 120°F 180°F
0.020 32 3.4 38
0.030 6.8 7.3 8.2
0.040 11.2 12.0 134
0.050 16.8 18.0 20.0

when more than one gate is used or wherever
a divided stream of plastic joins after flowing
around a pin or core. Thin sections are partic-
ularly prone to weak welds because of rapid
melt solidification.

When welds are formed, they should be
sweeping; when unavoidable, butt welds must
be vented for maximum strength. In these
cases, it is essential that air at the weld es-
capes before the melt streams unite.

Poor venting at weld points in nylon 66
usually manifests as burning or discoloration
(e.g., yellowing). At such spots, the strength
of the welds will be inferior to the rest of
the part. Obviously, good part and mold de-
sign calls for the least number of welds when
extreme strength is necessary. The number
of gates and internal shutoff cores should be
considered an important aspect of the initial
part and mold design problem.

The general formula for determining the
number of welds is useful to know:

N=G-1+P

where N = number of weld points
G = number of gates
= number of shutoff cores

Examples of using this formula are shown in
Fig. 6-67.

Weld strength can be maximized 1If we as-
sume that adequate venting exists, conven-
tional techniques to improve weld strength
are to:

® Increase melt temperature.

® Increase mold temperature.

® Increase injection pressure.

® Avoid use of external release mold lubri-
cant.
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A double edge-gated bushing, for example,
will have two welds because 2-1+ 1=2:

Weld 1

Gate 1 Gate 2

Weld 2

A double edge-gated disc has only one weld
front (2—-1+0=1);

Gate 1 Gate 2

Weld 1

Fig. 6-67 Examples of determining the number
of welds.

Often, mold release sprays are pushed into
the weld area by the advancing front of
molten polymer and prevent good fusion.

With the exception of the last point, the ef-
fect of the change is to increase the flow of
melt to the junction, that is, to push the melt
into the mold faster so that the two (or more)
fronts can fuse or unite properly before resin
solidification occurs. Typical weld strengths,
in tension, range from 50 to 95% of base ma-
terial strength, although poor weld strength
usually shows up as failure in repeated flexure
or shear, which is difficult to measure accu-
rately.

To ensure maximum part strength when
welds are involved in the design, look at
Table 6-43. It assumes that cavity vent-
ing is not limiting and that melt at 530°F
(277°C) flows into a cold mold at 60°F (16°C).

Table 6-43 Processing design conditions for
maximum weld strength in thin sections (nylon 66)

Part Mazximum Maximum Part
Thickness (in.) Fill Time (s) Weight/Gate (0z)

0.020 0.14 0.05
0.030 0.37 0.05
0.040 0.64 0.50
0.050 0.95 1.00
0.060 1.40 2.25
0.070 2.90 13.00

DNA Genotek Inc.
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(Note: Higher melt or mold temperatures im-
prove welding.)

The basis for optimum welding is two-
thirds of the part-freeze time, as determined
from Fig. 6-64. The maximum part weight
(per gate) is based on Fig. 6-66 and the as-
sumption that the gate diameter is equal to
partthickness. (Smaller gate diameters would
further restrict weight.)

Dimensional considerations: A necessary
chore The need for the end-user, part de-
signer, and molder to establish and agree on
the importance and number of critical di-
mensions is paramount to profitable mold-
ing. Many molds have been built with a cer-
tain plastic in mind only to have a poor mold
shrinkage estimation or unexpected changes
in dimensions after molding force the end-
user or molder to try another resin with, usu-
ally, lower mold shrinkage to yield parts to
print.

Frequently, property compromises are
made because (1) it is cheaper than rework-
ing the mold to size, or (2) it is more ad-
vantageous to have a part that fits now (for
a variety of reasons) than a part that gives
better service over the long haul. Also, it is
soon realized that employing unusual mold-
ing conditions or gate dimensions to alter
mold shrinkage after the mold is built gen-
erally leads to poor-quality parts.

In a nutshell, then, the use of longer cy-
cles, shrinkage fixtures, or postannealing op-
erations to compensate for bad mold shrink-
age estimates can ruin the economics—and
that means profits—of molding.

The simple question confronting the mold
designer with respect to dimensions can be
stated as follows: What size must the cavity
be in order to produce a part to size when op-
erating under end-use conditions? To answer
this question, it is necessary to consider the
dimensional changes in nylon 66, which are
brought about by several factors.

Moisture and temperature: Effect on part
size If we start from the dimensions of the
part under use conditions and work back
to mold-cavity size, the first point to con-
sider is the effect of temperature and relative
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Fig. 6-68 Dimensional changes of GP nylon 66
(Zytel 101) versus temperature at various humidi-
ties (annealed samples).

humidity on part size. Nylon, like other plas-
tics and metals, expands as it is heated. It
also absorbs moisture from the atmosphere,
which resultsin an increase in part size. These
factors are combined in Fig. 6-68, which
shows changes in length (mils/in.) of a stress-
free test specimen molded in nylon 66. These
very predictable changes in the as-molded
length represent steady-state values (equilib-
rium) with a given temperature and relative
humidity.

In the typical exposure of a part to an
environment of stowly varying humidity, no
true moisture equilibrium is reached, but,
rather, a balance is established with the av-
erage humidity. After initial moisture devel-
opment has occurred, subsequent variations
in relative humidity have little effect on total
moisture content and dimensional changes
in all but very thin sections. The time to
equilibrium is highly dependent on temper-
ature and part thickness (e.g., thin sections
absorb water very rapidly at higher tempera-

DNA Genotek Inc.
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tures). The combined effect of moisture con-
tent and thermal expansion causing dimen-
sional changes in nylon 66 is easily shown.
For example, assume that a part of unspec-
ified length will be required to function at
104°F (41°C) and 50% relative humidity. Us-
ing Fig. 6-68, we easily determine that this
part will grow to be 6.8 mils/in. longer in use
than as molded.

Anneal for maximum stability Thus far,
we have determined the change in the size
of the part resulting from temperature and
humidity conditions after molding. Another
factor affects the size after molding: time.

Depending on part thickness and mold
temperature employed during molding, di-
mensions can decrease with time, especially
when parts are exposed to temperatures
above 150°F (66°C). This is called postmold-
ing shrinkage.

For the greatest dimensional stability at
elevated end-use temperatures, annealing is
sometimes employed after molding to relieve
molded-in stresses and to establish a uniform
level of crystallinity in the part. (Note: The
level of molded-in stresses in most 66 ny-
lons is generally low because of their high
melt fluidity right up to the onset of solidifica-
tion. This permits relaxation of flow stresses
and orientation effects. Nucleated nylons are
sometimes prone to have a higher residual
stress level.) Parts made in cold molds tend
to be most affected because of rapid melt
solidification. Flow-induced stresses in thin
sections can be “frozen-in,” and quasiamor-
phous areas, often induced by cold molds, do
not fully develop maximum crystallinity.

As-molded crystallinity depends largely
on part thickness and mold temperature.
The crystallinity of sections > f’g in. (0.48 cm)
molded in molds >175°F (135°C) does not
change greatly with time. However, thin sec-
tions molded in cold molds, <100°F (38°C),
can undergo appreciable postmolding crys-
tallization (especially at elevated tempera-
tures), which results in additional shrinkage.
Parts molded under restraint (not free to
shrink) may on exposure to temperatures
>150°F (66°C) shrink in the direction of
restraint and expand perpendicular (trans-
verse) to the restraint.
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2" x 2" PLAQUES, GATE THICKNESS =
1/2 PART THICKNESS

GATE WIDTH = PART THICKNESS
ANNEALED IN OIL AT 325° F

FOR 1 HOUR

ANNEALING SHRINKAGE mils/ in.

L L '
100 150 200

1 1 i N S
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MOLD TEMP F
Fig. 6-69 Shrinkage during annealing versus mold temperature for GP nylon 66 (Zytel 101 NC10).

In general, articles molded of nylon 66 used
at temperatures less than 130 to 150°F
(54 to 66°C) do not require annealing. Con-
versely, for parts exposed to higher tempera-
tures, especially at low relative humidities in
an application requiring stable dimensions,
annealing is suggested. [Immersion in oil
at 325 to 350°F (163 to 177°C) for 30 min is
typical.]

Like moisture and temperature changes,
the effect of annealing is very predictable.
Fig. 6-69 shows shrinkage during annealing
of test specimens of varying thickness molded
over arange of mold temperatures. These an-
nealing changes result in contraction of the
part. Often, they tend to negate the effect
of moisture uptake at elevated temperatures
that, as we said, leads to expansion, and, in
many cases, total dimensional change after
molding is negligible, since the opposing ex-
pansion and contraction effects often coun-
terbalance each other.

To illustrate, consider a nylon part about
0.100 in. (0.254 cm) thick, molded with a
125°F (52°C) mold, and subsequently anne-
aled. Then the shrinkage that would occur
during annealing would be about 6.5 to
7 mils/in. As we have shown above, total
expansion at 104°F (40°C) and 50% relative
humidity ultimately causes a 6.8 mil/in. in-
crease in length. The net effect then would be
little or no total change from the as-molded
dimension.

Estimating mold shrinkage: A critical fac-
tor The most critical factor in planning any

DNA Genotek Inc.
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injection-molded part is the mold-shrinkage
estimate. Molds are sized for a particular
resin, usually after the part design is finalized.
It is common practice to leave metal for
subsequent machining to final dimensions
after trial moldings are made. This is costly,
time consuming, and not always good met-
allurgical practice, since many tool steels
should be properly heat-treated before use.
(Fortunately, EDM techniques allow ma-
chining of prehardened steel, which permits
certain mold or cavity adjustments after trial
shots are made.) Nonetheless, it is desirable
to size the mold as closely as possible be
fore use.

Parts injection-molded from thermoplas-
tics are smaller than the cavity in which they
were molded. The reason for this size differ-
ence is that the cavity is filled with a melt at
high temperature that is less dense then the
cooler solid. Actually, the difference between
the volume of the mold and that of the part
is the mold shrinkage. Traditionally, however,
the difference between any linear dimension
of the cavity and the corresponding linear
dimension of the part is called the mold
shrinkage of the plastic. Conventionally,
this difference is expressed as a ratio of the
original cavity dimension and is defined as

Mold shrinkage (MS)
= (C - P)/C, %, or mils/in.

where

C = cavity dimension

. . consistent units
P = part dimension }
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The changes in density of a plastic during
molding (actually, specific volume) depend
largely on the temperature of the melt and the
pressure onit. As melt temperature increases,
specific volume increases, and as pressure
increases, specific volume decreases. At the
freezing point, an abrupt decrease in specific
volume occurs as the nylon changes from an
amorphous liquid to a semicrystalline solid.
As the temperature of the solid nylon is fur-
ther decreased during cooling, the specific
volume continues to decrease. Theoretically,
the total volumetric change from melt to solid
should approximate three times linear mold
shrinkage. In the actual molding situation,
nonuniform cooling spoils this simplified
approach.

In practice, then, final mold shrinkage is de-
termined by the temperature and pressure of
the nylon melt in the cavity at the time of gate
seal-off and the thickness and crystallinity of
the frozen skin. Since the specific volume of
a solid material is considerably less than that
of any melt, the greater the thickness of the
solid layer, the smaller will be the size change
as the part comes to room temperature. Min-
imum shrinkage is obtained when the part is
completely solidified when the gate freezes.

6 Molding Materials

The nucleation of nylon raises the tem-
perature at which solidification occurs and
thereby hastens freezing of both the part and
gate. The usual effect of nucleation is to re-
duce mold shrinkage, but it also increases the
amount of frozen-in flow orientation, which
can lead to nonuniform shrinkage in flow
and transverse directions and, at times, part
warpage. (The transverse shrinkage will be
greater.)

Pigmentation can also decrease the mold
shrinkage of nylon. The greatest effect is seen
with high loadings of TiO; and other inor-
ganic pigments and salts that act to nucleate
nylon. Organic pigments and dyes do not sig-
nificantly affect shrinkage.

Part and mold geometry are also very im-
portant in determining the mold shrinkage of
a given dimension. If the cavity contains un-
dercuts or cores that restrain the free shrink-
age of the part, the as-molded shrinkage will
be less than for an unrestrained part. The
postmolding or aging shrinkage, however,
will be greater for a part that is restrained
from free shrinkage in the mold because of
greater stresses retained within the part.

One may estimate the mold shrinkage of
unrestrained parts by using Fig. 6-70. Note

Section A Mold variables Section B: Process variables D - direction of flow
Part thick linJA T - transverse direction of flow
art thickness[in.
R BT B2 B® pB¢ BS
Gate thickness [in.]R
o1 Melt temp. [F] [
h [- 3 Presure pT bt
) .01 6 6004 (1000 psi) }
[ Hold
Gate width L 015} ; . 19
[in.] loa-$.015] 5 590 temp. (°F) screw Plunger,
b L 02 02 |9 ¥ 200 254 - 14
1.0 ) I |- -10 f --14,-8
580 T 30 = ,
2 | 1.+t o3t 180 [ B 141 .
1 F 6 Yarto3 130 [ -gi L 1o 1 20t . L 121 P
u f s 05 05 0T 160 .t Pofel L
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Fig. 6-70 Mold shrinkage

nomograph for nylon plastics.
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that this nomograph is in two sections: mold
variables and process variables. The net ef-
fect is additive, except notice that the signs
are + in. A and — in. B. The nomograph is
based on data obtained from parts of simple
geometry. The injection speed and hold time
(dwell under pressure) were adjusted to give
maximum part weight with the injection pres-
sure, melt temperature, and mold tempera-
ture as variables. For optimum predictability
when using the nomograph, the importance
of obtaining maximum part weight during
molding cannot be overstated. If the cav-
ity is not filled to the limit imposed by the
gate seal time, then the measured shrinkage
will be greater than that predicted by the
nomograph.

Molding Performance Parameters

Use the nomograph For illustrative pur-
poses, we show a typical example in Fig. 6-70
for a part molded in general-purpose nylon
(specifically, Zytel 101). Let us look at it:

Mold variables Assume the following:
Gate width = 0.125 in. (0.318 cm)
Gate thickness = 0.090 in. (0.229 cm)
Part thickness = 0.125 in. (0.318 cm)

Connecting scales as shown, one obtains a
value of about 20 for A (sign is +).

Process variable Assume the following:

Melt temperature = 550°F (288°C)
150° (66°C)

It

Mold temperature

Connect points as shown to reference line R.

With a screw injection machine, the re-
quired melt pressure to fill (for the exam-
ple) is 15,000 psi (103.4 MPa). (Note: Injec-
tion gauge pressure on the machine must be
converted to equivalent melt pressure; this
factor varies with different machine manu-
facturers.)

Connect reference point (on R) with melt
pressure and read —6 on scale B, (for
Zytel 101). Mold shrinkage is A+ B=20 +
(—6) =14 mils/in.

DNA Genotek Inc.
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Had a nylon resin other than Zytel 101
been molded, we would connect the point on
B, horizontally to the specific B scale for the
resin used. Note that for Zytel 131 (scale By)
and Zytel 109 (scale Bs) both resins are nucle-
ated and show a different B value, depending
on whether measurement is made in the di-
rection of flow or transverse to it.

To illustrate, had we selected Zytel 131 in
the preceding example, the A value (+20)
would be identical. However, the B value for
flow direction shrinkage would be —14, and
the mold shrinkage estimate would be

A+ B=20+(—14) =6 mils/in.
If transverse shrinkage were required, then
A+ B=20+(—9) =11mils/in.

Only the nucleated 66 nylons show differ-
ent flow and transverse shrinkage. The other
66 nylons exhibit the same shrinkage in both
directions. Surface lubrication and mold re-
lease agents do not affect mold shrinkage.

To summarize key points in this discussion,
let us combine Figs. 6-68 through 6-70 and es-
timate the mold shrinkage that would be nec-
essary to produce a hypothetical part exposed
to certain environmental conditions.

Assume that a part is molded in unmod-
ified nylon 66. Part thickness is % in., gate
thickness 0.100 in., gate width 0.150 in., mold
temperature 100°F, melt temperature 540°F
(282°C), and injection pressure 12,000 psi
(82.7 MPa). The part must be used at 30%
relative humidity (RH) at 175°F (80°C). The
part is to be annealed after molding for max-
imum dimensional stability. The problem is
the following: Determine the size of the cav-
ity to produce a part dimension (flow direc-
tion) of 1.000 in. (2.54 cm) in use.

From Fig. 6-68: Annealed nylon 66 will
grow 8 mils/in. in use (30% RH at 174°F).

From Fig. 6-69 (interpolating): For a -in.-
(0.48-cm)-thick part molded at 100°F (38°C),
the mold will shrink in length during anneal-
ing about 4 mils/in.

From Fig. 6-70: If we use the given mold
and processing conditions, mold shrinkage is

A+ B=22+(—6)=16 mils/in.

Total shrinkage from mold shrinkage and
annealing is 16 + 4 =20 mils/in. contraction.
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Total growth from relative humidity and
temperature is 8 mils/in. expansion.

Net shrinkage is 20 — 8 =12 mils/in. con-
traction or 0.012 in./in.

MS = (C — P)/C
0.012in./in. = (C — 1.000in.)/C
C = 1.012 in. (2.571 cm)

If cavity dimension is sized to 1.012 in., the
corresponding annealed part dimension will
be 1.000 in. (2.54 cm) at 30% RH and 175°F
(80°C).

Mold to close tolerance Nylon 66 pos-
sesses a number of processing characteristics
that favor fast overall cycles and high produc-
tion rates. Chief among them is rapid melt so-
lidification or setup in the mold. In addition,
rapid crystallization produces rigidity at el-
evated temperatures necessary for shape re-
tention during part ejection from the mold.

These two factors can be further enhanced
by nucleation. Mold release characteristics
can be markedly improved by the addition
of small amounts of surface-coated release
agents.

The excellent flow characteristics of ny-
lon 66 allow for easy mold penetration in thin
sections, even in cold molds, without the need
for unusually high melt temperatures or in-
jection pressures. Cold molds, in turn, speed
up melt solidification and minimize the force
required to eject parts from molds.

6 Molding Materials

MELT INJECT OPEN -MOLD - CLOSE
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Fig.6-71 Representation of a typical molding cy-
cle for nylon 66.

Curetime: Animportant factor Inthissec-
tion, the actual injection of melt (ram-in-
motion time) typically takes only a fraction of
a second. As Fig. 6-71 demonstrates, most of
the cycle involves curing or cooling the poly-
mer, which, until gate freeze-off, can be con-
sidered the packing of the cavity.

After gate seal, while the part is cooling
until it is stiff enough to be ejected, the screw
normally rotates and retracts to produce the
nextshot. On very fast cycles, the screw some-
times must continue to rotate while the mold
is open in order to produce the required melt.

Figures 6-72 and 6-73 give minimum cure
times for nylon 66 at various melt and mold
temperatures. Data are plotted for two thick-
nesses: 0.1 and 0.2 in. These times include
both time to freeze and time to cool to a tem-
perature where the modulus (stiffness) of the
part is suitable for ejection. (Cooling time
varies with part thickness approximately as
the square of the thickness difference; e.g., if
part thickness is reduced by half, cooling is
four times faster.)

Cooling times for a nucleated nylon 66
(Zytel 131) are shown in both figures as dot-
ted lines. About 12 to 15% cycle reductions

14
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o 12 :; =~ 600 F (Nucleated)
& ] —~} —_F~ 580 F (Nucleated)
o 1 [amidS //r//é' =77 560 F (Nucleated)
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Fig. 6-72 Inmold cooling time for parts 0.1 in. (0.5 cm) thick.
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Fig. 6-73 Inmold cooling time for parts 0.2 in. (0.5 cm) thick.

are possible at any thickness using this
resin.

Figures 6-72 and 6-73 can also be used to
predict the changes in cooling time as melt or
mold temperatures are varied. Obviously, the
coldest melt and mold temperatures that can
be used successfully result in the fastest cool-
ing times and shortest cycles. These figures
also indicate the necessity of careful planning
for maximum mold cooling when fast cycles
are involved.

Mold Release

It can also be seen from Fig. 6-71 that part
ejection affects overall cycle. The produc-
tion cycle can be seriously lengthened if parts
hang up and do not fall free from the mold, or
if the operator must frequently remove stuck
parts.

Mold release agents often help minimize
these problems, but be aware that excessive
mold release can cause mold vents to plug
(leading to part burning) or contribute to
surface defects on the molded part. Also,
the best mold releases cannot obviate seri-
ous mold-design limitations, such as excessive
undercuts, too little draft or taper, improp-
erly cooled cores, hot spots, over-packing of
sprues, ejector pin penetration, insufficient
knockout, etc.

Mold release is particularly affected by
injection pressure and mold temperature.
Higher injection pressures and mold tem-
peratures usually necessitate higher ejection
forces.

DNA Genotek Inc.
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Nucleation promotes release The nucle-
ation of nylon 66 also improves part release.
For example, you will note in Table 6-44 that
the nucleated nylon requires 40% less ejec-
tion pressure than the unnucleated nylon. As
a result, it experiences less deformation on
ejection than the unnucleated nylon when
they are molded under identical conditions.
(The lower ejection pressure stems from the
fact that the nucleated nylon, Zytel 131, sets
up faster and offers less drag resistance dur-
ing part ejection.)

Being stiffer, nucleated compositions also
resist pin penetrations. In the practical mold
design case, nucleated nylons can be ejected
using small-diameter pins, where frequently
unnucleated nylons require sleeve, blade, or
other types of more costly stripper knock-
outs, especially on fast cycles. On balance,
in molds that are prone to cause part stick-
ing, nucleated nylon 66 will run on faster
cycles.

Table 6-44 Mold release characteristics

Typical Ejection

Pressures (psi)” Resin

1,900~2,000 Standard nylon 66 molding
resins
1,300~1,400 Surface-coated with mold
release
1,100-1,200 Nucleated
900-1,000 Nucleated and surface-coated

with mold release

¢ Based on the mold release of a single-cavity test speci-
men, using a pressure transducer on a hydraulic ejector
mechanism.
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Surface-coating nylon 66 resins with about
0.1% aluminum stearate reduces ejection
pressure significantly. As shownin Table 6-44,
surface-coating a standard nylon 66 molding
resin with aluminum stearate reduces ejec-
tion pressure about 35%.

Although effective, surface-coating unnu-
cleated nylons does not give a product equiv-
alent to a nucleated nylon in mold release
characteristics. However, surface-coating nu-
cleated nylon with about 0.1% aluminum
stearate can further reduce ejection pressures
by 10 to 15%. Experimental compositions in-
corporating even more effective internal re-
lease agents are under evaluation.

Readily stripped undercuts Although not
directly related to fast cycles in the sense of
more rapid solidification or easier release, the
fact that nylon 66 can be stripped readily from
molded-in undercuts should increase produc-
tion cycles.

A few precautions must be mentioned for
you to take full advantage of this charac-
teristic. With few exceptions, hotter mold
temperatures permit a greater percentage
of undercuts to be stripped. Unfortunately,
higher mold temperatures also lengthen cy-
cles,and so a compromise situation always ex-
ists. Moreover, nucleated nylon 66 resins and
resins with high pigment or particular addi-
tive loadings tend to have less ductility (abil-
ity to be deformed) than unnucleated resins
and often cannot be specified in molds with
deep undercuts.

An undercut is a projection or recess usu-
ally perpendicular to the angle of draw or
mold opening. A stripped undercut may be
defined as any portion of the molded piece
that is either stretched or compressed while
being ejected from the mold.

The principle of molded undercuts, while
most often involving an end-use function,
is also used in mold design; undercuts for
holding the molded part on the proper plate
during mold opening, sucker pin, and sprue
pullers are just a few examples from a mold
builder’s standpoint.

The design of a thermoplastic part (and the
mold) in which stripping of undercuts is in-
volved must be approached with caution to
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prevent part breakage during ejection from
the mold. Here are some general guidelines
for stripping circular undercuts in thermo-
plastic materials:

e The undercuts must be free to stretch or
compress; that is, the wall of the part op-
posite the undercut must clear the mold or
core before ejection is attempted.

® The undercut should be rounded and well
filleted to permit easy slippage of the plas-
tic part over the metal and to minimize
stress concentration during part ejection.

¢ Adequate contact area should be provided
between the knock-out and plastic part to
prevent pin penetration of the molded part
or collapsing of thin-wall sections during
the stripping action.

® Figures 6-72 and 6-73 should be referred to
for minimum mold cooling times (at indi-
cated thickness) before the ejection of un-
dercuts is attempted.

® Mold release agents do not increase maxi-
mum allowable undercuts.

The method of calculating the percent
of undercuts, in tension or compression, is
shown in Fig. 6-74. The calculation of a maxi-
mum allowable undercut is possible if we con-
sider the stripping of an undercut equivalent
to an interference fit, or

(5)~()

B) x 1
BB X1 _ o unpERCUT

B
A
B8 A
B8
T T

(Tension)

(A-B) x 100
——6_- =% UNDERCUT
A A
B [ C B
Cy Cz

(Compression)

Fig. 6-74 Types of circular undercuts and calcu-
lations for maximum allowable undercuts when
molding nylon 66 compound.
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where:

I = interference | express ratio as % of
D = diameter original diameter

S = yield stress
E = modulus
k = constant

consistent units

Figure 6-75 gives maximum allowable cir-
cular undercuts in percentages for several ny-
lon 66 molding resins as a function of mold
temperature. Undercuts should always be
specified as a percentage of the diameter be-
ing deformed during ejection rather than as
a linear value. For instance, a 0.05-in. (0.127-
cm) undercut on a 2-in. (5.08-cm) diameter
can be easily stripped in general-purpose ny-
lon 66 (e.g., Zygel 101) in an 80°F (27°C)
mold, but a 0.05-in. (0.127-cm) undercut on a
1-in. diameter would require a mold temper-
ature of 180 to 190°F (82 to 88°C).

Close Tolerance: Fast Cycles

Like moldings of any thermoplastic, parts
injection-molded from nylon 66 resins are
subject to some variation in dimensions from
shot to shot. The allowable variations in the
dimensions of an injection-molded part are
called the tolerances for the part.
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Molding tolerances include the total vari-
ations in a part dimension that are caused by
deviations in the overall molding operations.
These deviations may be found in the mold
or molding conditions and may be short-
or long-term. Good quality-control records
are invaluable in determining the source of
trouble.

The part or mold designer should be aware
of a few general pointers in this regard.

First, tolerances set on any dimension by
the designer usually represent a compromise
between part function and its cost of manu-
facture.

Second, an important factor (often over-
looked) is that plastic parts can usually oper-
ate satisfactorily with wider tolerances than
metal parts. It does not pay to specify closer
tolerances than necessary.

Third, a part that has many critical dimen-
sions will be more difficult to mold to toler-
ance than a part with fewer such dimensions.
Tight tolerances should not be put on every
dimension, particularly those across a parting
line, or sections formed by movable cores or
sliding cams.

Fourth, minimum tolerances are easiest
to achieve in a single-cavity mold. Several
sources of variability are introduced when
multicavity molds are used (e.g., cavity-to-
cavity differences and nonuniformity of

Exhibit 2029  Page 402

IPR2023-01424



596

runners and gates leading to the individual
cavities). Fine tolerances usually cannot be
achieved in molds that have more than one
type of cavity.

In general, the greatest variation in part
dimensions is introduced by the molding op-
eration itself. Molding variables must be con-
trolled closely if fine tolerances are specified
because slight variations in molding condi-
tions can affect part shrinkage. To attain high
dimensional reproducibility, it is essential to
mold on a fully repetitive cycle.

The ability to maintain close tolerances is
dependent on part design, mold design, the
injection molding equipment used, and, un-
derstandably, the ability of the molder. All
areas must be optimized to maintain tight
tolerances. (Processing problems that affect
molding tolerances are outlined at the end of
this chapter.) Without doubt, finer tolerances
can be achieved in many cases by resorting to
improved control of these problem areas.

Recycling Plastics

It is common practice for injection molders
to recycle reject parts, along with sprues and
runners (cold-runner systems), through their
molding machines. To the molder, this reuse
of material frequently means the difference
between profit and loss on a job, and to the
designer it is often the economic incentive to
injection-mold a part.

In a typical mold design, it is an unusual
occurrence when the sprues and runners
amount to less than 25% of the shot weight.
This percentage can occasionally run as high
as 75%. It is possible to reuse previously
molded nylon 66 without undue sacrifice in
physical properties or quality, provided that
proper precautions are taken in initial and
subsequent moldings and, most important,
during interim handling of the reground
plastic.

Profitable use of rework demands adher-
ence to three simple precautions:

® Protect regrind from moisture, since all ny-
lons absorb moisture rapidly from the at-
mosphere. Regrind that is kept covered
and reworked promptly (within one-half
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hour) will usually not require additional
drying.

e Ensure that the regrind contains no de-
graded nylon. Burned or degraded nylon
can form points of weakness when mixed
with virgin and subsequently molded into
new parts. Because a large quantity of vir-
gin resin can be ruined by the inclusion of
a small amount of degraded regrind, mate-
rial held for long periods of time should be
discarded and not reground.

e Prevent contamination of rework from
other sources. Good housekeeping proce-
dures and limited exposure of rework to
dirty surroundings are keys to prevention
of contamination.

In the latter regard, here are a number of
easy-to-follow suggestions:

¢ The area and equipment in which the re-
grind is produced and handled should be
kept as clean as possible.

¢ Grinders should be kept in close proximity
to the molding machine. Sprues, runners,
and rejects should be reground as soon as
they are removed from the machine; con-
tinuous reuse of material (blended with vir-
gin to a fixed proportion) is the best policy.

e Runners, sprues, and parts that contain vis-
ible contamination must be discarded.

¢ Regrind should not be allowed to accumu-
late in an uncovered container. Whenever
possible, eliminate the intermediate stor-
age of regrind.

® In any regrind-handling system, have some
means to remove fine particles. Because of
a large surface-to-volume ratio, fines ab-
sorb moisture very rapidly and present a
large surface for the static attraction of
dust. Vibrating units equipped with 16- to
20-mesh screens have been found useful for
separating fines. Keeping grinder blades
sharp, with proper clearance and screen
sizes, will also minimize fines.

The ratio of reground nylon 66 that may be
blended with virgin will depend on both the
quality of the regrind and specifications of the
part. If careful regrind handling procedures
are followed, high percentages of regrind can
be used without difficulty.
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mixtures.

The amount used should be established by
the ratio of the weight of the sprue and run-
ners to the weight of the parts. It is important
that the regrind and virgin be mixed before
molding and that a constant proportion of re-
grind be maintained.

Figure 6-76 shows the number of successive
passes (in a screw-injection machine operat-
ing at normal conditions) that various blends
of regrind to virgin can withstand before the
as-molded elongation of nylon 66 is reduced
in half (this corresponds to a drop from 60 to
30%). It is easily seen that as the percentage
of regrind in the blend increases, the number
of passes decreases.

Another practical way of looking at rework
stability occurs when regrind is immediately
fed back to the machine and proportioned to
an exact sprue-runner/shot weight ratio. In
this system, an equilibrium feed composition
will be quickly attained.

For example, if a shot that is 50% sprue
and runner is recycled with virgin resin, a
condition rapidly exists in which 25% of any
shot will have been through the machine
one time; 12.5%, two times; 6.25%, three
times; 3.12%, four times; etc. Based on ex-
perimental data, this composition will have
an as-molded percent elongation of 50% (vs.
60% if only virgin resin were used). An 80%
regrind/20% virgin blend will yield on imme-
diate recycle an elongation of 35% (vs. 60%),
whereas a 20% regrind/80% virgin yields
58% (vs. 60%). Thus, using less than 50%
regrind and recycling immediately results
in minimal reduction in elongation. Runner
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layout should be designed with the weight ra-
tio (to total shot weight) in mind whenever
possible.

ABSs (Acrylonitrile-Butadiene-Styrenes)

Like other major plastics (PE, PVC, PS,
etc.), there are many grades of ABS avail-
able (233). Each grade is tailored to pro-
vide a given property balance. This allows the
finished product designer considerable free-
dom in selecting a particular grade to meet
all the requirements of processing, end-use
demands, and cost effectiveness. However,
overall success depends not only on select-
ing the correct ABS grade but also on being
aware of how molding conditions can affect
the mechanical properties and appearance of
the finished article. In some situations, the ef-
fects can be considerable. For example, on a
general-purpose ABS grade, by varying four
molding parameters over typical commercial
practice ranges, the cross-flow Izod impact
ranged from a low of 2 (10.7) to a high of
8-ft pounds perinch (42.7N - m/m). The direc-
tion of flow is also important; the Izod broken
with flow can be aslow as 0.5 when the wrong
molding conditions are used. Finally, position
on the part can also influence a property such
asimpact; values can be significantly different
near the gate compared to 12 in. (30.5 cm)
downstream.

In short, it is just as important to pick the
correct molding condition as it is to select
the right polymer; both are critical in defining
the part properties. Tradeoffs are inevitable
when dealing with a complex operation such
as injection molding. Numerous variables in-
fluence the end results, and some variables
interact.

Molding Variables and Cause-and-Effect
Links

To understand cause-and-effect links, it
is helpful to conmsider the following rela-
tionships: Machine settings affect molding
variables, which influence cause-and-effect
variables, which determine part properties to
determine cause-and-effect links. Let us look
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at each of these four elements in more detail.

Notice that a distinction is made between ma-

chine settings and molding variables.
Machine settings are such things as:

¢ Cylinder temperature settings

e Screw rpm and back pressure

® Plunger injection speed

e Absence or presence of a cushion

e Hydraulic pressure during injection and
hold

¢ Boost and hold time

¢ Mold temperature controller settings

Molding variables are more specific pa-
rameters than machine settings. They are re-
lated to machine settings, but sometimes in a
nonobvious way. They include

e Melt temperature in the mold
e Melt front velocity in the mold
® Cavity melt pressure

e Mold surface temperature

The distinction between machine settings
and molding variables is a necessary one if
we are to avoid mistakes in using cause-and-
effect relationships to our advantage. It is
molding variables, properly defined and mea-
sured, not necessarily machine settings, that
can be correlated with part properties. For ex-
ample, if one increases cylinder temperatures,
melt temperatures do not necessarily also in-
crease. Melt temperature is also influenced by
screw design, rpm, back pressure, and dwell
times. It is much more accurate to measure
melt temperature and correlate it with prop-
erties than to correlate cylinder settings with
properties.

Another example concerns injection rate.
A ram speed of 1 in./sec (2.54 cm/sec) in a
3-in. (7.6-cm)-diameter cylinder will produce
a much faster mold fill rate than in a 2-in.
(5.1-cm) unit. It is the local melt front veloc-
ity in the mold that directly influences prop-
erties. Cavity geometry also affects fill rates;
thick sections fill more slowly than thin ones.
Single-gated molds have local melt front ve-
locities that are faster than with two gates.
Thus, although it is not always easy to mea-
sure molding variables directly without spe-
cial instrumentation, one does need to be
aware of what is really being influenced (or
not) when a machine condition is changed.
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What are the cause-and-effect links that tie
molding variables to part properties?

e QOrientation

¢ Polymer degradation

e Free volume, molecular packing, and relax-
ation

® Cooling stresses

The most influential of these four is poly-
mer orientation, often erroneously called
molded-in stress (or strain). Orientation war-
rants some elaboration; it will be covered in
the next section, after a few comments on the
other three cause-and-effect links.

Polymer degradation can occur from
excessive melt temperatures, or abnormally
long time at temperature (i.e., heat history).
Very high shear rates can also be a cause.
Conditions that create degradation are
cylinder, nozzle, and hot-runner heaters set
too high and high screw rpm—especially in
combination with high screw back pressure.
Also look for high melt residence times; shot
size too small for the machine capacity; and
hangup areas in the barrel end cap, nozzle,
tip, and hot-runner system. Excessive shear
can result from poor screw design, too much
screw flight to barrel clearance, cracked
flights, restrictive check rings and nozzles,
and undersized runners and gates.

Free volume relates to the spaces surround-
ing polymer chains that affect the mobility of
the chain segments and their ability to relax.
Packing pressure and the rate of cooling in
the mold can affect relaxation to influence the
unannealed heat deflection temperature and
elevated temperature dimensional stability.

Stress, commonly called molded-in stress
or strain, is a catch-all term frequently mis-
used as being the cause of many molding
variable-property problems. Stress is a to-
tally different condition from orientation, yet
many wrongly use the terms interchange-
ably. Stress is caused by either improper mold
packing or from the inherently uneven cool-
ing of the part in the mold after fill is com-
pleted. Generally, cooling stresses result in
the surface of the part being under compres-
sive stress while the core is in tension. It is en-
tirely possible to have a section of a molded
part oriented in the flow direction, but in
a compressive stress. This illustrates that
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residual stress and orientation are fundamen-
tally different concepts. On a molecular level,
stress is the result of the short-range deforma-
tion of molecules at bonds between atoms.

Molding Variables and Property Responses

With this background on what affects what,
and why, we can now summarize some gener-
alizations about molding variable and prop-
erty responses. As mentioned before, these
generalizations have been gleaned from com-
mercial experience and laboratory experi-
ments. They hold true frequently enough to
be useful as guidelines for part design, ma-
chine operation, and troubleshooting. How-
ever, contrary behavior can be observed in
a particular isolated case from time to time.
Processing technology has not yet advanced
to the point where every aspect of what goes
oninamachine or mold can be predicted with
100% accuracy.

The following graphs do not have values on
the axes; they are qualitative responses only.
The absolute numbers vary with each grade
of ABS. The slopes of the curves and accom-
panying text do attempt to indicate whether
the response is strong or weak. Also, refer-
ences lead the reader to articles that contain
actual data illustrative of how much a prop-
erty can vary in a given case. Some of the
curves are “envelopes” because responses
can vary qualitatively, depending on the par-
ticular brand or grade of ABS in question.
Also, on some graphs, the “normal” operat-
ing range for a molding variable is indicated
on the horizontal axis by a shaded bar to high-
light responses that occur below and above
this range.

Appearance Properties

Splay Splay (splash marks or silver
streaks) is most often caused by bubbles in
the melt coming from moisture, trapped air,
and degradation gases. Proper predrying can
avoid moisture-related splay. Improper screw
design, insufficient screw back pressure, large
polymer granules, high screw rpm, and the
use of screw decompress can cause splay be-
cause of trapped air.
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Degradation splay comes from excessive
melt temperatures and/or long residence
times in the cylinder, high nozzle tempera-
tures, and excessive shear. Too much shear
can result from:

® Poor screw designs that cause melt temper-
ature override

® Cracked screw flight or nonreturn valve

® High screw rpm

® Excessive screw back pressure

® Restrictive runners and gates

® Very fast injection rates

Splay can also be packed out to various
degrees, depending on the root causes, tool
design, and machine conditions. Some ma-
chine conditions that enhance packout un-
fortunately aggravate gas bubble generation
during cavity flow. The net results are not al-
ways easy to predict. If we assume that the
nozzle and mold flow channels are properly
designed, faster fill usually yields less splay.
(See Fig. 6-77a.) This is so because the time
is shortened for bubble growth, and fast fill
enhances packout. Elevating melt tempera-
ture, although it often can also help packout,
almost always results in more splay (Fig. 6-
77a). Higher melt temperatures cause more
bubble formation since the melt is less viscous
and the pressure inside the bubble greater.
So, depending on circumstances, at high melt
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Fig.6-77 (a) Effect of fill rate on splay. (b) Effect
of packing on splay.
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temperatures, faster filling can either de-
crease or increase splay. It will increase if the
fast fill pushes the melt temperature too high
from shear heating.

Figure 6-77b shows that increased packing
can reduce net splay; this is most effective at
high mold temperatures. Packing out splay
is a “limp along gesture”: It is better to get
rid of the root cause of the bubbles so that
packout is not required. Packout should not
be resorted to on parts to be electroplated or
painted, or those that will be exposed to hot
water or solvents.

Gloss The melt front that rolls out to
define the part surface is inherently lumpy
on a microscale because ABS contains two
phases, one more deformable than the other.
Optimizing gloss depends on pressing this
lumpy “virgin” surface against the highly pol-
ished mold surface. Although one might ex-
pect high melt temperatures always to favor
higher gloss, in most cases the opposite is
true—especially with a cold mold. (See Fig.
6-78a.) Some ABSs are less sensitive so the
response is flatter. It is also possible to have
the melt so cold that low gloss will result
because packing is hampered. The total re-
sponse is then a humpback curve.

Mold temperature has a strong effect on
gloss. Cold molds [under 140°F (60°C)] re-
duce achievable gloss and also make gloss
more sensitive to the other molding variables.
Higher mold temperatures {150 to 180°F (66
to 82°C)] promote gloss and flatten out the
melt temperature effect.

Faster filling usually helps gloss, provided
that the melt is not oversheared in restrictive
runners and gates. The response to fill rate
is greatest at low mold temperatures. (See
Fig. 6-78b.)

Surprisingly, increasing packing pressure
beyond that needed to make a good full part
does not always have the strong effect one
might expect. The packing pressure effect can
be weak and interact with the mold tempera-
ture (see Fig. 6-78c). Cases have been noted
in which overpacking decreased gloss.

The best gloss is obtained with moder-
ate melt temperature, “upper limit” mold
temperature, fast fill, and sufficient but not
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Fig.6-78 (a) Effect of melt temperature on gloss.

(b) Response of gloss to fill rate versus tempera-
ture. (c) Effect of packing on gloss.

excessive packing. Since hot molds trade off
quick cooling for fast cycles, it is wise not to
use higher mold temperature than is needed.
By manipulating these four molding condi-
tions, it has been shown that gloss values from
98 t0 20% can be achieved on the same grade
of ABS—the effects are that pronounced.

Warping

Molded parts can warp under no load con-
ditions at elevated use temperatures for a
number of reasons. One should also be aware
that warpage is more likely to occur at high
humidity (i.e., warping tendencies are greater
in hot humid conditions than in hot dry ones).
Both molded-in core orientation and cooling
stresses can cause parts to warp.
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Fig. 6-79 (a) Effects of fill rate and melt temper-
ature on warping. (b) Effect of mold temperature
and packing on warping.

Elevating the melt temperature reduces
molded-in orientation, thus reducing the ten-
dency to warp. Faster filling also reduces core
orientation and consequently also generally
reduces warping. The combined respomnses
are shown in Fig. 6-79a.

Colder molds create more warping ten-
dencies in several ways. There is less oppor-
tunity for relaxation of orientation, and the
more rapid cooling sets up unwanted cooling
stresses. Increased packing also creates more
stresses, inhibits relaxation, and lowers unan-
nealed heat deflection temperature. (See the
section on HDT.) Packing and mold temper-
ature effects are shown in Fig. 6-79b.

To minimize warping, mold at the upper
limits of melt temperature, mold tempera-
ture, and fill rate. Use only enough packing
pressure to obtain a good full part.

Mechanical Properties and
Molding Variables

Tensile strength and modulus Tensile
modulus is not significantly affected by any of
the four molding variables. Tensile strength is
primarily influenced by orientation; parts are
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Fig.6-80 Effects of fill rate and melt temperature
on tensile strength.

stronger in the oriented direction. There is
also some indication that heat history has a
deleterious effect. In contrast to impact prop-
erties, tensile property effects are of a lower
order. Figure 6-80 shows the important qual-
itative responses.

Quantitatively, the tensile yield strength at
room temperature might drop 5 to 10% of
the nominal value over a typical molding con-
dition range as one goes from cold melt—
slow fill to hot melt—fast fill. Mold tempera-
ture and packing pressure have no significant
effect.

Flexural strength and modulus These
properties respond to molding variables sim-
ilarly to tensile properties, so the above-
mentioned comments apply.

Flexural creep The limited data available
indicate that molding variables have no sig-
nificant effect on flexural creep.

Heat deflection temperature Studies have
shown that unannealed and annealed HDT
respond somewhat differently to molding
variables. The unannealed HDT (UA-HDT)
is affected by packing pressure and mold tem-
perature. No effect due to melt temperature
or fill rate has been noted. Attempts to cor-
relate UA-HDT with orientation or cooling
stresses have been unsuccessful. This is in-
teresting in view of the well-known fact that
annealing normally increases the HDT value
by as much as 40°F (22°C).

Figure 6-81la shows that overpacking the
mold can result in a loss of 10 to 15°F
(6 to 8°C) in UA-HDT. Also, cold molds
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Fig. 6-81 (a) Packing and mold temperature ef-
fects on UA-HDT. (b) Effect of melt temperature
on annealed HDT.

[80°F (27°C)] can reduce UA-HDT by 10°F.
High packing and fast cooling inhibit molecu-
lar motion and hinder the preferred ordering
of polymer molecules.

The annealed HDT, in contrast, is not
influenced by packing pressure, mold tem-
perature, or fill rate. Some data have been
accumulated showing that as the melt tem-
perature is increased, the annealed HDT is
reduced, perhaps by 10°F (Fig. 6-81b). This
effect is not always consistent and might de-
pend on the exact ABS grade in question.

Izod impact

Notched Izod impact is strongly influenced
by orientation, and the molding variable re-
sponses reflect this. Since orientation is di-
rectional, it is necessary to be specific about
the direction of break relative to the flow di-
rection. Orientation can be beneficial when
Izod is being broken across the flow (bAf).
However, this same orientation weakens the
part when broken with flow (bWf). It is pos-
sible for the bAf value to be two to five times
greater than the bWf value. Some applica-
tions benefit by having as much impact in
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one direction as possible; the other direction
is unimportant. Other applications require
uniform impact (i.e., no directional prefer-
ence). Molding variables can be manipulated
to achieve either result to some degree.

Melt temperature affects Izod impact
through two possible mechanisms. Elevating
melt temperature within the recommended
range decreases the core orientation that
strongly influences this property. This will
cause bAf Izod to decrease while the bWf
value increases. (See Fig. 6-82a.)

Not only do excessive melt temperatures
yield even less orientation, they can also de-
grade the polymer. Thisreduces both bAfand
bWf Izod impact. This is why the curves in
Fig. 6-82a have a downward break above
the recommended melt temperature range.

—
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MELT TEMP
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Fig. 6-82 (a) Effect of melt temperature on Izod
impact. (b) Effect of fill rate on Izod impact at low
to moderate melt temperature. (¢) Effect of mold
temperature on Izod impact.
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Depending on their structure and stability,
ABSs differ in their strength of response
to melt temperature. Abusing the melt can
cause several-fold reduction in Izod bAf. The
bWI generally responds less strongly; it can
be improved about 50% by increasing the
melt temperature within the recommended
range.

Faster filling decreases core orientation;
consequently, the response is to reduce bAf
Izod impact and increase bWf. At low melt
temperatures, the fill rate effect can be 15
to 50% or more. At high melt temperatures,
the fill rate effect diminishes considerably
because melt relaxation tends to erase any
fill-induced orientation. (See Fig. 6-82b.) In-
creasing the mold temperature also has the
effect of reducing the difference between the
bAf and bWTf values by promoting slow cool-
ing and improving melt relaxation. The mold
temperature effect [i.e., 80 vs. 180°F (27 vs.
82°C) mold] is not quite so pronounced as the
fill rate effect. The mold temperature effect is
strongest at low melt temperatures and slow
fill rates. (See Fig. 6-82c.) Packing pressure
does not have a strong or consistent effect on
Izod impact.

Weld line strength Weld lines, formed by
the rejoining or colliding of two melt streams,
are typically weaker than nonweld areas for
several reasons. There is a sharp notch at
the weld that acts as a stress concentrator.
Trapped air between the fronts can interfere
with proper knitting. Orientation in the weld
area occurs at right angles to the principal
flow direction and comes from the elonga-
tional stretching of the melt front. This ori-
entation is also thought to contribute to the
weakness of the weld. It is important to avoid
trapped air at the weld, so proper mold vent-
ing is imperative. Information on the effects
of molding variables is not abundant, but
what does exist gives us the following gen-
eral guidelines.

Increasing both melt and mold temper-
ature will frequently improve weld line
strength. (See Fig. 6-83a.) Higher melt tem-
peratures promote molecular knitting and
entanglement at the weld and also yield less
net orientation. Consequently, one can try
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Fig. 6-83 (a) Effects of melt and mold tempera-
ture on weld line strength. (b) Effect of fill rate on
weld line strength. (¢) Effect of packing on weld
line strength.
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elevating melt temperature within the recom-
mended limits. Excessive melt temperatures
will degrade the polymer causing a general
weakness, including weakness at the weld.
For this reason, the melt temperature curves
in Fig. 6-83a turn over above the recom-
mended limit. Mold temperature elevation
also helps because it promotes slow cool-
ing, there is more time for packing out the
weld notch and allowing the molecules to
entangle, and more of the orientation re-
laxes away. However, in most cases, the mold
temperature effect, though positive, is not
so pronounced as the melt temperature ef-
fect. Fill rate and packing pressure effects can
be complex because of competing behavior
and interactions. Because of these tradeoffs,
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changing the variables can some-times have
no net effect, or they might go through a
maximum. Exactly what happens can also
depend on the particular grade of ABS,
part design, and melt and mold temperature
levels.

Increasing the fill rate, on the one hand, can
promote knitting via the same mechanism as
elevating the melt temperature. Fast fill will
generate some heat, as well as minimize mold
cooling during flow. On the other hand, fast
fill can create more undesirable frontal orien-
tation and aggravate venting problems, thus
causing weld line weakness. (See Fig. 6-83b.)

Insufficient packing obviously can create
more prominent and weaker welds. However,
overpacking can also contribute to weaker
welds by two mechanisms. Overpacking cre-
ates a sharper notch, which simply increases
the stress concentration under service con-
ditions. Also, overpacking hampers melt re-
laxation and molecular entanglement (knit-
ting). Figure 6-83c summarizes the probable
situation.

There is an optimum packing pressure and
fill rate that will depend on particulars rel-
evant to each part design. When trouble-
shooting, one can try going in both directions
on these two variables and carefully noting
the property response. Neither response is
expected to be as strong as with melt or mold
temperature changes. Also, it should be real-
ized that while manipulating these variables
can improve welds to some degree, it is not
likely that they can produce weld lines as
strong as nonweld areas.

Missile impact The response of falling
dart impact (FDI) to molding variables can be
significantly different in some respects when
compared to bAf Izod impact. In the case
of bAf impact, molded-in core orientation
increases the impact. By contrast, orienta-
tion is almost always harmful to FDI because
there will be weakness in the cross-flow di-
rection. The FDI test causes biaxial deforma-
tion, and the part will be no stronger than the
weakest direction—the high strength in the
flow direction is of no help.

Generally, the rule is to manipulate mold-
ing variables to minimize orientation with-
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Fig. 6-84 (a) Effect of melt temperature on FDI.
(b) Effect of fill rate on FDI at low and high mold
temperatures.

out causing degradation. This means elevat-
ing melt temperature within the acceptable
range. The heat stability of individual ABS
grades will vary; some can tolerate increased
melt temperature more than others before
degradation takes away the gains made from
decreased orientation. As a result of all these
factors, the response is shown as an envelope
(Fig. 6-84a).

An elevated mold temperature promotes
the relaxation of orientation and usually in-
teracts significantly with fill rate. Changing fill
rates has the most effect at low mold temper-
ature (Fig. 6-84b). Quite often, packing pres-
sure has no effect on FDI. When an effect
due to elevating packing pressure has been
noted, it has almost always been detrimental.
This has been especially true in combina-
tion with low melt and low mold temper-
ature and slow fill. Experiments and com-
mercial practice have uncovered situations
where overpacking has reduced FDI to half
the optimum value. Overpacking increases
net orientation and could possibly upset the
cooling stress balance to put the surface in
tension, rather than the usual compression.
Both these conditions would be expected to
reduce FDI.
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Molding for Electroplating

Appearance, plate adhesion, and dimen-
sional stability are all key quality factors
when molding for electroplating. From a
molding variable optimization standpoint,
plating represents one of the most challeng-
ing cases because of tradeoffs and competing
factors. For example, some molding variable
settings that optimize plate adhesion are not
the best choice for suppressing splay or part
warping tendencies. Usually, parameters are
selected that give the best plate adhesion
and thermal cycle performance. It is from
this aspect that the following discussion is
structured.

If we assume that the preplating and plat-
ing steps are properly carried out, the adhe-
sion of the plate to the ABS is mainly de-
termined by the strength of a thin layer of
ABSjustunderneath the plate. Low adhesion
and plate blistering seldom involve clean sep-
aration of the plate from the ABS. Rather,
there is a delamination of ABS from itself
in the boundary layer. The boundary layer is
conditioned by the orientation coming from
the melt front. To optimize the strength of
this critical layer, it is desirable to minimize
the orientation there. As shown in Fig. 6-85a,

sLow
F|LL/

@)

FAST

PLATE ADHESION

MELT TEMPR

e
—

THERMOCYCLE
PERFORMANCE

MOLD TEMP —

Fig. 6-85 (a) Effect of melt temperature and fill
rate on plate adhesion. (b) Effect of packing and
mold temperature on thermocycle performances.
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the two key variables are melt temperature
and fill rate. Slow fill rates should be used
to minimize surface orientation and promote
a strong ABS boundary layer for the plate
to lock into. However, here is a good ex-
ample of one of the aforementioned com-
promises. One might also want to minimize
part warpage, since twisting or bending of
the plated part could build up stresses that
would pop or crack the plate. As mentioned
earlier, warpage is minimized by filling fast,
since it puts orientation on the surface rather
than in the core. Fortunately, there is a
reasonable way out of the situation. High
melt temperatures favor relaxation of ori-
entation, especially core orientation coming
from slow fill. Thus, one should use the high
end of the melt temperature range with-
out going so far as to degrade the polymer,
causing splay or poor part appearance. The
proper selection of fill rate and melt temper-
ature can increase plate adhesion by 50% or
more.

Mold temperature and packing pressure
have a lesser effect. High mold temperatures
will help to reduce orientation, especially
core orientation coming from the required
slow fill. Packing pressure should be suffi-
cient only to obtain a full, good-looking part.
Overpacking retains unwanted orientation
and can build up unfavorable stresses. The
mold temperature and packing responses are
shown in Fig. 6-85b.

Property Variation with Position
Mold Geometry

The key molding variables of melt tem-
perature, melt pressure, and fill rate are sel-
dom the same point to point in the cavity.
The first two particularly vary in the flow di-
rection. The local velocity can vary in the
flow direction even in a simple part, and in
the cross-flow direction as well as in com-
plex ones. Local velocity is also affected by
local thickness. Even mold surface tempera-
ture is seldom the same at each point in the
cavity. Since these parameters vary point to
point in the mold, their influence on prop-
erties does likewise. Indeed properties such
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as impact and electroplate adhesion do vary
across and down the part flow path.

Summary

Many property versus position effects and
possibilities can exist. A few key examples
will make the point that the processor needs
to be aware of this phenomenon.

Orientation is usually greatest at the gate
end of the part and gradually lessens toward
the end of the flow path. As a result, Izod
impact bAf will be higher at the gate end but
lower at the dead end. Falling dart impact,
because it suffers from uneven orientation, is
less at the gate and higher at the end of flow.

On a4-in. (10.2-cm) wide slab, over a 15-in.
(38.1-cm) flow length from the gate, the Izod
impact bAf dropped by half while the FDI
increased fourfold! This example illustrates
another point: Molding variables, whether
machine- or position-induced, can cause one
property to increase while another falls off.
Injection molding process control is full of
such tradeoffs. Even seemingly minor pertur-
bances on the mold surface, such as knock-
out pins, part coding numbers, or embossing,
can produce surface orientation anomalies.
These can affect properties that are sensi-
tive to surface orientation; a good example
is electroplate adhesion. It has been shown
that scribing lines 0.005 in. (0.013 cm) deep in
one mold surface crosswise to flow can reduce
surface orientation on the noncorresponding
part surface. With this technique, one can lo-
cally improve plate adhesion.

Polycarbonates

Commercial grade polycarbonate is a lin-
ear polyester of carbonic acid in which the
carbonate groups recur in the polymer chain.
This engineering thermoplastic is based on
bisphenol A and has an aromatic structure.
A product of the reaction of the sodium salt
of bisphenol A with phosgene, its rigid aro-
matic rings coupled to the methylated carbon
atom provide the polymer with its engineer-
ing properties. Although the linear polyesters
may contain aliphatic, aliphatic-aromatic, or
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aromatic constituents, it is the aromatic type
that is best recognized as polycarbonate. It
is this structure that is responsible for the
high softening temperature, broad tempera-
ture usage, rigidity complemented by tough-
ness, resistance to creep, and other important
properties.

Polycarbonate is basically an amorphous
polymer and therefore transparent. Al-
though there are some grades of lower-
molecular-weight polycarbonate that can be
specially processed into a semicrystalline
state, it is the amorphous polymer that is of
the greatest commercial interest.

Although most basic grades of polycarbon-
ate are linear polymers, polycarbonate can
be produced with a limited degree of short
chain branching that dramatically affects the
low shear viscosity of the melt. The branched
grades are generally used for extrusion al-
though they have shown some application to
injection molding where mold design and its
effect on melt rheology have been taken into
consideration.

Polycarbonates that are suitable for injec-
tion molding generally fall into the average
molecular weight range of 26,000 to 35,000.
Molecular weights higher than the upper
limit of this range tend to be difficult to pro-
cess because of high melt viscosity. Basic-
grade polycarbonate is typically available in
three molecular weight grades: low, medium,
and high. Since the viscosity increases as
molecular weight does, the molding applica-
tion may dictate grade selection.

Drying

Similar to other polyesters, polycarbon-
ate is hygroscopic and will absorb moisture
from its surroundings. This characteristic of-
ten proves detrimental to the physical prop-
erties of the material when processing at high
moisture levels. The result is a chemical reac-
tion between the polymer and water that re-
duces the molecular weight of polycarbonate.
As discussed later, this can have profound
effects.

To ensure retention of engineering prop-
erties, moisture should not exceed 0.01% in
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Table 6-45 Properties of 100% PC regrind

Regrind History
Material: Property Virgin 1st 2nd 3rd

High molecular weight: Natural

Melt flow rate (g/10 min) 4.6 4.9 5.0 49

3.2 mm izod notched impact (J/m) 956 945 935 950

Yellowness index 2.8 4.8 73 10.1
Low molecular weight: Natural

Melt flow rate (g/10 min) 15.2 15.2 16.2 16.0

3.2 mm izod notched impact (J/m) 820 880 810 820

Yellowness index 1.8 3.5 51 6.6
Flame-retardant: Natural

Melt flow rate (g/10 min) 11.7 122 13.0 14.9

3.2 mm izod notched impact (J/m) 110 105 95 100

Yellowness index 38 5.0 6.8 8.5

the pellets. Since the equilibrium moisture
content at 23°F (—5°C) and 50% relative hu-
midity is 0.18%, drying in desiccant hopper
dryers or forced convection ovens will be nec-
essary. Although equilibrium moisture levels
may be low, the polymer retains the water
tenaciously as drying is diffusion- controlled.
Hence, delivery air must be supplied from
the desiccant unit to the hopper at —18°C
dewpoint and 120°C. Drying may be accom-
plished in shallow trays using forced convec-
tion ovens operated at 120°C and with a fresh
air makeup of 10%. In this case, pellet depth
should be limited to 1} in. In either case,
oven or desiccant hopper dryer, hot air con-
tact time with the pellets should be 4 h.

Recycle and Virgin Proportions

Regrind usage is a concern for any injec-
tion molder with an eye on profit. Maximum
utilization must be made of every pound of
resin, particularly when engineering thermo-
plastics are involved. Scrap generated in the
injection molding of polycarbonate may be
reground and blended with virgin material
and used successfully if certain precautions
are observed.

The proportion of regrind blended with
virgin resin will be influenced primarily by
the shear and thermal histories of the melt.

DNA
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Long residence times in the barrel in com-
bination with high melt temperatures may
result in an increase in melt flow rate and sub-
sequent change in physical properties. The
sensitivity of these properties to processing
also depends on the grade of polymer. Table
6-45 compares physical properties according
to regrind history for three different polycar-
bonate grades: two natural grades of differ-
ent molecular weight and a flame-retardant
grade. In comparing the change in melt flow
rate, natural grades appear less sensitive to
change than the flame-retardant or specialty
type. In natural grades, higher melt flow rate
material is slightly more sensitive to melt flow
rate change than material with a lower melt
flow rate. The most notable change in prop-
erty occurs in the yellowness index, which is
observed in all three grades. As pigmenta-
tion and other additives are introduced, phys-
ical properties would be expected to be influ-
enced even more by regrind history.

In regard to retention of mechanical prop-
erties, the highest probability for success-
ful regrind use will be found with high-
molecular-weight natural polymer. In this
case, color may be the discriminating factor.
In certain applications, the use of 100% one-
time regrind may be acceptable, whereas are-
cycle stream of 25 to 30% regrind could prove
detrimental to physical properties because of
the regrind history distribution of the stream.
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Fig. 6-86 Typical screw design for IM PC.

The general recommendation of 20% regrind
loading has been found to be suitable in most
cases.

In certain applications, regrind usage is dis-
couraged. High-quality optics demand strin-
gent color and transmission standards that
can be met by special grades of polycarbon-
ate. Regrind blending of these grades, how-
ever, risks the loss of their excellent optical
properties.

Processing

The injection molding of polycarbonate
does require some special capabilities of the
processing equipment. Because of its high
viscosity, polycarbonate is usually processed
at a high temperature to obtain a less vis-
cous melt. This requires barrel temperature
capability of up to 350°C. Even at such
reduced viscosity levels, a high-molecular-
weight polycarbonate will require higher in-
jection forces than lower-molecular-weight
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resin to fill certain part geometries. There-
fore, injection molding equipment suited to
processing polycarbonate should be capable
of at least 138-MPa injection pressures.
Suggested screw designs for polycarbonate
are illustrated in Fig. 6-86. (See also Chap. 3).
Here a metering-type screw is depicted. A
generous feed length should be allotted to
solids transport and melting. A rapid transi-
tion in the compression zone is not recom-
mended, owing to the viscous nature of poly-
carbonate. Such a sudden compression could
result in overloading of the screw or drive
motor if melting were incomplete when the
plastic entered this zone. In such a case, the
high modulus of the pellets would create a
sufficient resistance to deformation to cause
degradation of the polymer and seizure of
the screw. The screw pitch recommended for
screws of diameter less than 80 mm is 1.0 D
(0.9 D for a diameter greater than 80 mm).
Minimum screw L/D is 15:1, and as in-
dicated in Fig. 6-86, the compression ratio
should be 2:1 for small screws, increasing to
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2.5:1 to 3:1 for the larger diameters. The in-
crease in the compression ratio for larger di-
ameters enhances back mixing of the melt,
which tends to offset the reduced efficiency
of a deeper feed section.

A shutoff valve, normally required, should
provide good flow characteristics.

Hydrolysis

When problems with performance or cos-
metic features of polycarbonate are recog-
nized after molding, the chances are very
good that the cause was improper drying
prior to molding. For this reason, drying
should be given the highest degree of con-
sideration when approaching the molding of
polycarbonate. As will be discussed later,
other process factors are of concern, but few
are as important as drying.

Often, the effects of inadequate drying
emerge as visual defects in the molded part.
The most common evidence in natural resins
is the presence of silver streaks on the surface.
If the moisture level is high enough, small
bubbles may be seen in the body of the part.
This is a result of the vaporization of retained
water and/or the generation of a gaseous
degradation by-product, carbon dioxide. Vi-
sual identification of a “wet” polymer is, of
course, subject to the limit of solubility of the
gases in the resin, which is controlled by in-
jection pressure and part geometry. Inlight of
this, the visual detection of moisture levels in
excess of 0.06% moisture has been possible
in some moldings.

Rheology

Selecting the proper molecular weight
of polycarbonate will depend not only on
the performance requirement but also on
the degree of difficulty in filling the cavity.
Figure 6-87 describes the cavity-filling
capability in terms of the flow length ver-
sus part thickness relationship for polycar-
bonate. At a given part thickness, a lower-
molecular-weight polymer will have a longer
flow length than a higher-molecular-weight
polymer. The difference becomes even more
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Fig. 6-87 Spiral flow comparison of PC typical of
the three molecular weight ranges.

acute as part thickness increases. These data
were obtained at constant molding condi-
tions. In order to assess the flowability of the
polymer, one must consider the effect of the
main processing variables.

Heat Transfer

Although melt temperatures may be high
(280 to 340°C) for the injection molding of
polycarbonate to reduce viscosity, the high
glass transition temperature of 150°C pro-
motes short cooling times. In addition, the
thermal diffusivity of polycarbonate is high
in comparison to other polymers found in in-
jection molding applications. Table 6-46 illus-
trates the thermal diffusivity of a number of
polymers including polycarbonate. The defin-
ing relation for one-dimensional unsteady-
state heat transfer is as follows (6):

aT T k
o Yo 4T pCp
where T' = temperature
t = time
x = thickness
a = the thermal diffusivity
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Table 6-46 Comparison of thermal diffusivities
of various plastics

Thermal Diffusivity
Polymer (x107* sq cm/s)
Polycarbonate 10.03
PBT 9.21
Nylon 6, glass-reinforced 8.86
CAB foam 8.48
Polystyrene 7.73
ABS 7.43
SAN 7.30
Nylon 6, unreinforced 6.94
Polypropylene 5.88

For a fixed part geometry, the cooling rate
of the polymer is completely defined by «.
The larger the value of ¢, the higher the cool-
ing rate. High glass transition temperature
and large thermal diffusivity allow for the fast
cycling of parts injection-molded of polycar-
bonate.

Figure 6-88 illustrates typical cooling times
as a function of wall thickness for specific

T
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Melt temp. Mold temp. (at ejection)
A 300°C 100°C 124°C
B 300°C 80°C 124°C
C 300°C 80°C 130°C
] 300°C 120°C 130°C
Fig. 6-88 Cooling time versus wall thickness for
polycarbonate.
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melt, mold, and part temperatures. Cooling
time increases with the square of the thick-
ness for any given temperature condition.
At a given thickness, low mold temperature
and high part temperature at ejection reduce
cooling time. In addition, at a given thickness,
since cooling time is proportional to the log-
arithm of the temperature conditions a lin-
ear change in mold or part temperature does
not promote a corresponding linear change
in cooling time.

The cooling curves were generated by the
following relation:

t——x—z—In 8 ————Tm_TW
Can? | m2\T, - T,

by Ty + by Ty + Tw>

where

T,=0.5
¥ ( by + b

In the above relations, the following defini-
tions apply:

t = cooling time (sec)
x = part thickness (cm)
o = thermal diffusivity of polymer
(sq cr/sec)
T, = melt temperature (°C)
T, = average mold wall temperature
during injection cycle (°C)
T, = average part temperature (°C)
b, = thermal penetration number of mold
(J/sq cm-sec'/2-°C)
b, = thermal penetration number of
polymer (J/sq cm-sec'/2-°C)

The cooling equations apply to other poly-
mers, as well as polycarbonate, and may be
useful in estimating cooling cycle times.

Residual Stress

The performance of parts injection-
molded of polycarbonate will depend not
only on the grade (melt flow rate and pres-
ence of additive) of material but also on part
design, environment, and processing condi-
tions. The failure of a polycarbonate arti-
cle can often be traced to high residual or
“frozen-in” stresses in the part. These stresses
result from nonuniform cooling of the part
while in the mold. Residual stress may also be
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promoted through overpacking of the mold
cavity during injection hold. Thermally in-
duced stresses occur when a given region
cools more rapidly than its surroundings.
Since shrinkage is temperature dependent,
cooler regions shrink in advance of hotter ar-
eas, giving rise to a nonuniform stress distri-
bution.

Annealing

Annealing can be employed to reduce
the effects of residual stress, but this proce-
dure is not recommended as an alternative
to changes in effective processing variables
such as mold temperature and injection hold
pressure.

Annealing relieves molded-in stress but
may result in a decrease in notched Izod im-
pact strength and an increase in the brittle
impact transition temperature. Figures 6-89
and 6-90 illustrate such changes when anneal-
ing is applied to the residually stressed, sim-
ple plate geometry described above. When
the notched impact test adequately describes
in-use behavior, the effects of annealing spec-
imens can be anticipated; annealing increases
the elastic modulus, initiates crazing after
shorter periods of time at a given stress level,
and can decrease ultimate elongation to as
low as 10%. Thus, annealing a polycarbon-
ate part generally cannot be recommended if
the article is exposed to continuous loading
of significant magnitude in practical use.
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Fig. 6-89 Notched impact strength of PC as in-
fluenced by thermal treatment after processing.
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Fig. 6-90 Ductile-brittle transition of PC as in-
fluenced by thermal treatment after processing.

Injection Molding Thermosets

Different types of plastics are injection-
molded. They range from commodity and en-
gineering thermoplastics to reinforced ther-
moplastics and thermosets. As reviewed in
different parts of this book, over 90% by
weight of plastics processed through injec-
tion machines are thermoplastics. (See par-
ticularly Chap. 3 and the section, “Molds for
TS Plastics,” in Chap. 4.) There are similari-
ties and also distinct differences in processing
TPs and TSs. As reviewed at the beginning of
this chapter, the curing characteristics of TSs
require higher heat in the mold to complete
the cross-linking (curing) of the TSs.

Thermoset injection molding uses a screw
or plunger to feed the plastic through a
heated barrel [usually at 120 to 275°F
(49 to 135°C)] to decrease its viscosity. This
melt is injected into a heated mold [usu-
ally 300 to 480°F (149 to 249°C)] (Chap. 2).
Once the plastic fills the mold, it is held under
pressure while chemical cross-linking occurs
to make it hard. The hardened or cured part
can be ejected from the mold while at an ele-
vated temperature. Once this plastic hardens,
it can not be remelted. However, the scrap
can be granulated and used as filler material
in plastic compounds. Figures 6-91 to 6-93 are
examples of TS injection molding machines.

Most TSs are available in a granulated pel-
let or flake shape and can be fed from a
gravity hopper into the screw injection unit.
With TS polyester bulk molding compound
(BMC), a stuffer ram feeder is used to move
it into the plasticator. BMC is usually a TS
polyester plastic mixed with strand glass ?ber

reinforcements that are usually % to 5 in.
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Fig. 6-91 HPM 300-ton clamp reciprocating screw injection molding machine for thermoset plastic
processing.

Fig. 6-92 Hull’s 600-ton hydraulic clamp with reciprocating screw for thermoset plastic processing.

Fig.6-93 Negri Bossi 12-80-ton FA molding machine equipped for injection molding of TS elastomers.
Note the special barrel provided with a jacket that allows circulation of the conditioning fluid (heating

and cooling control), and note on the right-hand side the support with its reel holding the band of
elastomer to feed the barrel.
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(0.6 to 1.3 cm) in length, fillers, and other ad-
ditives into a viscous compound that resem-
bles bread dough. Its preparation occurs with
a sigma blade mixer. The compound is deliv-
ered to the processor in the form of a ball, a
slab, or an extruded “log.”

The primary plastics used for injection
molding (in order of their volume of use) are
phenolic, polyester BMC, melamine, epoxy,
urea, vinyl ester, and diallyl phthalate (DAP).
Most of the thermoset materials contain high
volumes of fillers (up to 70% by weight) to
reduce their cost or increase performance,
by reducing shrinkage, and increase strength
or special properties. Common fillers include
glass fibers, mineral fibers, clay, wood fibers,
and carbon black. These fillers can be very
abrasive and create high viscosity, which
must be overcome by the process equipment
(Table 6-11).

613
Process

TPs and TSs both exhibit a decreasing vis-
cosity as they are heated. However, TSs in-
crease in viscosity with time and temperature
because of the chemical reaction of cross-
linking. The combination of these effects re-
sults in a U-shaped viscosity versus time and
temperature curve (Fig. 6-6). It is the aim of
the TS injection molding process to operate
the filling of the mold in the minimum vis-
cosity region since the pressure needed to
form the material to the mold shape is lowest.
This also lessens damage to the fibers in the
polymer.

The injection molding process uses a screw
to move the material through a barrel heated
with water or oil circulating through a jacket
around the barrel (Fig. 6-94). Screws are de-
signed for each type of material with slight
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Fig. 6-94 Schematic of a Negri Bossi plasticizing barrel for thermoset plastics, heated by fluid circu-
lation in two independent zones. By removing the manifold indicated by 1, the barrel can be heated in

three zones.
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compression to remove air and to heat the
material to a low viscosity. Most thermoset
materials are very fluid at this point so they
do not require a compression ratio in the
SCTEW.

The injection of material into the mold is
done by stopping the screw rotation and hy-
draulically driving it forward at high speed to
force the plasticated, low-viscosity material
into the mold (similar to TPs). This fast flow
can call for material pressures to 30,000 psi
(207 MPa) with cavity filling in 0.5 sec. The
high velocity of material imparts more fric-
tional heat to speed the chemical reaction
once the cavity is filled.

Once the cavity is filled, injection pressure
is reduced to a holding pressure of about
5,000 to 10,000 psi (34 to 69 MPa). This sec-
ondary hold pressure is retained on the ma-
terial for about 5 to 10 sec, after which the
pressure is released and plasticating begins
for the next shot.

The material is held in the hot mold until it
is rigid and then the clamp opens and the part
is ejected. The part may be slightly uncured
and somewhat flexible at ejection, with final
curing happening in the 1 or 2 min after ejec-
tion from the retained heat in the part. The to-
tal cycle forinjection-molded thermoset parts
ranges from 10 to 120 sec, depending on the
part thickness and material type.

There are many variations and special tech-
niques used to improve part quality and con-
sistency. Since some thermoset polymers gen-
erate gases as they are heated, a “breathing”
cycle is often used after the mold is partly
filled. In this step, the mold opens slightly
to allow gases to escape and then is quickly
closed and the remainder of the charge in-
jected.

Injection compression (coining) molding
will give higher strength, better dimensional
control, and improved surface appearance.
This is done by using a mold with a telescop-
ing cavity and core so that the mold can be
left open § to 7 in. (0.3 to 1.3 cm) during in-
jection, followed by rapid compression as the
mold is closed (Chap. 15 reviews coining).

BMC made from glass fiber, fillers, and
unsaturated polyester resin can be injection-
molded by adding special equipment to the
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machine. A piston stuffer is attached to the
barrel to force-feed it. Then it can be pro-
cessed in two ways. One is with a conven-
tional reciprocating screw to auger the ma-
terial forward while mixing and heating. This
requires a check valve on the end of the screw
to prevent reverse flow over the screw flights
since the viscosity is very low. The other pro-
cess uses a plunger or piston to force the
material into the mold cavity. The plunger
is commonly used with materials that have
glass fiber contents over 22 % by weight, since
less damage is caused to the fiber and higher
strengths can be obtained.

Hot- and Cold-Runner Molding

In Chap. 4, runner systems and runners for
TS plastics were discussed. The standard in-
jection cold-runner molds for TSs are very
similar to the standard injection hot-runner
molds for TPs. Because one cannot grind and
recycle the TS cold-runner system like the
TP hot-runner system, there is always inter-
est in reducing the amount of TS required to
mold parts. Thus, the cold runner can be used
so that the runner system does not solidify.
However, TSscrap (runner, etc) can be gran-
ulated and used as filler in TSs and TPs.

Toward this end, molds may be designed
to maintain thermoset material in a plastic
state in the runner without ejecting it from
the mold. This cold-runner technique is not
too different from hot-runner thermoplas-
tic mold designs, except that heated water
is used to maintain a “runner” temperature
of between 150 and 210°F (66 and 99°C)
and cartridge heaters are employed to main-
tain proper cavity and force temperatures
for curing. This type of mold is known as a
cold-runner thermoset mold, or sometimes a
“warm-runner” mold (Fig. 6-95). Parts may
be separated from the runners right at the
part surface; or short subrunners may be
ejected with the parts, leaving most of the
runner material in the warm manifold, to
be used in the next shot.

A multicavity standard (hot-runner) injec-
tion mold for small thermoset parts may have
50t0 150% of the shot size in runner or waste
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Fig. 6-95 Expanded view of a cold-runner manifold for TS plastic injection molding.

material. By using a cold-runner mold, this
waste can be reduced to as little as 10% of
the shot.

Material Stuffer

To process TS materials that are “dough-
like” in handling, different techniques are
used to move this type of material into the
injection molding machine. Some machines
use a single reciprocating screw system and
others a two-stage screw plasticating system
(Chap. 2). Regardless of the machine used,
stuffers are generally required.

Asanexample, there are anumber of injec-
tion molding machines specifically designed
tohandle thermoset polyester operations. All
require stuffing cylinders because of the phys-
ical characteristics of the material. Most FRP
is puttylike (BMC) or a fiberlike coated ma-
terial, neither of which flows freely through
normal hopper systems (Fig. 6-96).

On some machines, the material or com-
pound s forced from the stuffer cylinder from
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Fig. 6-96 Schematic of a material stuffer for
BMC materials.
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the top or side into the rear of a conventional
screw injection cylinder. The screw acts only
as a conveyor that moves the material to the
front of the cylinder instead of providing a
plasticating function. Then, the screw acts as
a plunger. It does not turn as it pushes the
material into the mold.

On other machines, a plunger instead of a
screw pushes the material into the mold. This
type densifies material as it pushes it into the
mold cavities.

Screws and plungers can be interchanged
within the same machine frame, requiring
only changes in electricals.

Another type is the coaxial plunger ma-
chine. Material is dropped into a stuffer
cylinder inline with a smaller cylinder that
pushes the material into the mold. Advan-
tages claimed for this structure include the
short distance that the material has to flow.
Angles and corners around which the mate-
rial must move have been eliminated.

Energy Considerations

Injection molding is an energy-intensive
process, since the central operation is the
conversion of the feedstock from the solid
phase to a physically and thermally homoge-
neous melt followed by a forming operation
and subsequent resolidification of the poly-
mer. The phase change from solid to melt re-
quires an input of thermal energy from two
main sources: the heated barrel and the drive
mechanism; a second energy input is then re-
quired for the forming process; finally, en-
ergy must be removed in the resolidification
process (7).

A certain minimum energy input is inevi-
table and determined by the thermodyna-
mic properties of the polymer being process-
ed. This minimum energy can be defined as

Tu 4
Emn=M Cp~dT—|—/ p-vdt
T 0
where C, = specific heat
M = mass of shot
Ty = required melt temperature
T = temperature
v = volumetric injection rate

and other symbols are as previously defined.
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The first term on the right-hand side of
the equation is the energy required for shot
preparation, and the second is the energy re-
quired for forming. Typically, in practice, the
energy required for shot preparation is per-
haps an order of magnitude greater than that
required for forming.

An overall process efficiency for injection
molding can therefore be defined as

n = Enmin/Ex
where E4 = actual total energy supplied
per cycle

On this basis, typical efficiencies of ma-
chines now in use range from 10 to 25%. Ef-
ficiencies of this order indicate significant en-
ergy losses in practice. However, since injec-
tion molding machines are required to pro-
vide useful motion, such as clamp opening
and closing, product ejection, sprue break,
etc., a certain expenditure of energy is neces-
sary beyond the theoretical minimum for shot
preparation and forming. A major design
objective, therefore, is to produce required
motions with minimum energy expenditure.
In contrast to injection molding, process
efficiency for commercial single-screw ex-
truders typically range from 35 to 75%.

Since shot preparation involves the larger
component of the theoretical minimum pro-
cess energy, it is useful to define a plasticating
efficiency as

v
77;1:( . Cp-dT>/EP

where E, = actual plasticating energy sup-
plied per cycle

The plasticating efficiency of standard in-
jection units under typical molding condi-
tions has been observed in the range of 25
to 50%. However, significantly higher effi-
ciency is possible with injection units design-
ed to minimize energy losses and equipped
with high-performance screws.

An energy balance approach is particularly
useful in the study of injection unit perfor-
mance. This approach can be used to de-
termine the magnitude of energy losses at
different points in the system, for example,
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feed throat cooling losses, drive motor return
line losses, inherent back pressure losses, me-
chanical friction losses, thermal losses from
the barrel, and drive train losses. In partic-
ular, the application of the energy balance
approach to each barrel zone provides par-
ticularly useful information concerning screw
performance.

Barrel insulation has considerable poten-
tial for minimizing thermal losses, but the
insulation should not be used unless screw
design is adequate. If, because of incorrect
screw design, areas of the barrel experience
a net heat transfer from the polymers, the
temperature of the barrel in those areas will
increase until an equilibrium is achieved in
which thermal conduction to neighboring
barrel zones is equal to the heat transfer from
the polymer. This heat can produce undesir-
able effects in plasticating and, in particu-
lar, may lead to thermal degradation of the
polymer.

In more general terms, particular care
should be taken in selecting mechanical com-
ponents that will operate at high efficiency in
the given application. This is particularly true
in the case of the drive mechanism. An over-
sized drive train will tend to operate at lower
efficiency than an optimally sized one, since
higher fixed losses are inevitable. Experimen-
tal observations indicate that the efficiency
of a typical hydraulic drive system can drop
from 80% in a high loading condition to 50%
in a low load condition.

High-performance screw designs offer sig-
nificant energy-saving potential in addition to
improved product quality. Often, improved
melt mixing affects product quality more than
the average temperature of the final melt,
making it possible to save energy by reduc-
ing melt temperature. This provides the addi-
tional advantage that mold cooling time can
be reduced, thereby increasing productivity
and also reducing the contribution of fixed
losses, such as thermal convective losses, to
overall energy losses.

Summary

In this section further information appli-
cable to the performance of plastic mate-
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rials has been presented. Figure 6-97 is a
nomograph that shows how to determine a
filler loading compound’s weight, a calcula-
tion normally determined by a computer pro-
gram. Since most plastic products only have
to survive in a temperature environment that
a human can tolerate, practically all plastics
meet this requirement (Fig. 6-98). The more
heat resistant plastics are shown in Figs. 6-99
and 6-100. Note where red oak is located in
Fig. 6-99.

Terminology

Ablative plastic A material that absorbs
heat, while part of it is being consumed by
heat, through a decomposition process that
takes place near the surface exposed to the
heat. An example is a carbon fiber—phenolic
reinforced plastic that is exposed to a temper-
ature of 1,650°C (3,000°F); it is the surface
material used on a rocket or space vehicle to
enable reentry into the earth’s atmosphere
from outer space.

ABS nylon alloy Thermoplastic alloy of
ABS and nylon (PA) with properties sim-
ilar to ABS but with higher elongation at
yield.

Accelerator Also called promoter or co-
catalyst. A chemical substance that acceler-
ates chemical, photochemical, biochemical,
etc. reaction during processing, such as cross-
linking or degradation of plastics. Action is
triggered and/or sustained by another sub-
stance, such as a curing agent or catalyst, or
environmental condition, such as heat, radi-
ation, or presence of a microorganism. An
accelerator can be used to hasten a chemical
reaction with a catalyzed TP or TS plastic. It
can be used to reduce the time required for a
TS plastic to cure or harden and is often used
in room temperature cures. During process-
ing, it undergoes a chemical change.

Activator Compounding material used in
small proportions to increase the effective-
ness of an accelerator. Both organic and
inorganic types may be used. The major-
ity require both zinc oxide and a fatty acid
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Nomaograph to find specific gravity of filled

compounds of various filler-resin ratios.
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Specific gravity, resin or filler
50
40

(C1+Cy)

6 Molding Materials

D
c Specific gravity, compound
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Fig. 6-97 Nomograph.

such as stearic acid to develop optimum final
properties. They are usually added at the start
of compounding. This action eliminates the
potential difficulty in dispersing them evenly
throughout the mixed compound.

Composite and Engineered Plastics
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Fig.6-98 Guide to maximum tensile stress versus
temperature.
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Fig. 6-99 Flash ignition and self-ignition points
for various plastics and red oak.
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Plastics with glass reinforcements contain 30% glass, by weight.
Higher temperatures obtained by using reinforcements such as

aramid (Kevlar), graphite, carbon, and boron.
TP=Thermoplastic and TS =Thermoset

F
—1000-
950
Silicones/Glass
—900—
i Polybenzimidazole (PBI)
850 Bismaleimide
Polyimide/Graphite }—ggo—] (BMI)/Carbon
Polyimide/Glass
—7
- 507 Polyetherketong/Glass
Polyimide/Glass {709 Bismalimide (BM)/Glass
ilicon
Fluoroplastics/Glass | g5p—] Polyketone/Glass

Polyetherketoneketone (PEEK)/Graphite

Liguid Crystal/Polymer |-gp0—

Poiyester TS/Glass

Epoxy/Glass |—550-]

Nylon/Glass

Polyetheretherketone (PEEK)/Glass
Polyphenylene Sulfide/Glass
Polyimide
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Phenol-Formaldehyde
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Polybutadiene/Glass —~ — Polvethylene Terephthalate/Glass

Silicone Silicon-Polycarbonate/Glass
Melamine-Formaldehyde [—400- Polyethersulfone/Glass
Polyarylsulfone/Glass
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Polysulfone
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Epoxy = - Polgcarbonate
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Polyester TS [—250— Polyurethane/Glass
Polyester TP L
Vinyl/Glass ABS
Polyuretane | opq SAN

Fig. 6-100 Guide to heat resistance performance based on heat deflection temperature test (ASTM

D 648 at 264 psi).

Aluminum foil A solid sheet of an ap-
propriate Al alloy, cold rolled very thin,
varying from a minimum thickness of about
0.0017 in. (0.0432 mm) to a maximum of
about 0.0059 in. (0.1499 mm). Aluminum
foil can be molded (internal or externally)
to provide a barrier or decorative effect.
In the Al industry, thickness of at least
0.006 in. (0.1524 mm) is sheet material
(sheet). After (oil) cold rolling, the foil is an-
nealed to restore its workability. From the
standpoint of packaging as well as other ap-
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plications, one of its most important char-
acteristics is its impermeability to water va-
por or gases. Bare foil 1.5 mil (0.0015 in. or
0.038 mm) and thicker is completely imper-
meable and used in plastic coating and pack-
aging process systems

Anticaking agent Additive used primar-
ily in certain finely divided compounds that
tend to be hygroscopic to prevent or in-
hibit agglomeration and thus maintain a free-
flowing condition of the material.
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Antioxidant agent (AOA) Alsocalled ag-
ing retardants. AOAs are of major impor-
tance because they extend the plastic’s (that
are affected by oxygen) useful tempera-
ture range and service life during process-
ing and/or product use. The variety of AOAs
available and their specific uses are exten-
sive. They retard oxidation during process-
ing heat, atmospheric oxidation, and/or the
degrading effects of oxidation. Certain plas-
tics, such as PE, are susceptible to degrada-
tion that starts when free radicals are released
after exposure to heat, UV radiation, and me-
chanical shear, or in the presence of reactive
impurities such as catalyst residues. There are
also nonstaining antioxidants. Antiozonant
agents can control oxidative degradation by
ozone.

Antistatic agent Also called antistat.
Used to minimise static electricity in plas-
tics. Such agents are of two types: (a) metal-
lic devices, which come in contact with the
plastics and conduct the charge to earth and
(b) chemical additives, which, mixed with the
compound prior or during processing, give a
reasonable degree of protection to the fin-
ished product. They function either by being
inherently conductive or by absorbing mois-
ture from the air to release the static charge.

Asbestos A commercial term applied to
fibrous varieties of several silicate miner-
als such as amosite and crocidolite (not the
name of a distinct mineral species). These ex-
tremely fine fibers are useful as fillers and/or
reinforcements in plastics. Characteristics in-
clude withstanding wear and high tempera-
tures, chemical resistance, and strengths with
high modulus of elasticity. When not properly
handled or used, like other fibrous materials,
they can be hazardous.

Aspectratio The ratio of length to diam-
eter of a material such as a fiber or rod; also
the ratio of the major to minor axis lengths
of a material such as a particle. These ratios
can be used in determining the effect of dis-
persed additive fibers and/or particles on the
viscosity of a fluid or melt and in turn on the
performance of the compound based on L/ D
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ratios. In reinforced plastics, fiber L/D will
have a direct influence on the compounded
plastic performance.

Atomic weight The relative mass of an
atom of any element based on a scale in which
aspecific carbon atom (carbon-12) is assigned
a mass value of 12.

Barrier Any material or device that lim-
its passage through itself of solids, liquids,
semisolids, gases, forms of energy (such as
UV light), and/or other material. Limitation
can be by physical or chemical means.

Barrier layer A separate layer of mate-
rial, such as a plastic, whose presence is in-
tended to stop or hinder the passage of an-
other material.

Barrier via chemical modification Chem-
ical modification of the plastic surface during
or after fabrication permits controlled per-
meation behavior in certain parts.

Batch processing, computer Application
of computer data analysis techniques to the
classification, assimilation, and interpreta-
tion of subjects such as plastic and chemical
information. Basically batch processing is a
method in which a computer program or set
of related programs must be completed be-
fore going on to the next operation. Its major
purpose is to correlate data in such a way that
trends or patterns become apparent.

Biodegradable A material that has the
proven capability to decompose in the most
common environment where it is disposed
within a time period such as one year, through
natural biological processes, into nontoxic
carbonaceous soil, water, or carbon dioxide.

Biodegradable and waste Biodegradable
plastics have existed for over a century and
methods to cause degradation have been
studied. Certain products have been specifi-
cally designed to degrade: to eliminate waste,
cause explosives to perform (by sunlight,
rainwater, etc.; principally used by the mil-
itary), to make medical products (sutures,
implants, controlled release formulations of
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drugs, etc.), etc. However, the main emphasis
for over a century has been on producing reli-
able, high performance and long-life plastics.

Bulk factor Term used todescribe the vol-
ume occupied by a specific weight of material
to be processed. It is also the ratio of volume
of a raw material to the volume of the fab-
ricated part or waste before and after com-
paction.

Bulking agent A material or chemical
added to another chemical that increases
the quantity of the mixture required without
changing the chemical activity of the total.

Bulk storage Tanks or silos large enough
to accept bulk shipments of individual sub-
stances.

Compatibilizer agent Substance blended
with dissimilar plastics, including recycled
plastics. If natural compatibility is missing, a
plastic can be chemically modified, such as
by grafting, to improve reactivity with an-
other plastic, or a third agent can be added to
do the blending. Two-component and multi-
component mixtures are used. The most com-
mon agents are block or graft copolymers and
polymer co-solvents.

Composite A combination of two or
more materials with properties that the com-
ponents do not have by themselves. Included
are reinforced plastics (1).

Compound An intimate mixture of a
plastic(s) with all the materials necessary
(such as additives) required to fabricate a
product.

Compound, dry blend Also called pow-
der blend. A free-flowing dry compound con-
taining all necessary additives prepared with-
out fluxing or the addition of a solvent.

Compression set The residual deforma-
tion of a material after removal of the com-
pressive stress or load.

Fines The pieces that are substantially
smaller than the bulk of the regrind that fall
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through the granulator screen. Fines are big-
ger than dust but smaller than regrind. Too
many fines can cause feeding and processing
problems.

Longs Oversized raw material that can
result from loose or broken granulating
screens.

Melt index A term used that indicates
how much plastic melt can be pushed through
a set orifice with various conditions con-
trolled. It represents the “flowability” of a
material. Higher values indicate easier flow
(Chapt. 12).

Plastics From the Greek word “to form,”
a class of materials capable of being formed
into all kinds of (simple to extremely com-
plex) shapes. Practically all plastics at some
stage in their manufacture or fabrication can
be formed into various shapes that can range
from being extremely flexible (rubbery or
elastomeric) to extremely hard (high perfor-
mance properties).

Post-consumer Identifies plastic products
generated by a business or consumer that
have served their intended purpose and that
have been separated or diverted from solid
waste for the purposes of collection, recy-
cling, and disposition.

Processing agent An aid, agent, or me-
dia used in the manufacture, preparation, and
treatment of a material or article to improve
its processing and/or properties.

Promoter A chemical, itself a weak cat-
alyst, that greatly increases the activity of a
given catalyst.

Release agent Substance applied to
molds (also called abherent), to prevent or
reduce its adhesion to another surface.

Shelflife Also called storage life or work-
ing life. Time during which any material re-
tains its storage stability under specific tem-
perature and environmental conditions so
that it remains suitable for fabrication. This
term should not be confused with pot life.
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Stabilizer Agents or materials present in
or added into practically all plastics to im-
prove their performance. Stabilizers serve to
inhibit chemical reactions that bring about
undesirable chemical degradation. An exam-
ple is in vinyls and polyolefins, where stabi-
lizers are added to maintain properties at or
near their initial values during storage, dur-
ing fabrication of parts, and during service
life of the parts. Some stabilizers impede or
retard degradation, usually caused by heat or
UV radiation. Stabilizers are used in some
plastics, particularly elastomer, to also as-
sist in maintaining the physical and chemical
properties during processing and in service.
There are three major groups: metallic (bar-
ium stearate, cadmium stearate, etc.), organo
metallic (dibutyl tin dilaurate, etc.), and or-
ganic (epoxies, etc.).

Stabilizer, internal An agent incorpo-
rated in a plastic during polymerization as
opposed to a stabilizer added during com-
pounding.

Strengthening plastic mechanism With
some exceptions, strengthening of plastics is
the work of the polymer chemist. But ex-
ceptions exist. Polyamide-imide and phenolic
can be increased in strength by a postmolding
thermal treatment (such as heat treating steel
or even heat treating plastics). Also, certain
additives are used; however, major improve-
ments occur when stretch-orienting plastic
products, fabricating reinforced plastics, etc.

Strength of material Refers to the struc-
tural engineering analysis of a part to deter-
mine its strength properties.

Strength ratio The hypothetical ratio of
the strength of a product to the strength it
would have in the absence of weakening de-
fects.

Strength service factor A factor used to
reduce a strength value to obtain an engineer-
ing design stress. The factor may vary depend-
ing on the service condition, the hazard, the
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length of service desired, and the properties
required of the product. This factor is part of
a safety factor.

Synergism Arrangement or mixture of
materials in which the total resulting perfor-
mance is greater than the sum of the effects
taken independently such as with alloying or
blending.

Thixotropic A characteristic of material
undergoing flow deformation in which vis-
cosity increases drastically when the force in-
ducing the flow is removed. The material is
gel-like at rest but fluid when agitated such
as during molding. Thixotropic materials lose
viscosity under stress.

Viscosity, reactive processing Effective
viscosity of a material undergoing reactive
processing. The design of conventional (non-
reactive) plastic processing equipment is
complicated by the non-Newtonian nature
of plastic melt viscosity. When attempting to
design equipment to process reactive fluids,
one is faced with an even more formidable
task: accounting for changes in viscosities
with conversions, temperature, and molecu-
lar weight, as well as nonuniformities within
equipment. Difficulties can be experienced
when attempting to mix or pump polymer-
ized fluids with rapidly rising viscosities that
accompany the reaction. To understand the
associated flow phenomena, it is necessary
to deal with the relationship between extent
of reaction and viscosity. Reaction viscosity
is much more sensitive to concentration and
molecular weight than to temperature and
shear rate.

Water vapor transmission (WVT) The
rate of water vapor flow, under steady spec-
ified conditions, through a unit area of ma-
terial, between its two parallel surfaces and
normal to the surfaces. Metric unit of mea-
surement is 1 g/24 h - m?. Also, perm is a unit
of measurement of water vapor permanence
where a metric perm is 1 g/24 h - m? - mmHg,
orin U.S. units 1 g/h - ft* - in. Hg.
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Process Control

Process Control Basics

Injection molding control involves many
facets of both machine operation and the
behavior of plastic, most importantly their
interaction. Principally the processing pres-
sure and temperature versus time determine
the quality of the molded product. The de-
sign of the control system has to incorpo-
rate the logical sequence of all these basic
functions, including injection speed (which
is pressure dependent), clamping and open-
ing the mold, opening and closing of actuat-
ing devices, barrel temperature profile, melt
temperature, mold temperature, cavity pres-
sure, holding pressure, and so on (Figs. 7-1
and 7-2). These controls are essential to pro-
duce molded quality products. Quality fea-
tures include mechanical properties, dimen-
sional accuracy, absence of distortion, and
surface quality (Chap. 4).

Developing a process control (PC) flow di-
agram requires a combination of experience
of the process and a logical approach to meet
the objective that has specific target require-
ments. Process controls range from very sim-
ple and standard types (Fig. 7-3) to those
more sophisticated (Fig. 7-4). An example of
a very convenient and simplified approach
for process control is to establish molding
process windows as reviewed in Chap. 4
(Molding Process Windows; Figs. 4.1 and 4.2).
Figure 7-4 highlights one aspect of PC involv-

ing cavity pressure distribution, which is used
to eliminate short shots and flash resulting
from low and high cavity pressure values. Sta-
tistical process control is used to establish ac-
ceptable limits thereby resulting in less scrap,
etc. (Chap. 13).

As injection molding becomes more com-
plex, molders require greater accuracy and
increased variations in the types of cycles that
could be adapted to their machines. These in-
clude variations in core pull sequences, dif-
ferent ejection sequences, and changes in
the timing of high-pressure application af-
ter clamp close in combination with injection,
screw rpm, back pressure during melting, etc.
This section is a summary of the subject.

Different types of machine process con-
trols can be used to meet the requirements,
based on the molder’s operating needs. Con-
trol systems available can monitor (alarm
buzzes or lights flash on deviation), feedback
(deviation sets up corrective action), and pro-
gram the controller (minicomputers interre-
late “all” machine functions and “all” melt
process variables). Knowledge of your ma-
chine and its operating needs is a prerequisite
to developing an intelligent process control
program.

There are controls of an open-loop type.
These merely set a mechanical or electrical
device to some operating temperature,
pressure, time, or travel. They will continue
to operate at their setpoints, even though

623
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Machine control

Electromechanical Solid state Programmable
(- l J
Y d
v .

(

R

Sequence control

Repeat molding cycle

Process control

Open loop Closed loop Adaptive

Position Logic

Time

— -

Y

Pressure Time
Temperature
Velocity Position

Fig. 7-3 Simplified overview of process control for IMMs.

the settings are no longer suitable for making
quality parts. During molding, the total pro-
cess is subject to a variety of hard to observe
disturbances that are not compensated for by
open-loop controls. Process control closes the
loop between some process parameter and an
appropriate machine control device to elimi-
nate the effect of process disturbances.

With controls properly installed and ap-
plied, the performance of the plastics in the
machine can be controlled within limits to
produce zero-defect parts meeting perfor-
mance requirements at the lowest molding
cost. The limits have to be set on the basis
of testing and evaluation of molded parts.
See Figs. 7-5 to 7-7 for the basic analysis of

I With std. control
[ With advanced control

Short shot

1

12 13 14 15

=

16

effects of specific injection molding machine
and plastic material variables. The next im-
portant aspect to analyze is the effect of in-
terfacing the different variables as shown in
Fig. 7-8.

With a little effort practically all mold-
ing machines are capable of providing useful
melts that go into molds and produce salable
products. Certain machines provide tighter
operational controls (thanks to modern pro-
cess controls, which continually advance the
state of the art in processing) that permit pro-
duction of quality products with less effort at
the least cost. The interrelationship between
a plastic and machine performance is summa-
rized in Fig. 7-1.

Mean pressure

Frequency

Flash

17 18 19 20 21

Cavity pressure, 1000 psi

Fig. 7-4 Advanced process control includes tighter cavity pressure control.
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Fig. 7-5 Effects of IMM and plastics material variables.

To reduce molding cycle time (Figs. 7-1
and 7-2) and produce quality-controlled or
useful parts requires more precise control in
the injection molding operation. At higher
production rates, excessive scrap and re-
jects become less desirable than ever, and
molders find themselves trying to reduce
these levels. With more automation, molding
optimization is further complicated by au-
tomated operations that move the products
directly from the molding machine to the
assembly stations. Effective process control,
therefore, is essential to maintain the benefits
of modern process technology.

DNA Genotek Inc.
Spectrum Solutions LLC v. DNA Genotek Inc.

Purchasing a more sophisticated process
control system is not a foolproof solution
to molding-quality problems. Solving part-
reject problems requires a full understand-
ing of the real cause, which may not be as
obvious as it first appears. The conventional
place to start troubleshooting a problem is
the melt temperature and pressure. But of-
ten, the problem is a lot more subtle; it may
involve mold design, faulty control devices,
and other machine components.

Problems in mold design can cause pres-
sure and temperature differences between
cavities. Sometimes, factors not directly
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Fig. 7-6 Effects of IMM settings on various properties such as flow length.

related to the process may be influencing
quality, such as an operator making random
adjustments of control devices and the rate
that plastic moves into the screw. Process con-
trol systems usually cannot compensate for
such extraneous conditions.

Studies have shown that compared to the
most efficient plastics molding machine of
the 1970s, a new microprocessor-controlled
machine can save well over $1,000 a year in
energy alone while being more productive.
That figure would be much higher if we
were to base our comparison on some of the
mechanical relics that are still widely used.

DNA Genotek Inc.
Spectrum Solutions LLC v. DNA Genotek Inc.

Development of the microprocessor is pro-
ceeding along lines similar to those followed
by the reciprocating screw. The screw plasti-
cator was first added to machines originally
designed for plungers. However, it soon be-
came apparent that the reciprocating screw
would be much more effective if it were used
on a machine designed specifically to accom-
modate it.

In like manner, it does little good to have
timers that read in hundredths of seconds if
the machine itself does not have servomecha-
nisms that match the microprocessor’s preci-
sion. The machinery must be as good as the
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Fig. 7-7 Machine settings and mold cavity dimensions affect plastic properties such as shrinkage.
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control device, or there is little sense in hav-
ing a microprocessor.

Developing Melt and Flow Control

The mechanism for melting is described in
Chap. 3 on screw design.

The addition of back pressure is a means
of creating more workload on the screw by
restricting its ability to pump the plastic. In
the process, itincreases melt temperature and
uses more drive energy. Its benefit is to in-
crease working of the plastic to improve color
blending and melt quality. The proper heat
profile does these things as well. Therefore,
consider using no back pressure until the heat
profile is obtained and then add only that
back pressure necessary. The rate of fill of the
mold is determined by many factors, such as
viscosity of the melt, gate size, the machine’s
capabilities, mold temperature, etc.

The computerized molding machine in-
creases productivity. It does this in several
ways. First, it enables the molder to fine-tune
all the relationships that exist in both the
clamp and injection end of the machine. At a
digital control panel, the setup technician can
scroll through all the machine functions, cut-
ting off a tenth of a second here, three-tenths
of a second there, throughout the entire job.

Furthermore, once the optimum settings
have been determined for a particular mold,
they can be repeated simply by entering them
in the control each time the job is run. An ex-
acting setup job need only be performed once
during the life of a mold.

However, cycle time is not the sole deter-
minant of productivity. Fast cycle times may
easily be negated by high rejection rates. The
computer’s ability to fine-tune the machine
to a given mold also results in the highest-
quality part and lowest rejection rate. Part
quality is also enhanced through the use of
computer-driven process control devices.

The microcomputer is far more dedicated
than the human worker. It can continually
make adjustments within the machine and
make it perform more efficiently. Energy
consumption is an important concern of the
molder. The microcomputer is by far the
best energy-saving tool known to modern in-

DNA Genotek Inc.
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dustry. (Details on computer simulation are
given in Chap. 9.)

During molding, the need exists for a good-
quality melt at the lowest possible temper-
ature. The hotter the melt is on injection,
the longer the mold must be held closed to
cool the part. This action affects cycle time. It
also affects part quality and energy use. The
proper heat profile will not only reduce cy-
cle time but will save energy as well. If a re-
duced amount of heat is transmitted to the
plastic through the heater bands, the energy
required to remove the heat from the mold
will be reduced as well.

Inspection

Inspection variations are often the most
critical and most overlooked aspect of the
tolerance of a fabricated part. Designers and
processors base their development decisions
on inspection readings, but they rarely de-
termine the tolerances associated with these
readings. The inspection variations may
themselves be greater than the tolerances
for the characteristics being measured, but
without having a study of the inspection
method capability this can go unnoticed.

Inspection tolerance can be divided into
two major components: the accuracy variabil-
ity of the instruction and the repeatability of
the measuring method. The calibration and
accuracy of the instrument are documented
and certified by its manufacturer, and it is pe-
riodically checked. Understanding the over-
all inspection process is extremely useful in
selecting the proper method for measuring
a specific dimension. When all the inspec-
tion methods available provide an accept-
able level of accuracy, the most economical
method should be used (Chap. 12).

Computer Process Data Acquisition

The central data acquisition in the injec-
tion molding plant can contribute to creat-
ing the basis for more rational production,
process optimization, and quality assurance.
Essential to the useful operation of a central
computer concept is the careful selection of
the computer system and program software
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package, as well as suitable training for the
system user (Chaps. 9 and 13).

Fabricators of injection molding parts in-
creasingly see themselves confronted with
rising manufacturing costs, in addition to
higher demands regarding quality and flex-
ibility of parts. This concerns demands for
maintaining and documenting the specified
quality features, as well as the requirement
for highly punctual delivery. Therefore, re-
quests for productivity increases needs to
take into account the following:

1. The utilization of the machines can be
improved by more accurate production plan-
ning on the basis of more up-to-date informa-
tion (factory data).

2. Production downtimes due to faults can
often be reduced to a few causes. Well-
maintained molds and machines are just as
much a prerequisite as the knowledge of sig-
nificant patterns of faults.

3. Unavoidable retooling can be acceler-
ated by the use of preheating stations, quick
tool-change devices, and automatic mold
changers.

4. The process sequence itself should be
constantly optimized with regard to the part
quality, cycle time, and fault frequency. By
constant monitoring of the machine and sta-
tistical evaluation, disadvantageous effects
on the manufacturing sequence can be rec-
ognized and eliminated.

5. Effective quality testing assesses several
quality-determining factors during produc-
tion (part weight, length dimensions, etc).
Further information regarding production
quality and the essential parameters affect-
ing quality can be gained from correlation
models.

Most of these measures are only rational
if the production manager can rely on exact
information about the actual state of the
production factors. Since the majority of new
injection molding machines are equipped
with microprocessor controls by the man-
ufacturer, the required information can be
retrieved via an interface and shown at the
terminal.

In principle, all product or production
data can be allocated to one of the following

DNA Genotek Inc.
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groups. By setting data, we mean all setpoint
values that are required to manufacture a
certain part on a certain machine with a
certain mold. By the term operating data,
we refer to all data that yield direct informa-
tion about the organization of the current
production. They are, thus, the basis for pro-
duction planning and control, as well as in-
voicing and calculation.

Rational production data acquisition gives
production managers the opportunity of in-
forming themselves about the current state
of production at any time. The actual values
of the process parameters that are significant
for injection molding are described as pro-
cess data, such as melt, cylinder, mold temper-
atures, injection time and viscosity, etc. For
certain reasons, such as mold wear, material
exchanges, etc., it may be that correction data
for machine setting are necessary.

If the actual values deviate greatly from
the mean values, and at the same time the
scattering increases, it can be assumed that
the machine will no longer reproduce the
specified basic setting to meet part require-
ments.

Many machinery manufacturers now of-
fer through their microprocessor controls the
possibility of registering complex processing
parameters, such as the integral of the mold
internal pressure or the injection work. These
parameters can also be used as control pa-
rameters for process control. Some controls
already include closed-loop control programs
that, for example, influence the changeover
to holding pressure on a certain change of
the integral value. Although these processes
have long been proven in practice, the actual
problem lies in determining the settings.

The mathematical relationship among the
integral value, holding pressure correction,
and their effect on the molding is of no in-
terest at all for the adjustment of such a pro-
cess control. It is fully adequate for the nar-
row range of validity of this control model
to determine the relationships empirically,
and thus to give a rough quantitative de-
scription. One can derive relationships from
the comparison of the essential actual values
(Chaps. 7, 9, and 13) with the dimensions of
the molding (quality data) with the aid of a
computer.
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Control Flow Diagrams

Basic process control can be compared
to preparing a martini (or preparing a spe-
cial fruit drink). It requires a graphic des-
cription of the process “road map” to get
from one position to another. The process
to prepare a batch of martinis requires for-
mulation (ingredient ratio), raw materials
(gin, vermouth, ice, and olives), equipment
(graduated measure), mixer/stirrer, and
glasses. A flow diagram is desired that must
incorporate all aspects of the process high-
lighting gaps, contradictions, and skeleton
on which to build further documentation.
Manufacturing equipment requires utilities,
space, capacity, and a work crew.

For any parameter that has a numerical
value, there must be a reliable determina-
tion procedure or “test method.” Test meth-
ods can be of definite variety, very simple to
complex, inaccurate to high accuracy, and un-
reliable to very reliable. Work done on any
process or its output is only as good as the
test methods. Test methods consist of proce-
dures, equipment, calibration and standard-
ization, traceability, and precision and accu-
racy. Figure 7-9 summarizes how to make

Measured Measured
Specified Quantity Speafied Quantity Quantity
GIN VERMOUTH ICE
L PU—
MIXER
|
MIX - Specified Method
DISPENSE
GLASSES [————» ntogasses Specifiedd
ADD OLIVES
OLIVES [—— > o each glass Specifled
DISTRIBUTE

Fig. 7-9 Process flow concept.
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— Manufacturing step

—_ Sampling or test point

_ Decision point

Documentation

— Transport or transfer

— Storage

><IdO0

—_ Direction
Fig. 7-10 Typical set of symbols.

a martini; it involves materials, quantities,
equipment, and a process step. The “finished
product” description follows the customer’s
description—namely, a glass containing a
chilled mixture of gin and vermouth with one
or two olives. The customer is either satisfied
or dissatisfied.

The preparation of a flow diagram con-
cerns no absolute technique, wide variety
of personal choice, and standardization of
layout, symbols (Fig. 7-10), and terminology.
Figure 7-11 is the production flow pattern
that will meet large-scale martini production,
for ready-mixed, bottled martinis, just like
mother used to make.

Fishbone Diagram

Next, analyze the process using the “fish-
bone” diagram (Fig. 7-12). A capability study
is to be run on identifying how much you
know about the process that is influenced by
the raw materials process parameters. Often,
answers are not available on factors such as
enough time, enough money or equipment
needed for production, acceptable product
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Fig. 7-11 Production process flow diagram.

produced, if standard costs were not met,
why defective parts were produced, was it im-
portant that process parameters be shifted,

Fig. 7-12 Typical fishbone diagram. Each branch
is an input, which could be a material, a process
stage, an auxiliary stage, documentation of instruc-
tions, etc.

DNA Genotek Inc.
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and/or what influence did a raw material
source have on the process. To analyze the
process requires identifying key parameters
and determining parameter limits.

Final process analysis requires the com-
plete process flow diagram (Fig. 7-11) and
completed fishbone diagram (Fig. 7-13).
What one may have thought was a simple
process resulted in a multicomponent dia-
gram. In constructing the fishbone diagram:
(1) include all factors; (2) do not prejudge
inclusions; and (3) reexamine the diagrams,
revise, add, or delete (Fig. 1-1). The final
fishbone diagram is a cause-and-effect re-
lationship as known at that time. Fishbone
diagrams can be drawn for any process (plas-
tics, etc.) no matter how complex. Diagrams
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Fig. 7-13 Home martini mixing fishbone.

will often highlight factors or relationships
that were unknown or ignored.

Cause-and-effect relationships can be sum-
marized in a two-dimensional grid or “in-
fluence matrix” (see Table 7-1). Each cause-
and-effect relationship is indicated in the
input-output grid as strong S, moderate M,
weak W, none N, or unknown?. Variables
can be classified as those that have a major
influence or intermediates, finished products,
yield, and cost. These variable classifications
can be used to (1) establish areas for problem
resolution, (2) set up control points, and
(3) select characteristics to be used for
(a) process control, (b) acceptable testing,
and (c) capability studies.

Overview

Control of IMMs continually offers dra-
matic improvement in easing machine setup,
allowing uninterrupted operation, simplify-
ing remote handling, reducing cycle times,
cutting energy costs, boosting part qual-
ity, and so on. The process of making an
injection-molding product has many dynamic
fragments that must come together properly
for successful results. Lack of sufficient pro-
cess control over any of these fragments will
result in a less than desirable product. Suc-

DNA Genotek Inc.
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cess involves three key ingredients: sufficient
dynamic performance, sufficient repeatabil-
ity, and selection of proper control parame-
ters. Scrimping on these ingredients can result
in unacceptable products, higher scrap rate,
longer cycles, higher part cost, etc.

The control unit is composed of in-
put, signal-processing, and power stages
(Chap. 11, Plastic Material and Equipment
Variables). The control system includes
all the equipment and hardware necessary
to control the basic IMM and mold fac-
tors. Controls are provided for barrel and
mold heating, clamping forces, plastic melt
flow rates, and oil and/or electrical pressure
(Chap. 2). These parameters are controlled in
such a way that they are generated and avail-
able in the required magnitude and direction
at the proper time during the logical sequence
of one molding cycle or several consecutive
cycles. The quality of a molded product
is mainly determined by temperature and
pressure. Overall the design of the process
control system has to take into consideration
relationships of product parameters with
effective PC parameters such as: (1) me-
chanical properties versus melt temperature,
injection speed, mold temperature, cavity
pressure, and holding pressure; (2) dimen-
sional accuracy and absence of distortion
versus melt temperature, mold temperature,
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Table 7-1
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Martini mix influence matrix
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@ S = strong; M = moderate; W = weak; N = none; ? = unknown.

cavity pressure, and holding pressure; and
(3) surface quality versus melt temperature,
mold temperature, and injection speed.

The design of the control system has to en-
compass the logical sequence of all principle
functions such as clamping and opening of
the mold, as well as so-called secondary func-
tions, such as opening and closing of actuating
cams, etc. (583).

Process controls all have one thing in com-
mon: They monitor the process variables,
compare them to values known to be ac-
ceptable, and make appropriate corrections
without operator intervention. The accept-
able range of values can be determined by
using melt flow analysis software or by trial
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and error. Using this approach, the accept-
able process values are known before the
mold is ever built. It should be noted that
none of the PC solutions address the prob-
lem of the lack of skilled setup people. Most
of the PC systems available today are rather
complex and require well-trained operators
to use them efficiently (1, 13, 217, 561).

All data relevant for the definition of the
molding process are recorded and stored.
This action is also taken to document the
quality of the production. Obviously, the
correct selection and proper installation of
recording devices is of major significance.
Thus, the direct objective of the PC systems is
the supervision of the process and its indirect
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assurance task of the quality demands on the
finished product. Controlling denotes keep-
ing a certain quantity constant during a defi-
nite period of time.

Conventional PC systems are generally de-
signed for closed-loop control parameters
such as injection velocity, holding pressure,
cushion, and recovery stroke. Other param-
eters to be considered include melt tempera-
ture and cavity temperatures that affect and
relate to the important condition of the con-
sistency of the molded part (530).

Technology

Process controls for IMMs can range from
the simplest to the most sophisticated de-
vices. As this chapter will review, they can
(1) have closed-loop control of temperature
and/or pressure; (2) maintain preset param-
eters for the screw ram speed, ram position,
and/or hydraulic position; (3) monitor and/or
correct the machine operation; (4) constantly
fine-tune the machine; and (5) provide consis-
tency and repeatability in the machine oper-
ation. Figure 7-14 machine complexity shows
why process controls are needed.

Process control demands a high level of ex-
pertise from the molder. The price that must
be paid for the use of process control is not

al
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always just the capital cost of the equipment.
There is also the price of responsibility for
using the control correctly—and that takes
time, patience, and a willingness to learn new
ways of molding good parts.

The quality of injection molding parts has
been considerably improved by converting
injection molding machines to fast processor
systems and closed control loops. The repro-
ducability of the process guidance system of
machines is aided by rate control loops, pres-
sure and position control loops (Fig. 7-15),
and adaptive controls. Acquiring processing
data by means of precision sensors is neces-
sary for such controls to function.

Closed control loops consist of a fast
computer, actual valve sensors, for example,
for temperature and pressure, and a control
valve or controller. In the injection side con-
trol loop, the signals for path and pressure or
rate are processed by 8- or 16-bit computers.
Since injection molding controls are modular
in construction, computation processes for
the individual control loops are carried out
by the respective computers. Only after the
completion of individual sequences are the
computer signals (responses) combined in
the central processing unit (CPU) of the
master computer and further processed (7).

Pressure sensors in the hydraulics are,
apart from the strain gauges, predominantly
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Fig. 7-14 Why injection process controls are needed.
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piezo-resistive pressure transducers. Piezo-
electric transducers are in general use for
pressure measurement within the mold or
melt flow path. Paths are measured, for
example, by means of wear-free, contactless
ultrasonic path measuring systems and rates
from the first deviation of the path with re-
spect to time. The signals from the sensors are
constantly compared with the setpoint values
and adjusted so as to keep control deviations
as small as possible. The same sensor system
is also best suited for display of the process.

By process graphics, we generally refer to
the graphical display of the curves for pres-
sure, temperatures, or signal voltages from
electric components. Displays of curves can
show screw travel, setpoint and actual hy-
draulic pressure, and internal mold pressure.
The curves can be spread in the X direction
and Y direction or sections can be magni-
fied. Cursors permit exact analysis in the 1- to
100-sec range.

Inaccuracy in every injection unit, consist-
ing of the addition of very small individ-
ual disturbance factors, results in a variable
actual pressure. Individual disturbance fac-
tors in the area of the injection unit can be

DNA
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(1) changed temperature characteristics in
the machine, barrel, mold, hot runner, and
surroundings; (2) changed behavior at the hy-
draulic valves and mechanical components
(dependent on operating hours); (3) differ-
ences in material processes; and (4) mechan-
ical wear at the cylinder fittings.

The tolerance band set by the operator
characterizes the upper and lower bound-
aries. If the actual value of an injection para-
meter lies outside these boundaries, an active
signal can separate the reject parts. Injection
processes explained by this type of display
help the operator to localize faults and to
isolate the effects of partly unavoidable
disturbance factors from good moldings.

The best analysis by far can be made with
curves for the variation of pressure and path.
Both adaptive and integrated systems can be
rationally used to adjust the material pro-
cessing temperatures and to localize pressure
spikes caused by incorrect injection condi-
tions. Achieving such a quality improvement
in a very short time increases the degree of
utilization of the machine.

The advantages of the adaptive system
are its compatibility and mobility between
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machines. The graphics are plotted without
plotter misalignment, are generally multicol-
ored, and can be magnified to highlight cer-
tain of sections. Process monitoring has the
equally important advantage for the opera-
tor of good/poor parts separation via analyti-
cal observation. Once curves are found, they
can be stored as such and dimensioned with a
tolerance band. It is important to know that
the tolerance bands can have altered bound-
aries for each product. If these boundaries are
conscientiously programmed, very fine errors
can be revealed.

To the conventional displays of curves, the
display of the hydraulic or melt pressure
against injection position can be added. With
the aid of a computer program, the injection
work can be computed. This so-called work
integral enables a direct graphical evaluation
over a specified period of time. It permits
rapid interpretation and rational monitoring
of the tolerances. Since the integral bound-
aries are easy to change using the cursors, a
product-specific computation can be made.

Fast Response Controls

Onboard computer controls for injection
molding machines are becoming much
faster. Since the early 1980s, improvements
have steadily increased the speed at which
closed-loop controls can adjust the injection
molding process. New hardware based on
state-of-the-art microprocessor chips and
computer architectures is building on that
performance geometrically.

Among the latest developments are (1) an
advanced (but economical) microchip that
bypasses the need for trafficking routine in-
structional messages, thereby enabling the
computer to operate much more quickly;
(2) dedicated control boards that speed up
reaction to changes in the molding process
(there are communication controls that can
process data 20 times faster than conven-
tional microprocessor-based controls); and
(3) the quest for more powerful expert sys-
tems, yielding one that responds rapidly and
accurately to online changes in material flow
characteristics.

DNA Genotek Inc.
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Increased speed and computing power
bring several advantages that have direct im-
pact on injection molding quality and cycle
times. Most important, faster hardware re-
duces the time necessary for the injection
control to detect change in a process pa-
rameter and react to it. More control speed
means more profitability, particularly when
the injection machine shifts from one task
to another. An example is the critical switch
from the injection to holding phase. This
fast hardware can provide other benefits.
Increased computing power in the control
system makes possible improved computer
graphics that present process data in ways
easier for operators to understand. Also,
advanced computer concepts such as expert
systems and fuzzy logic are making their ap-
pearance on the factory floor. In certain ap-
plications, these should ease the operator’s
job by suggesting courses of action in “upset”
conditions or by making the machine more
self-regulating.

Fuzzy logic has become a common means
of providing temperature control. It builds
expert intelligence into the standard PID
(proportional/integral/derivative, to be re-
viewed later) controller, enabling it to adjust
its response to process conditions rather than
respond by a fixed set of instructions. This
adaptability is particularly important in pre-
venting overshoot and reaching a stable con-
dition faster during start-up, when changing
setpoints, or when recovering from a process
upset. During start-up, for instance, a typi-
cal controller keeps the heaters on continu-
ously until the lower limit of the proportion-
ing band is reached. It then starts to vary the
ratio of on—off time as the temperature ap-
proaches the setpoint.

However, in many cases, because of the
thermal characteristics of the machine or pro-
cess, the proportioning action may start too
late, resulting in overshoot and oscillation.
Or, if too soon, the approach to the setpoint
may be too slow. Fuzzy logic monitors the dy-
namics of the process and acts like an expert
operator to optimize the heater response if
the preset tuning variables are not doing the
job. In some systems, it can learn the process
characteristics as the process proceeds and
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can then further sharpen controller perfor-
mance.

In any process or experiment, control is
the reference base with which the results are
compared. The control represents known or
target requirements of facts and/or figures.
The use of a control is vital to provide
interpretation of the final product. The digi-
tal age has transformed many traditional de-
sign and implementation methods in actu-
ator and control manufacture. Chief among
these transformations is the use of serial
communications in conjunction with a pro-
grammable logic controller (PLC or PC)
used to oversee machine operations.

The advantage of a serial communications
network is that its single common thread runs
throughout the plant floor, replacing large,
hard-wired umbilical that is costly both to
install and maintain. The overall advantages
are well documented in many industrial ap-
plications.

A change control comprises those activi-
ties that deal with product changes from the
proposal to the implementation stages. It en-
compasses areas of raw materials, software,
devices, processes, labeling and packaging,
inspection, etc. Change control problems
affect different plants in different ways.
Therefore, device manufacturers must im-
plement a procedure for managing changes in
a product or in the manufacturing processes.

Each manufacturer needs to find a model
that complies with quality system regulation
(QSR) and is suitable for its product and
company, making appropriate adjustments
as experience reveals new or better ways of
handling changes. As with other similar sit-
uations, the start-up costs of such a project
may seem high, but they should be weighed
against the long-term benefits of improving
efficiency and reducing the likelihood of re-
calls or lawsuits.

There are closed-loop systems used with
microprocessors for control of a machine’s
line from start to the finish. A controller com-
paresinputsignals with set inputs; corrections
are made when required. The system feeds
back information such as dimensions to ad-
just line speed and to correct for dimension
shifts.
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Derivative control ensures that a contin-
uous linear relationship between controller
output and the derivative of error signals that
the computer receives is maintained.

Virtually all machines in a production line
are electronically line shafted or designed as
individually powered sections that are then
precisely synchronized by digital control. The
excellent performance of these “shaftless”
machines is rapidly leading to the demise
of the mechanical line shaft. Electronic line
shafting sectionalizes the machine into sepa-
rate sections, each powered by its own high
performance digital servodrive. A master
control electronically synchronizes all ma-
chine operations, communicating in real time
with each section’s drive motor over a single
fiber-optic cable. This shaftless design elim-
inates mechanical inaccuracies and provides
for electronic registration with minimal loss
of product during start-up. Trial and error
mechanical adjustments are replaced with
highly precise push-button electronic con-
trol.

Control Approaches

Control approaches must be thoroughly
analyzed and studied to obtain the desired
performance of the complete line and/or its
parts. The first task is to determine what
is required and how to approach any prob-
lem. Adequate process control and its asso-
ciated instrumentation are essential for prod-
uct control. Sometimes the goal is precise
adherence to a control point, while at other
times it is sufficient to maintain a control
within a comparatively narrow range. For
effortless controller tuning and lowest ini-
tial and operating cost, the processor should
select the simplest controller (temperature,
time, pressure, flow rate, etc.) that will pro-
duce the desired results.

Controls are neither a toy nor a panacea;
they demand a high level of expertise from
the processor. There are those that:

1. Provide closed-loop control of temper-
ature, pressure, thickness, etc.

2. Maintain preset parameters
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3. Monitor and/or correct equipment op-
erations

4. Constantly fine-tune equipment

5. Provide consistency and repeatability in
the operations and

6. Self-optimize the process.

Most processes operate more efficiently
when functions must occur in a desired time
sequence or at prescribed intervals of time.
In the past, mechanical timers and logic re-
lays were used. Now electronic logic and
timing devices are used based on software
programmable logic controllers. These lend
themselves to easy set-up and reprogram-
ming (Chap. 9).

Process Control Methods

Process control of one type or another has
always been used to mold products. They
can range from unsophisticated, such as man-
ual, open-loop, and closed-loop methods, to
very sophisticated electronic/computer pro-
cessors, such as computer integrated manu-
facturing (CIM). The various techniques can
be classified as:

1. Manual control

2. Control of electromechanical devices
after manual setting

3. Control by electronic circuits and man-
ual settings

4. Control of definite programs

5. Open-loop control of some important
parameters (speed and pressure) with man-
ual programmed sequence control

6. Programmed open-loop control and

7. Programmed closed-loop control (1, 7,
298, 550).

Open-loop and closed-loop controls With
open-loop control one or more input sig-
nals from a signal device(s) are modulated
into an output signal based on the interrela-
tions of the control system. Open-loop con-
trol is characterized by an open sequence
of actions across the individual transfer ele-
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ments of the control system. The control
mechanism is capable of compensating the
effect of any interference that can be mea-
sured by the system. Such a control system
can result in excellent product constancy of
separate process steps if distinct control cir-
cuits prevent any influence of other variable
elements. However, the other variable ele-
ments, such melt viscosity, could influence
results.

A closed-loop control feeds back the out-
put signals from signal devices and continu-
ously compares its value with the input set
signals. Any deviation from the set signals
produced by interference is used to correct
the controlled output. A process controller
determines the difference between setpoint
and actual performing output and takes ap-
propriate steps based on its software program
so that the difference is eliminated. Thus the
output signalis measured and the closed-loop
controller returns the output signal to the re-
quired reading.

Both of these “loop” controls have their
place. To say closed-loop control by itself is
the best is not correct. If a very constant pro-
cess has to be carried out and repeated, then
a stable open-loop control can be used. If the
process is not constant (i.e., exhibits unsys-
tematic temperature and/or pressure distur-
bances) then closed-loop control can be used
to control the individual disturbances. This
summation has to be related to the accuracy
and reproducibility of operating the IMM,
which depends essentially on the machine’s
hydraulic and/or electrical methods and re-
peatabilities of controls.

Production Monitoring

For over a quarter century various systems
have been available for monitoring the ef-
ficiency of the injection molding production
floor. Usually these systems do not reside on
the individual IMMs but resides in the fore-
man’s office. Most of these systems use a sim-
pleinterface with the molding machines. Usu-
ally the closing of a contact at the beginning of
injection is used to monitor cycle time. In ad-
dition there is usually a provision for a report
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from a local station identifying the cause
of any downtime. This information is then
transmitted to the foreman’s office. These are
passive systems in that no corrective action is
taken by the system. It remains for the expert
foremen to decide what action is to be taken.

Expert advisory systems can be divided
into the two classes: off-line systems and on-
line systems. Offline systems are those that
are not connected to the network or molding
machine. They gain all their input through a
question and answer session with the molder.
Online systems are those that get much of
the input directly from the molding ma-
chine or network. These usually require input
from the molder or quality control (QC) per-
son about the physical characteristics or at-
tributes of the products being molded. None
of these systems hit the mark of being a true
online expert system for injection molding.

Online expert systems utilize hardware and
software programs that require devices (sen-
sors, transducers, etc.) to obtain all useful in-
formation. Examples of the devices required
include special nozzles to sense melt temper-
ature and pressure, hydraulic or electrical sys-
tem temperature and pressure, screw position
and rate of travel, and so on. All these de-
vices will pass through a machine-mounted
terminal. This action will allow communica-
tion with a computer (Chap. 9) and allow for
an interface with the machine operator for
information such as the molded part charac-
teristics and reason(s) if downtime occurs.

By applying proper statistical methods
(Chap. 13), flow simulation algorithms, and
experimental techniques, process variations
can be predicted. Using the operator inter-
face, alarm situations can be displayed along
with recommended corrective action before
the process produces any bad parts. Through
this approach the molder gets closer to the
goal of unattended molding, which alleviates
the problem of finding experienced set-up
people (217).

Developing algorithms The development
of these control systems involves the develop-
ment of algorithms (procedures for solving a
mathematical problem) to be used by the sys-
tem. Much of the work centers on develop-
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ing techniques for modeling the process from
empirical data. Many of the system’s frame-
works allow for the execution of external pro-
grams that use these algorithms (298, 491).
Two tools that can be useful in the de-
velopment of these algorithms are designed
experiments and abductive induction. De-
signed experiments make use of orthogonal
arrays to reduce the amount of data required
to investigate the factors affecting a process
(480). Induction is a reasoning process
whereby one takes information on specific
cases and develops general principles. This
process can be used when the information is
known with certainty. However, frequently
the information may be in the form of a
probability of a value being true. To deal with
such uncertainties, C. S. Peirce introduced
abductive reasoning in the 1880s (407, 450).
Thus abductive induction is the process of
developing general principles from informa-
tion that may be uncertain. This extremely
powerful tool makes it possible to obtain
solutions for applications too complex to
solve using other methods, in particular for:
(1) finding solutions for missing or contradic-
tory data, (2) problems involving unknown
relations among variables, and (3) obtaining
real-time solutions to complex problems.
Different case studies have been prepared to
demonstrate the use of abductive induction
to develop algorithms, such as those at the
Erie Campus of Penn State University (217).

On-Machine Monitoring

There are a number of different monitor-
ing schemes available. First, for clarity, let us
distinguish “monitoring” from “controlling.”
Monitoring means watching or observing—in
our case, the performance of a molding ma-
chine. Traditionally, on an injection molding
machine, this is done in a variety of ways: by
time and temperature indicators, screw speed
tachometers, hour-meters, mechanical cycle
counters, and the like. Controlling means just
that: command and directional capability.

Often, a control function is combined with
monitoring in one instrument. These devices
may be called “indicating controllers.”
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This review will focus on monitoring as op-
posed to controlling—specifically, monitor-
ing parameters such as cycle time, downtime,
rate, and totals as opposed to temperature,
pressure, and other process parameters.

There are several levels of sophistication
available in monitoring devices for molding
machines. The crudest, the old technology,
is the mechanical stopwatch. There are two
serious deficiencies with monitoring by me-
chanical stopwatch:

1. The worst indictment is that it is impos-
sible to monitor the machine with sufficient
frequency to be certain that the cycle time
has not changed, because stopwatch moni-
toring is very time consuming for whoever
is taking the readings. There is also often a
conflict between responsibility for operation
and responsibility for monitoring: The per-
son running the machine may be supposed to
monitor it but may not do so very often.

2. The accuracy of mechanical stopwatch
measurements is notoriously poor. The major
variable is the human one. The monitoring of
machine cycle times is too important to allow
human error in measurement to contribute
to poor productivity.

More sophisticated “electronic stop-
watches,” or monitors, are available that take
advantage of the fact that molding machines
have numerous signals that are specifically
indicative of the cycle. These signals can
be utilized to trigger the electronic watch
by direct electrical connection to molding
machine contacts. With these direct connec-
tions, accurate cycle times are assured. For
example, measuring from the injection for-
ward relay (a frequent choice) can provide
an accurate, continuous display of overall
machine cycle times (Fig. 7-16).
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There are two proven benefits from mon-
itoring the cycle time on a continuous
basis:

1. Production can be maintained at the es-
tablished optimum cycle time. Display reso-
lution to 0.01 sec quickly shows changes. For
example, if a mechanical or hydraulic prob-
lem is developing, it can be detected before it
progresses to a breakdown. If unauthorized
people are meddling with machine settings,
they can be observed. When changes are eas-
ily seen, unauthorized people are deterred
from making them.

2. Product quality can be kept high be-
cause cycle variations are minimized. Fur-
ther, material changes that contribute a small
cycle effect but have a significant product ef-
fect can be picked up with continuous, accu-
rate monitoring.

Implicit in maximizing these benefits is
having the cycle time displayed on the
machine. Many users post the standard cy-
cle time in large numerals next to the digital
display. This enables engineers, operators,
mechanics, supervisors, foremen—anyone
walking by the machine—to see and compare
the current cycle with the desired one and to
respond appropriately to deviation.

In addition to monitoring overall cycle
time, elapsed time displays can yield precise
information about the individual elements
that comprise the overall cycle. For instance,
with a single-signal input cycle time display,
the time at which a specific relay switch, valve,
etc. is energized can be measured and dis-
played (Fig. 7-17). Other digital electronic
stopwatches are available that accept input
signals from two independent sources and
can measure a variety of times between them
(Fig. 7-18).
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Off .. ___l L_J
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{
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Fig. 7-17 Single-signal input cycle time display.
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Fig. 7-18 Two-signal input cycle time display.

An electronic stopwatch that accepts two
input signals adds analytical capability be-
yond that available with one-signal input. For
example, an engineer wants to set the opti-
mum time for every element of a cycle. First,
he or she must accurately determine where
they are now. Then by “tweaking” the times
down—while monitoring for verification—
and checking product quality, he or she can
“set” each segment as fast as possible while
maintaining good quality. If all active seg-
ments are optimized and there is no “dead
time” between segments, the cycle will, by
definition, be as fast as it can be and still pro-
duce the desired product.

Note that dead time between active por-
tions of the cycle must be eliminated. A dual-
input digital display enables this to be done
by switching between various signal sources
in the machine. Once eliminated, dead time
must also be kept out of the cycle to keep
production up. By continuous monitoring of
the most likely areas for dead time, it can
be minimized. For instance, improper mate-
rial additives have affected screw retraction
adversely, to the extent of extending cycles
because of screw slippage. With continuous
monitoring of the retraction time, as mea-
sured between two limit switches or their
equivalent, this problem may be detected
quickly so the material can be changed as
soon as the problem occurs.

Before discussing more sophisticated mon-
itors, let us examine why it is critical to op-
timize. It is simply a case of economics. As
inflation has driven up the cost of everything,
time has become more valuable. A cycle that
is, on the average, 1% slow, in one year will
cost more than one man-week’s production
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Table 7-2 Lost time: 1% slow
Standard cycle (s)  10.00 30.00  59.0
Actual (s) 10.1 30.3 59.6
Lost time (h)
(5,000-h year) 50 50 50

(Table 7-2). Note that 1% on the standard cy-
cles listed is only a fraction of a second; many
injection molding machines have cycle times
less than standard.

Machine-hour rates, determined in a va-
riety of ways, may range from $15 to $50/h.
With the 1% slow losses shown in Table 7-2,
the dollar losses in production would be at
least $750 to $2,500/year in machine time. In
general, these figures are conservative. Our
experience in the field with elapsed time dis-
plays has shown payback on investment pe-
riods as short as 1 day, more typically 1 week
to 1 month.

The most sophisticated level of monitor-
ing takes advantage of the evolution that has
occurred in electronics. With the micropro-
cessof, it is possible to add economical mem-
ory and multifunction capability to a machine
display.

“Multifunction” means that in addition to
the important “cycle-time-measuring” com-
ponent, additional data can be acquired,
stored, and displayed. Unless it is separately
available on the machine, all monitors of this
type for injection molders should include a
cycle measurement function. This may be ei-
ther cycle time directly (in seconds or min-
utes) or production rate (in shots per hour,
cycles per minute, etc.). The availability of
a production rate display is important be-
cause in many companies the “shop floor lan-
guage” is shots per hour, and a digital display
of these numbers directly is more meaningful
than a time readout; for example, a change in
rate from 120 to 119 shots/h is more mean-
ingful than a cycle time change from 30.0
to 30.25 sec. The successful use of monitors
hinges on operating personnel understanding
them as an aid to production. Therefore, the
display should be scaled and read out in the
user’s particular terminology.

Additional data that may be compiled with
these powerful monitors include totals, run
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time, downtime, etc. “Downtime” may be de-
fined in several ways. It can be as simple
as a machine set on the manual switch set-
ting (for setup) instead of automatic or semi-
automatic, or as complicated as the moni-
tor “learning” a good cycle, comparing every
subsequent cycle to it, and then accumulat-
ing downtime for any cycle that is not at least
90% of the “good” cycle. The learning of the
good cycle may occur via a user-set switch
identifying a desired cycle, or by the moni-
tor calculating an average cycle. The ability
to specifically accumulate and record down-
time on the machine changes a notoriously
inaccurate data source—downtime is usually
guessed—to a precise record that is used to
improve the performance of machines and
people.

Monitors may also be obtained with out-
puts to drive typical machine audio and vi-
sual alarms. These outputs can be energized
when downtime occurs, a slow cycle occurs,
and a rate is below a user-input standard.
(The latter is only available with the most
sophisticated type of monitor, one that com-
municates bidirectionally to a key-board and
computer.)

These more sophisticated, powerful moni-
tors can provide multiple functions displayed
on the machine; in addition, they can commu-
nicate directly with a centrally located com-
puter. The central computer eliminates the
manual collection of production data; it sum-
marizes data, prints reports, calculates effi-
ciencies and utilization, etc., automatically
and immediately, not hours or days later.

Temperature Control of Barrel and Melt

A quarter century ago, controlling the tem-
perature on injection machinery was limited
to a choice of either manual selection of the
power to the heaters or simple on—off closed-
loop switches. Today, a bewildering assort-
ment of control theory approaches and tech-
niques have been promulgated, and a broad
selection of products is available to imple-
ment the application of the chosen theory.

Comprehensive literature exploring a
variety of theories is available, but it is not
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the intention of this presentation to explore
or summarize this body of literature. This
discussion will acquaint you with the latest
developments in the quality of temperature
control, present both the component and sys-
tems approaches, and provide some insight
into what the future holds.

The viscosity of the melt and the speed and
pressure of injection determine whether an
acceptable molded part is produced. Viscos-
ity is a function of the temperature of plas-
tics, and temperature is a result of the forces
of screw rpm, back pressure, and externally
applied heat. Injection machine control spe-
cialists generally agree that one-third of the
melt temperature is derived from external
heat. Closed-loop temperature control, thus,
deserves in-depth attention.

Many excellent instruments are available
today as a result of reliable and cost-effective
solid-state and digital technologies. The tem-
perature control result is, of course, no bet-
ter than the quality of other components and
installation practices employed on the ma-
chine. Too many times we find the advan-
tages of a sophisticated temperature control
(TC) instrument completely negated by poor
installation techniques. Before deciding pre-
maturely that the instrument is at fault, you
should make the following checks:

1. Isthe thermowell too big for the TC pro-
tection tube? Air is an excellent insulator.

2. Is there contamination inside the ther-
mowell? Rust, scale, and residue prevent
proper contact of the protection tube with
the thermowell.

3. Is the TC junction partially open?

4. Are there oxidation and corrosion in-
side the protection tube?

5. Isthe proper extension wire being used?
Copper wire allows another thermocouple
junction.

6. Is extension wire polarity observed? A
single reversal will give a downscale reading;
adouble reversal will resultin an erratic input
to the controller.

7. Are wire terminations properly iso-
lated? False cold junctions are a common
problem.
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8. Is the cold junction compensation at the
extension wire termination on the controller
working properly? A poorly positioned or
poorly connected compensation component
will allow the input to vary.

9. Inthe panel, are the thermocouple leads
isolated from the ac wiring as required? Are
the TC and ac wiring run in separate conduits
from the control cabinet to the machine as
required?

10. Is the control cabinet thermal envi-
ronment within the specification of the con-
troller? Excessive cabinet temperatures can
cause a controller to drift.

11. Examine the power contactor. If it is
a mechanical contactor, deterioration of the
contacts can result in reduced power deliv-
ered to the heaters.

12. Are the heaters sized correctly? Mod-
ern temperature controllers can compensate
for limited missizing but cannot substitute for
proper design.

13. Heater bands must be secured tightly
to the barrel; again, air is an excellent insula-
tor.

14. Check the voltage being supplied to
the heaters. High voltage leads to premature
heater failure.

15. Inspect wiring terminations at the
heater band; connections must be secure.

If the integrity of the heating system has
been verified, your attention can now be
turned to the advantages of modern tem-
perature control instrumentation. To demon-
strate the improvements available during the
past quarter century, a comparison of three
basic instrument designs is helpful. Millivoit-
meter designs can hold the setpoint to within
20 to 30 deg; solid-state designs can hold it
to within 10 to 20 deg; microprocessor-based
designs typically hold setpoint to within 2 to
5 deg.

Microprocessor-based designs provide sev-
eral distinct advantages. Already mentioned
is the inherent ability to control the tempera-
ture at setpoint. Sometimes, they do this too
well. There are reports, in fact, of cases where
the customer claimed the controller was not
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working, because the process reading was
the same as setpoint for an entire shift. Mi-
croprocessors do not drift; they either work
perfectly, or they experience a catastrophic
failure. They are absolutely repeatable,
allowing the operator to duplicate a log of
setpoint temperatures perfectly the next time
that particular job is run. Microprocessors
allow a natural avenue for providing digital
displays of process information. Values are
not subject to inaccurate interpolations
and misreadings. In new installations, the
precision of the digital readout has some-
times proved to be a two-edged sword. We
have provided start-up assistance in plants
where the operator reports the process
reading to be several degrees different from
the setpoint. An investigation usually will
discover a problem in one of the control
loop segments previously outlined. One has
to conclude that the problem had existed for
some time; the customer just never knew it
because the process drum meter on his or
her old instrument could not be read to any
finer resolution than perhaps 10 deg.

Microprocessors allow the implementation
of PID (proportional, integral, derivative)
control at little or no cost. PID has been
shown to reduce process variations by as
much as 3 or 4 deg. Discussions of PID ad-
vantages are available from all major tem-
perature control suppliers.

Microprocessor technology is relatively
trouble-free. It is about six times more re-
liable than analog solid-state designs and
about twelve times more reliable than milli-
voltimeter designs. Based on customer data,
the maintenance costs on an analog instru-
ment average $100 annually; on a micropro-
cessor design, the costs are reduced to $12.

Another significant cost reduction effort
being implemented recently with excellent
results focuses on the controller output and
power handling. Although an analog con-
troller output accepted by a phase-angle or
zero-angle SCR power controller is ideal in
terms of power factor and heater life, it is
a relatively costly arrangement. A more ac-
ceptable method, in line with cost restraints
and providing very nearly the same advan-
tages, is to use a controller with a solid-state
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time-proportioned pilot duty output along
with inexpensive mercury contactors or solid-
state relays. The controller output cycle time
can then be reduced to 10 sec or less, thus
approaching the same constant temperature
and heater life advantages available with the
more costly design.

Many more advantages are available when
the microprocessor is used as the core com-
ponent for temperature control. Automatic
tuning, introduced recently, has already es-
tablished an enviable track record. Its bene-
fits fall into three major areas:

1. The unit will identify varying thermal
behavior and adjust its PID values accord-
ingly. Variables affecting viscosity include
screw rpm, back pressure, variations in heater
supply voltage, resin melt index, resin con-
tamination, room ambient temperature, per-
cent colorant, screw wear, barrel lining wear,
heater and thermocouple degradation, per-
cent regrind, hygroscopic characteristics, and
feed zone instabilities. (The effects of these
variables on melt temperature are thoroughly
developed in several of this chapter’s refer-
ences.)

2. Savings in management and mainte-
nance activity will result from autotuned
temperature control. Documentation of PID
values for various jobs and machines can be
eliminated. Individual operator preference
for PID values that vary from the norm is
precluded. Maintenance personnel are not
required to dedicate a particular unit to
a specific zone; instruments can be inter-
changed at will, and spares can be installed
with no attention other than selection of the
appropriate setpoint. A payback through re-
duction of overhead costs alone can generally
be expected in 6 to 8 months.

3. Energy savings is another major benefit.
One customer study showed a 50% reduction
in power consumed by the heaters, solely be-
cause the automatic tuning feature eliminates
the cycling around setpoint normally associ-
ated with ineffectively tuned instruments.

Microprocessors also provide a means
to communicate digital data to information
collection stations. Although the economic
feasibility of including the function with an
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individual temperature control instrument
has not been demonstrated in the plastics
industry, the feature is beginning to enjoy sig-
nificant exposure on multiple-zone injection
machine controllers because of the low cost
of adding another digital card to an existing
rack. More commonly found in discreet con-
trollers is an analogy communications output
that provides a signal to remote recorders.
The ultimate implementation of the mi-
croprocessor has been its design in systems
installations. Available systems include mul-
tizone temperature control and multipoint,
multiloop control of sequence. Systems that
depend on a single CPU are available from
many suppliers to control temperature, se-
quence, position, velocity, or pressure. Even
more cost effective are the total machine con-
trollers, which control all machine parame-
ters from a single keyboard. As compared
to individual instruments, these systems typi-
cally reduce the per-zone cost of control and
provide unlimited future control flexibility as
needs change. As production professionals
discover the need to manage the process at
the least possible cost, machine control sys-
tems that can communicate with a central
management computer are of increasing im-
portance. Central control systems are avail-
able that can simultaneously receive informa-
tion from the injection machine and transmit
required parameter changes or complete job
setups at the same time. Many injection ma-
chines can thus be interfaced with a single
control location. If central online control is
not justified, but one-way machine reporting
is required, a choice of several management
information systems is available.

Electronic Controls

There are a number of different electronic
controls: On—off, proportional, and PID (pro-
portional, integral, and derivative) are the
most common. The least expensive and eas-
iest to operate is the full on or off control.
Even though it has quick response, it is sen-
sitive to input noise, which causes chatter-
ing of control output relays leading to a hys-
teresis effect. Proportional (P) control lacks
any switching action. Instead it compares the
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difference between the operators set value
and the process variable. It controls and sta-
bilizes the output proportional to the devia-
tion within a setpoint called the proportional
band. With temperature a smooth transition
takes place. However, the temperature usu-
ally stabilizes with some deviation from the
desired temperature, called offset (550).

The popular PID control provides a steady
control system. Control is obtained by set-
ting the constants of P (proportional band), I
(integral time), and D (derivative time). The
purpose of I is to automatically compensate
for any steady state of set inherent with a
proportional controller. The degree or rate of
derivative action (D) is expressed by deriva-
tive time in seconds. The controller measures
the rate of the temperature increase and
moves the proportional band to minimize
overshooting. PID is not a perfect control
method since it becomes more sensitive to
external disturbances. Advance systems are
used providing quick stabilization against
external disturbances and good response to
setpoint changes.

To obtain a wider range of response fuzzy
logic can be used. This machine intelligence
approach permits computers and controllers
to manipulate precise facts simulating the
function of an expert operator. It is particu-
larly effective in suppressing overshoot up-
sets when frequent load changes occur and
for shortening IMM start-up time.

Modern process operations and pro-
duction methods are characterized by
an increasing demand for flexibility and
integrated information systems with sophis-
ticated human interface. Within the process
industries model based predictive control
(MBPC) is being successfully applied. This
control strategy is based on the prediction
of the future system behavior by using a
process model (583, 590, 622). Further de-
tails of electronic controls will be discussed
throughout the chapter.

Fuzzy Logic Control
Fuzzy logic controls (FLCs) were intro-

duced during 1965 (by Zadeh) as a way
of expressing nonprobabilistic uncertainties.
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Since that time fuzzy theory has developed
and found application in database manage-
ment, operations analysis, decision support
systems, signal processing, data classifica-
tions, and computerized vision. However, the
application that has attracted most attention
is control. FLC is being applied industrially
in an increasing number of processing plants.
The early work in FC was motivated by a de-
sire to directly express the control actions of
an experienced operator in the controller and
to obtain smooth interpolation between dis-
crete controller outputs. The earliest applica-
tion of FLC (Mamdani & Gaines, 1981) was
based on “mimicking the control actions” of
the human expert operator (583).

Classical control methods have shown
their use in many practical control problems
in industry. It has been shown that the fuzzy
control (FC) system approach can be used
to solve these problems as well. Many appli-
cations of FLC, such as in PID controllers,
are related to simple control algorithms. In a
natural way, FLC handles the nonlinearities
and exceptions that are difficult to deal with
when using conventional controllers. In con-
ventional control, many additional measures
have to be included for the proper func-
tioning of the controller: antiresist windup,
proportional action, retarded integral action,
etc. These enhancements of the simple PID
controller are based on long-lasting experi-
ence and the interface of continuous control
and discrete control. The fuzzy PID-like
controller provides a natural way to applied
controls. The fuzzy controller is described as
a nonlinear mapping (Buckley, 1992).

The introduction of FLC has been contro-
versial, resulting in misunderstandings. The
controversial situation resides in the control
theory community, owing to lack of mutual
understanding between the FC and the con-
ventional control communities. It is partly
due to exaggerated claims made by the FC
community and partly due to the presump-
tuous attitude of many in the traditional
control community. However, in practice,
FLC s becoming increasingly popular, partly
because of the commercially available pro-
gramming tools. Nonlinear models play an
important role in many advanced controllers
because of these programming tools. Modern
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production methods and new innovative op-
erations increasingly require control meth-
ods for handling nonlinear systems (583).

Process Control Techniques

A very simplified approach will be used in
which selected critical molding variables are
measured and controlled to maintain product
consistency. The purpose of this review, as
well as those that follow, is to provide a very
basic process control guide so that one can
understand how controllers perform. One
should also review Chap. 4 (Molding Process
Windows). The following Barber-Colman
basic approach to injection molding process
control involves the measurement and
control of two critical molding parameters,
ram position and mold (or cavity) pressure,
during the mold filling and packing phases of
the injection cycle (Fig. 7-19). It is during the
filling and packing phases that most varia-
tions in molding conditions make themselves
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evident and therefore can be easily detected.
For example, a change in material viscosity
is reflected as a change in ram speed and can
be detected by measuring ram position with
respect to time. A change in material viscos-
ity also reflects itself as a change in plastic
pressure and can be detected by measuring
mold or cavity pressure with respect to time.
Other variations in molding conditions, such
as hydraulic pressure, oil temperature, melt
temperature, etc., display themselves simi-
larly and can be detected by monitoring ram
position and plastic pressure with respect to
time. Since it is possible to detect variations
in molding conditions, it is also feasible to
compensate or correct for these variations.
Primary injection pressure can be divi-
ded into two major phases: mold filling and
mold packing (Fig. 7-20). As shown in
Fig. 7-21, screw movement occurs primarily
during the mold-filling phase, while mild
pressure buildup takes place in the mold-
packing phase. The association of screw
movement with mold filling and mold
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Fig. 7-19 Screw travels during rotation.
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Fig. 7-20 Mold filling and packing segments
(solid lines indicate signals before plastic change;
dashed lines indicate signal after plastic change or
after correction).

pressure with mold packing is important and
should be remembered.

Attempting to control the molding process
using ram position only or mold pressure only
as the measured variable and adjusting pri-
mary injection pressure as the control func-
tion is not satisfactory because both mold
filling and mold packing take place with
the same injection pressure value. Changing
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SECONDARY OR

HOLDING PRESSURE
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the primary injection pressure affects both
phases of the injection cycle. For example,
assume that a new batch of material with a
lower melt index has been put into the feed
hopper. Since the melt index is lower (appar-
ent viscosity is higher), ram screw speed un-
der a given primary injection pressure will de-
crease. This means that the mold will fill more
slowly, and mold pressure buildup will occur
later. Depending on the change in the mate-
rial, the mold pressure will also decrease. The
effect of the material change on ram screw
speed and mold pressure is shown in Fig. 7-21.

To compensate for the material change and
get the average injection rate back to nor-
mal, the primary injection pressure could be
increased. Increasing primary injection pres-
sure will increase the average injection rate,
but at the same time this lowers the appar-
ent viscosity by the effect of shear stress
and shear rate applied to the material. Dy-
namically, this apparent lower viscosity car-
ries over to the packing phase to a point
that would result in increased mold pressure,
overpacking, and a heavier part with stresses.
The effects of the increased injection pressure
are shown in Fig. 7-22.

The ram curve and thus the average in-
jection rate have returned to their original
value, but mold pressure due to the change
in apparent material viscosity peaks out at
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Fig.7-21 Effect of meltindexes on screw position
and mold pressure.
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Fig. 7-22 Effect of injection pressure on screw
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a higher value, resulting in an overpacked,
more densely molded part. In all probability,
the part would also stick in the mold.

Thus, control of the average injection rate
cannot properly compensate for a change in
material viscosity and produce an acceptable
molded part. Without going into detail, it can
also be shown that a control system based
solely on the measurement and control of
peak mold pressure will not successfully
do the job either. In the case of a material
with a lower melt index, peak mold pressure
control will produce a part that is lighter
and less densely packed—in other words,
the opposite of that achieved with only ram
position control.

The control philosophy of the Barber—
Colman molding process controller is based
on the independent measurement of screw
ram travel and mold pressure during injec-
tion. Deviation of either of these variables,
when compared to preset adjustment limits,
initiates control action to bring the out-of-
tolerance variable back within limits. This is
accomplished in such a way that correction
of one variable has minimal influence on the
other.

To provide independent ram position and
mold pressure control and eliminate interac-
tion between the two, the mold-filling and
mold-packing phases of the injection cycle
must be isolated. In other words, you must be
able to control the average injection rate dur-
ing mold filling without creating a change in
mold-packing pressure. Conversely, you must
be able to control mold-packing pressure
without affecting the average injection rate.

The first step in implementing control is to
identify that point in time when the transi-
tion from mold filling to mold packing takes
place. The second step is to identify that point
in time when proper mold-packing pressure
is reached. These points are readily identi-
fied, as shown on the ram position and mold
pressure curves in Fig. 7-23. The identification
of these points establishes where the control
limits should be implemented. Each point of
control has an upper and a lower limit, thus
providing an operational bandwidth that al-
lows for minor variations and also provides
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Fig. 7-23 Fill-pack transition and peak mold
pressure point.

directional control for increasing or decreas-
ing control pressures as required.

To isolate the mold-filling and mold-
packing phases and prevent interaction, you
must be able to control the primary injection
pressure value for each phase. To accomplish
this, a built-in timer that can be set to transfer
primary injection pressure to a new setpoint
value is provided. In this way, control action
can be applied to the mold-filling setpoint
value independently of the mold-packing set-
point value, or vice versa.

Figure 7-24 again shows the screw posi-
tion and mold pressure curves. This time,
however, the figure shows that primary injec-
tion pressure time is split into filling pressure
time and packing pressure time segments.

The control of each segment is achieved
via point-in-time sampling of both screw po-
sition and mold pressure and comparing the
value of the sampled signals to adjustable up-
per and lower limits. Violation, by either vari-
able, of the respective limits will cause the
controller to generate a corrective signal that
will add to or subtract from the correspond-
ing setpoint, thereby incrementing a change
in injection pressure. The pressure change,
however, is applied only to that time segment
where the violation occurred. In some cases,
violations will take place on both variables,
and a correction will be generated for each
segment.
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points.

For example, assume that the same con-
ditions exist as used previously when a new
batch of material with a lower melt index is
put into the hopper. Since the screw moves
more slowly, it violates its upper limit. Mold
pressure, because it does not reach the same
peak value, will violate its lower limit. Both
conditions call for an increase in injection
pressure. The effect on the ram position and
mold pressure curves is shown in Fig. 7-25.
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The amount of correction applied to
each pressure setpoint is independently ad-
justable, thus allowing mold filling and mold
packing to take place with different injec-
tion pressure values. The increased pressure
applied during fill pressure time will cause
the ram screw speed to approach the original
value. Just how fast it approaches the origi-
nal screw speed depends on two factors: the
amount of deviation and amount of correc-
tion applied by the controller.

The mold pressure lower limit violation
called for an increase in injection pressure
during packing pressure time. Here again,
the rate at which it returns to the original
value depends on the amount of deviation
and amount of correction applied by the con-
troller. The effects of applying independent
corrective signals are shown in Fig. 7-26.

Even though we have segmented the
mold-filling and mold-packing phases by
using separate pressure setpoints and a
timer, we cannot totally remove the inter-
active effects caused by the machine dy-
namics. The response of the hydraulic sys-
tem and the machine mechanical parts must
be considered, particularly in setting the
filling pressure—packing pressure transfer
point. This is normally set to transfer just
prior to the ram position sample point to
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Fig. 7-25 Effect of increased viscosity on ram
position and mold pressure.
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accommodate the dynamics of the hydraulic
system.

Pressure correction should be applied such
that the respective process variable (average
injection rate or mold pressure) returns to
its original value in small incremental steps
rather than in one abrupt rather large step.
Approaching control in adjustable incremen-
tal steps allows time for the machine dynam-
ics to respond and eliminates the possibil-
ity of cycling above and below the control
points. Independent control of mold filling
and mold packing allows each segment to be
brought back in control independent of the
other in the least amount of time without in-
teraction.

Process Control Approaches

To mold successful products requires many
dynamic fragments that must come together
properly. Lack of sufficient process control
over any of these fragments will resultin a less
than desirable product. There are three key
ingredients that the plastic injection molding
process must have to make a good product:

o Sufficient dynamic performance
o Sufficient repeatability
e Selection of proper control parameters

A lack of these ingredients can result in:

e Higher scrap rates
® ] onger run times
¢ Higher part costs

The purpose of this section, based on Moog
controls, is to:

e Point out what variables are a part of the
injection molding machine and how they
manifest themselves.

® Select parameters for control that best
eliminate variability and understand why
they do.

e Discover what enables controllability.

¢ Discover what features a basic process con-
troller should have.

Applications of these basic features will
also be presented.
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What Are the Variables?

To judge performance, there must be a ref-
erence to measure performance against. In
the case of a plastic mold, the cavity pressure
profile is a parameter that is easily influenced
by variations in the process. It is selected as a
reference for this discussion. This subsection
points out how the variables affect this pa-
rameter and their effect on the part being
molded.

There are four groups of variables that
when lumped together have similar influ-
ences.

Group 1: Melt viscosity and fill rate Typ-
ical nonprocess-control machines apply a
fixed injection hydraulic pressure to the ram
piston. The resultant force, in turn, is counter-
acted by the speed of the ram in the viscous
plastic melt. The result is a fill rate inversely
proportional to the viscosity of the melt and
proportional to the hydraulic pressure. The
lower the viscosity and/or the higher the hy-
draulic injection pressure, the faster the fill
rate. Fill rate variations with a constant boost
time are shown in Fig. 7-27. If the fill rate
is too fast (curve a), the cavity pressure in-
creases long before boost time out. The result
is overpacking of the part. Some of the ef-
fects are flashed and/or out-of-tolerance parts
on the (+) side. If the fill rate is too slow
(curve c), just the opposite happens; cavity
pressures indicate underpacked parts, result-
ing in poor surface finish, voids, and/or di-
mensional problems. Group 1 variables (in-
jection pressures, melt temperatures, melt
viscosity, and fill rate) are clearly interrelated
and have dramatic effects on part characteris-
tics, as evidenced by the cavity pressure vari-
ations of Fig. 7-27.

Group 2: Boost time Typical nonprocess-
control machines have a boost timer to termi-
nate the fill and pack cycle. Even with good
fill rate repeatability, variations in peak cav-
ity pressures can result from variations in
the time the ram is in the boost mode (see
Fig. 7-28). These variations typically resuit
from valve and solenoid response times from
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Fig. 7-27 Cavity pressure variations resulting from different melt viscosities and different fill rates.

one cycle to the next, as well as long-term
drifts of these components. Cavity pressure
variations that occur when coming out of
boost have the same effect on parts as the
group 1 variables. The problem is addressed
separately here because its solution is differ-
ent from that for group 1 variables.

Group 3: Pack and hold pressures Typical
nonprocess-control machines use the same
ram pressure setting during the packing of
the mold as was used during the filling of the
mold. The level of the pressure setting is that
which gives good mold fill-out without flash-
ing the mold. Variations in this pack pressure
result in cavity pressure profile variation (see

Fig. 7-29). These cavity pressure variations
indicate an inconsistency that can be causing
dimensional and surface finish problems.
These pressure variations are a result of relief
valve repeatability problems caused by valve
wear and temperature conditions, as well as
shot-to-shot variations. In addition, the final
pack pressure setting may be limiting you to
a less than time-optional part fill ability.
After the part has been packed, the boost
timer reduces the applied hydraulic pressure
to a hold pressure while the part cools. At this
point, the cavity pressure sensor starts to lose
accurate plastic pressure readings because
the part surface is beginning to harden. Fur-
ther deductions made from this signal would

RAM
POSITION

CAVITY PRESSURE

¥
cushion
}

%AJ—-— boost time —r-l PN

TIME

Fig. 7-28 Cavity pressure variations resulting from boost time variations.
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Fig. 7-29 Cavity pressure variations resulting from boost pressure variations

be inaccurate. Experience has shown, how-
ever, that in switching from pack to hold, a
pressure dip (see Fig. 7-29) can cause sinks in
the part surface.

Group 4: Recovery or plastication The
variables that are involved during recovery
do not appear on the cavity pressure profile
until the next fill cycle. Recovery has much to
do with the viscosity of the melt (see under
group 1 variables.) Recovery variables can be
identified, however. These variables have to
do with how much energyis added to the plas-
tic material; this energy and the resulting vis-
cosity will vary,

The three main variables in descending or-
der of importance are:

® Screw torque times speed
® Back pressure times rate of ram withdrawal
® Barrel temperature

Efforts to control these variables typically
have to do with flow and/or relief valves,
which have their own short- and long-term
problems.

DNA Genotek Inc.
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Why Have Process Control?

Simply stated, there are three reasons for
a process controller:

¢ To select a group of controlled parameters
that will gain control over the process vari-
ables

e To improve the parameter repeatability

e To improve the parameter setability

Control of Which Parameters Can Best
Eliminate Variability?

Fill cycle To eliminate variations of mold
fill resulting from all the group 1 variables, a
control scheme that modulates the hydraulic
pressure as viscosity variations and mold re-
action forces occur would be desirable. This is
known as fill velocity control. Velocity is the
independent parameter, and hydraulic pres-
sure is the dependent variable. Figure 7-30
shows how the hydraulic pressure may have
tovary to keep the independent velocity (rate
of ram position change) at the commanded

Exhibit 2029  Page 461
IPR2023-01424



7 Process Control

655

Hydraulic
Pressure

Position

Cavity Pressure

i

cushion

i-—— boost time —-.—1

t Time

Fig.7-30 Cavity pressure consistency despite different melt viscosities, a result of closed-loop control.

level. The result is a more consistent filling of
the mold and more consistent cavity pressure
profile. One added benefit is that injection
pressures may exceed back pressures if
necessary to achieve a desired fill rate.

Fill-to-pack The elimination of boost
time variation is possible by simply removing
the boost timer. However, something must
replace it that is sensitive to the occurrence
of the operation following fill. At this portion
of the cycle, the mold will be essentially filled,
and any further filling will result in extensive
compression of the plastic melt. Plastic com-
pression is necessary for good part qualities,
and the extent of compression must be prop-
erly controlled. When this event is close at
hand, a dramatic rise in hydraulic and cavity
pressure is experienced, as seen in Fig. 7-31.
Sensing the dramatic rise in hydraulic pres-
sure will place the end of fill at its proper time
without the use of a timer. Connecting the de-
tection of this event to a specific region (see
Fig. 7-31) allows higher injection pressures
during fill if they are needed.

Pack and hold In the case of pack and
hold, the proper parameter has already been
selected: pressure. However, the methods of

DNA Genotek Inc.
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pressure control can be improved. The level
of pressure in pack or hold and the dynamic
performance are important, and ways to im-
prove them are discussed later.

Plastication Proper melt viscosity is the
desired end for the plastication phase of a
machine cycle. There is not yet a good way
to tell if the plastication phase has done its

\ MOLD FILL

i BOOST

FILL 7O PACK
TRANSFER

RAM POSITION
/ HYDRAULIC PRESSURE [

Y AN |

e e e e e

CAVITY PRESSURE

.

TIME

Fig. 7-31 Fill-to-pack transfer.
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job properly until the next part is made. This
might be fertile ground for the development
of a transducer to measure viscosity at the
tip of the screw as feedback to an algorithm
for control of screw speed and back pres-
sure. In the absence of such a device, at-
tempts are made to keep the energy added
to plastication as repeatable as possible. The
three parameters that are controllable are the
melt screw speed, back pressure, and barrel
temperature. Speed and pressure control on
standard machines imply flow and pressure
valves, and each of these devices brings with
it short- and long-term variations. Ways to
improve flow and pressure control are dis-

7 Process Control

cussed later. Temperature, the third para-
meter, appears to be sufficiently controllable
with state-of-the-art devices.

In summary, most variables can be elim-
inated through the use of two parameters:
velocity and pressure. The more repeatable,
the more dynamically controllable these pa-
rameters are made to be, the better the abil-
ity an injection molding machine will have
to mold a part. Figure 7-32 seems to demon-
strate the repeatability brought to making a
part with improved parameter control. This
figure shows the difference in cavity pressure
repeatability with open- and closed-loop ma-
chine control.
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Repeatability data; five shots.
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Fig. 7-33 Closed-loop control.

What Enables Parameter Controllability?

Closed-loop servocontrol is the best
known way to control a parameter. Closed-
loop theory says that a parameter is measured
with a sufficiently accurate transducer. The
signal from the transducer, representing the
parameter’s value, is compared with a desired
signal level for the parameter. The difference
or error is amplified as much as possible be-
fore being sent to a control element for cor-
rection of the parameter.

Figure 7-33 depicts a closed-loop control
of ram speed or pressure (force). A trans-
ducer (one for speed and one for pressure)
measures the parameter under control. It
creates a feedback voltage in accordance
with its transfer function H in volts per unit
pressure or volts per unit velocity. A sum-
ming junction compares the feedback voltage
to one commanded by the process controller.
The difference is sent to the forward-loop
elements (amplifier, control valve, and ram
piston) whose lumped parameter transfer
function is G, with units of speed per volt or
pressure per volt. Using the lumped param-
eter transfer functions, we can express the
servoloop transfer function mathematically
as the following equation:

OUTPUT G !
COMMAND ~ 1+ GH

lim G—o00 H
Using differential calculus, it can be shown
that as G gets very large, the servoloop trans-

fer function becomes that of the transducer.

DNA Genotek Inc.
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This is an important concept because it
eliminates all the anomalies of the forward-
loop elements such as drift and nonlinearity.
The controlled parameter’s value is now a
function of the transducer used, not the con-
trolling elements of the forward loop. This,
then, is what gives closed-loop control the
ability to provide better control over the pa-
rameters of velocity and pressure, as well as
others not used here.

The ability to make G large depends on
three factors:

® ] oad natural resonant frequency

® Valve response and load flow characteris-
tics

® The type of frequency compensation used
in the amplifier

Load resonance Load natural resonant
frequencyis a physical phenomenon resulting
from the ram piston and screw mass interact-
ing with a hydraulic oil spring. The desirable
condition is one of high load resonance.
Little can be done with the mass involved to
improve the resonant frequency, but the oil
spring can be influenced. The oil spring is
made up of all oil volume directly influencing
the ram piston. Figures 7-34 and 7-35 are
hydraulic schematic representations that use
piloted relief and flow divider valves. When
ram piston pressure is to be raised or lowered
for control purposes, all the oil volume from
pump to piston must be pressurized or
depressurized. This larger volume of oil ends
in causing a less than maximum possible load
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resonance. The closed-center servovalve,
depicted schematically in Fig. 7-36, provides
the higher load resonance because the only
oil to see load pressure variation is that be-
tween the valve and piston. The best results
are obtained when the valve is mounted
closest to the ram piston. The higher the load
natural resonant frequency, the better the
dynamic performance exhibited by the servo.
The key to choosing a method is the type of
performance needed from the machine.

oted pressure relief valve.

Control valve response and load flow The
ability of a control valve to react to an in-
put from the forward-loop amplifier directly
affects the amount of forward-loop gain G
that can be added to a servoloop. Since there
are various manufacturers of valves that ex-
hibit different performances, the valve se-
lected should have sufficient performance for
what is expected of the servoloop. Figure 7-37
shows the response capability for three differ-
ent valve manufacturers.

INJECTION
RAM

Fig. 7-35
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Fig. 7-36  Closed-center servovalve.

The type of load flow a control valve ex-
hibits can also limit the amount of forward-
loop gain G that can be achieved in a given
servoloop. As the valve is required to deliver
flow to the ram, its flow gain (change of load
flow for a change of input command) will vary
as the load pressure varies. This characteristic
is shown in Fig. 7-38 for a closed-center ser-

vovalve. As the load pressure increased from
0to 1,500 psi (0 to 10.3 MPa), the valve drop
went from 2,000 to 500 psi (13.8 to 3.4 MPa).
This4:1 drop in available valve pressure was
accompanied by a2: 1 drop in valve flow (see
the dotted line of Fig. 7-38.) It is a square root
relationship. As the load pressure increases
and the valve drop decreases, the valve flow

b
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Fig. 7-37 Response capability of three valves.
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Fig. 7-38 Closed-center servovalve flow plot.

gain drops as the square root of the change in
valve drops. Although this reduces the valve’s
contribution toward forward-loop gain G, it
is not a destabilizing effect. In the case of
the flow divider whose characteristics are
depicted in Fig. 7-39, the opposite is true. As
the ram load pressures increase, the slope of
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Fig. 7-39 Flow diverter valve load flow versus
input signal.
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the flow versus input curve increases. This
apparent flow gain increase has a destabi-
lizing effect on the servoloop and limits the
forward-loop gain G at lower loads, since the
maximum loop gain must be sent for stable
operation at higher loads.

The added performance a closed-center
servovalve can provide for a servoloop sug-
gests that it should be a favored device. With
today’s technology, there is little cost differ-
ence between the closed-center servovalve
and the flow divider.

Amplifier The servoloop amplifier occurs
where the remaining amount of forward-loop
gain G is added, for it is easiest to adjust.
It is also good practice to put only as much
gain as necessary into other elements of the
forward loop and add the remainder to the
amplifier, for it has the fewest problems with
drift, resolution, repeatability, response, and
adjustability. It is also the best spot to add fre-
quency compensation such as integration. In-
tegration adds high static gain to the velocity
loop. Adding this feature to the amplifier will

Exhibit 2029  Page 467
IPR2023-01424



7 Process Control

661

Electrical
Set Point
Pressure

Servo

Servovalve

Electrical
Set Point
Yelocity

Yelocity
Ampli
(Differentiator)

Injection
Ram

Pressure
Transducer

Position

fier Transducer

Fig. 7-40 Loop control diagram.

not add the problem of integration deadband,
as does happen when this feature is added to
the control valve. Other frequency compen-
sation is added at the amplifier to improve the
performance of the pressure servoloop also.
Figure 7-40 shows the two servoloop con-
figurations for velocity and pressure control.
Each of the elements of the forward loop is
shown, and the transducer associated with
each loop as well. Changing each servoloop
configuration to the other is done by electrical
switching of setpoint and feedback sources.

Where Does the Process Controller Go?

Now that control over the variables has
been accomplished through the proper se-
lection of control parameters and the use of
closed-loop servocontrol, can a process con-
troller be of any value? By itself it is just a
toy, but combined with the technology just
mentioned it can be of great value. Figure 7-
41 shows where the process controller fits in
the overall machine schematic. The process
controller has the servoloop electronics in it

SET .
FPOMITS PROCESS
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SCREW
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RAM

SERVOVALVE
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Fig. 7-41 Injection molding machine control schematic.
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to combine with the transducers and servo-
valve of the machine. The process controller
is now set to take input setpoints and do a
meaningful job of controlling the variables.

Basic Features a Process Controller
Should Have

There are four portions of an injection
molding machine cycle that have to do with
the injection operations:

e Fill

¢ Fill-to-pack transducer
® Pack and hold

® Plastication

There are many levels of sophistication each
of these areas can have in numbers of set-
points, operator presentation interface, and

DNA Genotek Inc.
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Fill control.

additional controllability such as cavity pres-
sure pack cutoff or adaptive shot size control.
The following are essential.

Fill control A fill control as depicted in
Fig. 7-42 should break up the shot into several
segments. The speed of injection for each seg-
ment should be easily and repeatably setable.
With this feature, the best speed for each area
of the mold will be setable regardless of how
fast or slow the injection levels are elsewhere.
This feature is valuable, since it allows the
mold to be filled as quickly as possible and
still eliminates problems of burning, splay,
flow lines, and voids. Filling quickly makes it
possible to have hotter material in the mold,
which helps surface finish, weld lines and di-
mension control later in the pack segment.
Also helpful would be a group of indicators
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to show where in the injection phase the pro-
grammer is, as well as a group of indicators to
illustrate that a given segment is not meeting
programmed speed.

Transition control When the mold is es-
sentially filled, it is desirable to switch to a
packing control because any further attempt
to fill the mold with the fill control could re-
sult in excessive cavity pressures. The tran-
sition control depicted in Fig. 7-43 should
provide a setable position in the shot stroke
where no high injection pressures are ex-
pected. This point serves to arm the pressure-
sensing system so that it may detect a rapid
rise in ram pressure, indicating that the mold
is essentially filled. This feature will allow
higher injection pressures earlier in the fill cy-
cle where needed and provide a sufficient in-
dication that it is time to switch the servoloop
configuration to a packing operation. Should
the transition not occur as a result of setup
conditions or a stuck cavity in the mold, an

DNA Genotek Inc.
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alternate means of transition, such as time,
should prevail to complete the injection cy-
cle. This condition should be indicated as an
incomplete stroke, and this logic condition
should be output to the machine sequence
controller to initiate appropriate actions.

Pack and hold control Once transition
has occurred from fill to the pack portion
of the cycle, it is desirable to be able to
set the packing pressure to fill out the part
completely for surface features and den-
sity. The amount of time spent in packing
should also be adjustable. Figure 7-44 de-
picts these features. After pack time T1, it
will be desirable to switch to a hold pres-
sure independent of the pack pressure. The
rate of transition from pack to hold pres-
sure should also be adjustable. This feature
will help control warpage that can be caused
by abrupt changes in part densities resulting
from abrupt pack to hold pressure changes
during cooling. The amount of time the hold
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pressure is applied should be setable, inde-
pendent of pack time.

Plastication control As mentioned ear-
lier, there are three sources of energy input
to the plastication process. Temperature is al-
ready well controlled. Of the two remaining,
it would be very convenient to control back
pressure because there already exists a con-
trol loop for that purpose. The pack and hold
pressure control can be used to control back
pressure as well. Simple electronic switching
can implement this feature. Figure 7-45 de-
picts what would be desirable for this por-
tion of the injection cycle. The amount of
back pressure should be setable and apply for
the complete plastication phase. The phase
is terminated when the proper shot limit is
reached. The shot limit will control the shot
volume plus the desired amount of cushion.
A decompression feature is also desirable
and should have a fine range of setability. In
most cases, settings will be between 0.05 in.
(0.13 cm) and 0.20 in. (0.51 cm). Excessive
decompression can cause streaks and splay as

DNA Genotek Inc.
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air is introduced into the barrel and injected
into the mold.

Applications

To better demonstrate the four basic fea-
tures of a process controller, examples citing
where each was instrumental in solving a spe-
cific molding problem will be presented, al-
though any given application can most likely
utilize more than one of these features to op-
timize the process. In all cases, the control had
the ability to affect a particular portion of the
cycle, fine-tune it, and hold the setpoints ac-
curately and repeatably as indicated on the
operator’s panel.

Fill control and speed profile An optical
part, in this case an edge-gated acrylic col-
limator-lens having dissimilar convex faces,
was required to maintain exacting surface
curvature and focal point tolerance. Con-
siderable effort had been expended to en-
sure that the molds were accurate, and in-
deed acceptable parts were being made, but
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inconsistently. With a control, it was found
that the best fill was a very slow, steady injec-
tion of 0.013 in./sec (0.03 cm/sec). As little as
0.0054 in./sec (0.0137 cm/sec) variance could
be seen to throw the focal length off speci-
fication. The success of the application was
demonstrated by molding 100 pieces with a
single reject. It would have been totally im-
possible to achieve such consistency without
closed-loop control of injection velocity.

A second example of fill speed control is an
all-plastic valve for use in a chemical plant.
The one-piece body was molded around the
ABS ball and stem with Teflon seals being
supported by spin-out cores. A degradation
in the surface of the ball, opposite the gate,
caused by impingement of the melt, made a
low rate of fill desirable. However, a weld line
resulted on the other side of the cores, from
the gate, if injection was not kept fast enough
to prevent a cold melt front. The solution was
to begin injection quite slowly and then accel-
erate quickly to complete the part. This al-

DNA Genotek Inc.
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lowed a skin to form, insulating the ball from
the heat of the following material. The weld
line could now be prevented by maintaining a
high fill rate throughout the remainder of the
shot. Leakage from an imperfect ball surface
was all but eliminated, and burst pressure was
increased more than threefold by improving
the weld of the material around the cores.

Fill-to-pack transfer An example of a
part requiring precise fill-to-pack transfer is
a carburetor body for a two-cycle engine.
Molded in a mineral-filled nylon, it required
100% inspection because of problems such
as flashover of two small holes in the throat
area. A characteristic of the material was that
it required a great deal of pressure to fill the
cavity, but once it was filled, the nylon eas-
ily flashed over the pins, kissing off against
the throat core. It was essential here that the
control switch out of the speed loop, to stop
the fill without overpacking at the instant the
transfer pressure was reached. In this case,
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accurate transfer allowed a reduction in QC
inspections to once per shift, and a reduction
in clamp tonnage was possible because it was
no longer needed to hold against flashing.

A dramatic demonstration of transfer con-
trol is found on machines running materials
such as a polyamide-imide requiring a very
high speed of fill, possibly boosted by a hy-
draulic accumulator. Although capable of im-
pressive fill rates, they are subject to a wide
variance in shot size because of their inability
tostop the fill at a repeatable point. Our expe-
rience has been on machines injecting at over
40 in./sec (102 cm/sec) with hydraulic flows
of more than 500 gpm; while this is a rather
extreme example of the fill-to-pack transfer
feature, the consistency attained here can be
beneficial to any molder trying to hold tighter
control over shots or flash.

Pack and hold control Process controls
permit added flexibility over the standard
molding machine in that the molder can sense
the actual point at which the cavity is filled.
This now becomes the most important event
in the cycle, since it signals the separation be-
tween filling of the cavity and densification
of the part. On the standard machine control,
the boost pressure is used to fill the cavity, but
only after the cavity has completely filled is
this pressure actually felt by the material. As
the fill time varies, so does the length of time
in which boost pressure is applied to densify
the melt in the cavity. This is a chief source
of part weight inconsistency. Process controls
are capable of holding pack and hold pres-
sures to within a few psi for a very specific
length of time.

Returning to the example of the carburetor
body, we observe that part weight was held
consistent despite changes in hydraulic fluid
temperature, environment, material lot, etc.

7 Process Control

Further, the parts were shipped by weight,
and it was found that 12% more parts were
being shipped in a given container weight be-
cause dimensions could be held without over-
packing.

Another example of a common problem
that is easily resolved by process control is
ram bounce. Whereas it may be desirable to
go from a rather high boost pressure down to
a much lower hold pressure, the resulting de-
compression on the ram causes material to
be withdrawn throughout the gate, putting
stress into the part and possibly affecting ade-
quate pack-out. Any thin flat part susceptible
to warpage can benefit from a control’s ability
to change pressure gradually.

Plastication As noted earlier, a process
control should be able to maintain hydraulic
pressure to within a few psi of setpoint.
However, it can allow far more control of the
energy being put into the melt. Since many
molds provide a separate path back to the
tank that bypasses the machine’s manifolds,
a process control can allow lower back pres-
sures than found in the standard machine.
This can be of use with highly filled materials.

Although process controls may once have
been oversold as a panacea for all the
molder’s problems, they have come of age
through the maturity of technology and ap-
plication, and the understanding by a grow-
ing segment of the industry that many of the
so-called process controls are more placebo
than performance.

Summary

The following simplified example shows
how pressure process controls can properly
and repeatedly fill a mold cavity (Figs. 7-46

INCOMPLETE FILLING
AND WELD LINES AROUND
CORE ENDS

> SINKAT

CORNERS

Fig. 7-46 Inconsistent results (sink marks and incomplete fill) while molding this product can easily

occur.
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It had to be SLOWED UP here so that
proper filling could occur...

.+.but it had to GO FASTER here in order to
fill the mold before the plastic cooled too much

Fig. 7-47 The problem was mold filling speed.

to 7-49). In this example, controls are used
for shot size, speed control of mold fill, mold
pack with recovery, and cushioning. Pro-
grammable mold fill speeds can eliminate or
significantly reduce conditions such as flow
lines, weld lines, splay, laminations, and burn-
ing. Programmable mold-packing pressures
eliminate sinks and voids, porosity, shrinkage,
overpacking, and flash. Programmable recov-
ery pressure eliminate nonuniform melt, ex-
cessive plasticizing time, and cycle-to-cycle
changes in the melt. Booster cutoff from
the cavity or hydraulic pressure eliminates
wasted power. Automatic shot size control
eliminates the long-term drift of setup pa-
rameters. Digital process settings eliminate
inaccuracies and excessive resetup time.

Process Control Problems

Purchasing a sophisticated PC system is
not a foolproof solution that will guarantee
perfect products. Solving problems requires
a full understanding of their causes, and these

667

may not be as obvious as they first appear.
Failure to identify contributing factors when
problems arise can easily result in the mi-
croprocessor not doing its job. The conven-
tional place to start troubleshooting a prob-
lem is with the basics of temperature, time,
and pressure requirement limits (Chap. 11).
Often a problem may be very subtle, such
as a faulty control device or an operator
making random control adjustments. Process
control cannot usually compensate for such
extraneous conditions; however, these fac-
tors may be included in a program that can
accommodate new functions as needed.

There are two basic approaches to prob-
lem solving: 1) Find and correct the problem
applying only the control needed. 2) Over-
come the problem with an appropriate PC
strategy. The approach one takes depends
on the nature of the processing problem and
whether enough time and money are avail-
able to correct it. In most cases PCs may pro-
vide the most economical solution. To make
the correct solution, one must systematically
measure the magnitude of the disturbances,
relate them to product quality, and identify
their cause so that proper action can be taken
(Chap. 12).

In expensive systems the processor should
first methodically determine the exact nature
of the problem to decide whether or not a
better control system is available to solve the
problem. For example, the temperature dif-
ferential across a mold can cause uneven ther-
mal mold growth. The mold growth can also
be influenced by uneven heat on tie-bars. The
uppers can be hotter causing platens to bend
where the change could be reflected on the

Fig. 7-48 Mold filling speed is adjusted using a process controller.
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REDUCE
EXPOSED TO HEATERS FOR THE
LONGER TIME

Fig. 7-49 Example of controlling shot size with pressure changes.

mold operation. Perhaps all that is needed
to correct the mold heat variation is to close
a nearby large garage door to eliminate the
flow of air upon the mold. With air condition-
ing all that may be required is to change the
direction of airflow.

Cavity Melt Flow Analyses

The purpose of flow analysis is to gain a
comprehensive understanding of the mold-
filling process. The most sophisticated mod-
els provide detailed information concerning
the influence of mold-filling conditions on
the distribution of flow patterns and flow
vectors, shear stresses, frozen skin, temper-
atures and pressures, and many other vari-
ables (7). Other, less sophisticated programs
that model fewer variables are also available.

Velocity

Gate Profile

g
Core Orientation Area

"B - Layer"
Sub - Surface Orientation
From Shear Below
A = Layer
Fig. 7-50
plates.
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AT 130 psi LiMIT

INCREASED PRESSURE ON MATERIAL
EXPOSED TO HEATERS FOR THE
SHORTER TIME

From these data, conclusions regarding tol-
erances, as well as part quality in terms of
strength and appearance, can be drawn. The
location of weld lines and weld line integrity
can be predicted. The likelihood of warping,
surface blemishes, or strength reductions due
to high-shear stress, can be anticipated. On
this basis, the best mold-filling conditions can
be selected.

Figures 7-50 and 4.26 show melt pattern
entering the mold cavity from an injection
molding machine; a fountain (or balloon)
stretching effect results. The stretching melt-
front-oriented outer surface covers the inside
wall of the cavity. Melt that follows basically
fills within the fountain flow, resulting in a
nonuniform orientation in the cross section
of the molded part (which can still meet per-
formance). The type of plastic and processing
conditions of melt and wall cavity (including

"A - Layer"
Highly Oriented — Frozen Surface
Layed Down From Extensionally

Deformed Melt Front

Fountain )
Flow )

Melt Front
(Extensional
Deformation

Mold cavity melt flow. Phenomenon causing flow to deviate from 2-D flow between parallel
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speed of melt) can have a significant influence
on certain properties of the molded part, such
as degree of gloss, warping, impact resistance,
and strength. Basically, the degree of balloon-
ing or bubble formation is controllable so that
specific desired properties can be obtained.
As flow analysis technology enjoys more
widespread use, refining its application be-
comes increasingly important. The method
presented here can be used to test new and
existing molds with respect to the pressure
drops through the molds. We can then at-
tempt to compare them with conclusions
reached with flow analysis (7). The data can
be used to determine the optimum flow rate
for a given mold. This can be adjusted so
that the process has optimum stability with
respect to material viscosity caused by non-
Newtonian behavior during filling.

Problem

Flow analysis programs used throughout
the plastics industry utilize both two- and
three-dimensional models of parts in con-
junction with rheology equations. Models
range all the way from a simple Poiseuille’s
equation for fluid flow (Eqgs. 1 and 2 in
Table 7-3) to much more complex mathemat-
ical models involving differential calculus. It
is important for the user of this technology
to recognize that, from the simplest flow
analysis to the most complex of these models,
all are only approximations. The user must
also understand that their relational tech-
niques, coupled with the user’s assumptions,
determine whether or not the findings of the
flow analysis have any real validity. Whether
the flow analysis used is an inexpensive
two-dimensional model or a highly complex
and expensive three-dimensional model, the
only significance is that the results represent
what actually happens in the injection mold.

Table 7-3 Poisell’s equation for fluid flow

R‘AP

o= Tl (round passage) (Eq. 1)
WH3AP

o= Tl (rectangular passage) (Eq.2)

DNA Genotek Inc.
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In discussing the use of flow analysis with
scores of users, it appears that the primary
method of testing findings is to determine
whether or not the last point of fill has been
predicted by the system. This seems to be the
universal method of checking whether or not
the flow analysis is accurate. However, a ma-
jor part of flow analysis modeling deals with
the prediction of pressure losses during flow
into a mold. This is a much more complex
analysis to perform and is what typically sep-
arates the results of different flow analysis
programs.

It is important that all users realize that
flow analysis only predicts dynamic pressure
losses during filling of the mold and does not
take packing into account. Some systems are
now including packing in their algorithms,
but pressure losses during the packing of the
mold are significantly different from those
that exist during fill.

A diagram of the dynamic and static pres-
sure losses in the mold is shown in Fig. 7-51.
The diagram reveals a static and dynamic
pressure loss that exists for each flow channel
in the mold—mainly across the sprue, runner,
and gate and down through the cavities. For
a flow analysis program to predict fillability,
clamp force required, and size of machine
needed, the system must be able to predict
both dynamic and static pressure losses.

Melt Viscosities versus Fill and Pack

Based on rheological and thermal proper-
ties of various plastics, radial flow simulations
can be used to demonstrate the effects of
small changes in the melt viscosity on the fill-
ing and packing stages. This approach relates
to production floor operations as it influences
quality control measurements. It also de-
fines the fabricating window in which the
melt can be regarded as sufficiently consis-
tent.

For +10% viscosity variations, the filling
results indicate that the injection pressure,
injection energy, and flow length of the melt
are only affected by +5%. In comparison, the
packing results show that changes in the part
weight are predicted to be less than +3%.
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Fig.7-51 Static and dynamic pressure profiles through the mold and injection unit (filled and packed).

The influence on injection molding of
+5°C shifts in the glass transition tempera-
ture (7y) is even less important, typically in
the order of +2%. However, if the process is
bounded by a pressure limit on the molding
machine, the same viscosity and T, variations
can lead to significantly higher injection ener-
gies, longer fill times, and in the worst case un-
desirable short shots. To guarantee molding
repeatability, the part and the process should
be designed for flow lengths that are easily
obtainable under unlimited pressure condi-
tions (304, 461, 488).

Test Methodology

The static pressure loss component can
only be measured by instailing pressure
transducers in the mold at strategic loca-
tions. Typically, pressure transducers will be
installed near the gate and at the end of the
cavity so that a pressure loss across the cavity
can be measured. This pressure loss mea-
sured can show both the static and dynamic
pressure losses through the cavity and also
back into the injection cylinder if hydraulic
pressure is being observed at the same time.
In Fig. 7-52 such a graph is shown. In this case,
the dynamic pressure loss across the cavity
is 16.33 MPa (2,400 psi). The static pressure
loss is 40.82 MPa (6,000 psi) — 20.41 MPa
(3,000 psi) or 20.41 MPa (3,000 psi). The

DNA Genotek Inc.
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dynamic pressure loss from the injection
unit to the end of the cavity is 125.80 MPa
(18,500 psi). The static pressure loss from the
hydraulic cylinder to the end of the cav-
ity is 63.95 MPa (9,400 psi) —20.41 MPa
(3,000 psi) or 43.54 MPa (6,400 psi).

The optimum way to check the fillability
and packability of the mold is to instrument
it for monitoring during all mold tryouts. This
allows the molder to ensure that there are
no changes in true in-mold processing condi-
tions during the mold tryout sequence. How-
ever, at the present time, relatively few in-
jection molds are instrumented to allow the
use of cavity pressure data. In molds of this
type, the dynamic pressure loss component,
which is the one most universally applied in
flow analysis, can be monitored by taking a se-
ries of short shots across the mold. This pro-
cedure is as follows.

When testing a flow analysis that has been
completed, it is important that the machine
be set up in such a way so as to truly duplicate
the conditions set forth in the flow analysis.
It is important that the actual plastic melt
temperature be delivered to the mold at the
temperature assumed in the flow analysis.
In the absence of accurate direct melt tem-
perature readings, purging the machine on
cycle and measuring the temperature using a
preheated probe that has been heated to 15°C
above the highest barrel setting will allow ac-
curate readings of actual melt temperature.
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Fig. 7-52 Measured pressure losses.

Readings taken using this procedure should
be observed precisely 30 sec after insertion.
It is also crucial to fill the mold at a speed
of fill specified in the flow analysis program.
Therefore, if the findings specify that the
mold is to be filled in 2 sec, the injection
speed on the machine used must be set to
precisely fill the mold in that period of time.
To do this, the mold should be filled using
first-stage pressure set high enough to allow
the flow control on the molding machine to
control the rate of fill accurately from begin-
ning to end. Position cutoff should be used to
stage the machine from first to second stage
with second and subsequent stages of hold-
ing set to zero. On successive shots, the mold
should be partially filled while slowly advanc-

DNA G
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ing the cutoff position forward until a very
slight shot is observed in the part. The in-
jection rate should be then adjusted until fill
time observed either on a fill time clock or
strip chart recorder indicates that the correct
fill time is being obtained. The screw back po-
sition and cutoff position should be tuned so
that the screw bottoms directly after cutoff.
This ensures that packing caused by injection
unitinertia does not flash the mold. One tech-
nique is to use a forward cutoff position ap-
proximately 10 mm from screw bottom and
adjust the shot size for a slight nonfill using
the screw back position.

It is also important at this point to mea-
sure the weight of the shot by weighing the
partial, slightly short shot parts. One of the
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assumptions that could be incorrect in a flow
analysis is the volume of the material used to
fill the cavity. Shear rate is volumetric flow
rate that could be incorrect based on incor-
rect assumptions of cavity volumes or even in-
correct cavity building by the tool-maker. In
all cases, the amount of material injected into
the mold in the time allotted must be mon-
itored. If the volumetric flow rate does not
agree with the one derived in the flow analy-
sis program, then the injection speed should
be readjusted until the volumetric flow rate
in actuality is equal to the one assumed in the
flow analysis program.

With this slightly short part using only first-
stage injection, it is now important to pre-
cisely monitor and detect the peak hydraulic
pressure at the time the machine is trans-
ferred from the first to second stage. This
peak hydraulic pressure represents the in-
stantaneous pressure loss from the hydraulic
injection cylinder down to the end of the cav-
ity. In Fig. 7-53 this is 12.58 MPa (1,850 psi).
At this point, one must know the area ra-
tio between the screw and hydraulic piston
pushing it. Normally, on older machines, this
is a 10:1 ratio; however, many newer ma-
chines have ratios of 13.3:1, 14:1, or even
higher. Hydraulic pressure should be multi-
plied by this conversion factor to give a the-
oretical nozzle pressure that represents the
pressure loss from the tip of the screw to the
end of fill. The machine used in Fig. 7-52 has
a 10:1 ratio so the theoretical nozzle pres-

SHORT SHOT

""“

=
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-

7 Process Control

sure is 125.80 MPa (18,500 psi). This dynamic
pressure profile is depicted in Fig. 7-53.

Once this is done, the screw back position
should be moved forward on successive shots
to make short shots that coincide with the
primary isobars shown in the flow analysis
program. The minimum number of isobars
should be one at the end of fill and one near
the gate and at the end of the sprue. The peak
pressures and time to fill must be taken using
the same injection speed as was employed to
fill the entire mold.

This is best done on a machine with closed-
loop velocity control or on a conventional
machine with a load compensation installed.
With this complete, it is only necessary to de-
termine the pressure loss through the nozzle
of the molding machine. This can range from
relatively insignificant to a highly significant
amount and can be obtained by retracting the
nozzle of the injection molding machine from
the sprue and purging into the air on cycle,
while again monitoring the peak hydraulic
pressure at the injection speed used to fill the
mold (see Fig. 7-54).

This last piece of data, 22.10 MPa
(3,250 psi) in Fig. 7-54, represents the pres-
sure loss through the nozzle of the mold-
ing machine and can be subtracted from the
other data to determine the pressure losses
throughout the various flow channels of the
mold. These data can then be directly com-
pared with those of the flow analysis program
to determine its accuracy.

125.8 Mpa (18,500 PSI
e
‘_...---"" Nozzle
e

s
R e
o

Pressure Loss

Runner

1633 Mpa{wm|>-{/

G~

- P

Dynamic Pressure Profile (During Flow)

Fig. 7-53 Dynamic pressure profile through mold and injection unit (mold just filled).
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Fig. 7-54 Dynamic pressure profile through the injection unit (while purging).

Analyzing Results

Analyzing results requires first determin-
ing the type of error, if any, that exists. If the
pressure loss data are in error, is it in error
in thin sections, thick sections, or virtually all
sections? If the error appears in all sections
of the mold, it may mean that there is simply
an offset caused by a difference between the
viscosity data used in the flow analysis and
the actual viscosity of the plastic used during
the injection. If this is true, changing the in-
jection speed should allow the flow analysis
data to be duplicated with a different fill time.

If, however, the flow analysis overstated
thick sections and understated thin sections,
there could be a serious problem with the
mathematics involved. This technique has
been used to test in excess of fifty flow anal-
ysis programs to date. Results have ranged
from highly accurate to highly inaccurate
with the variation most likely the result of
invalid operator assumptions or improper
viscosity data.

In an attempt to take out as many of the
variables as possible, a simple variable depth
test plaque was utilized in the laboratory to
show as an example here. This mold is easily
and accurately modeled with any flow analy-
sis program. The thickness of the cavity can

DNA Genotek Inc.
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be adjusted and therefore the mold tuned to
the actual values used in the flow analysis.
This mold is highly instrumented, which al-
lows the short shot technique and full shot
instrumented techniques to be compared.

Example Test

One of the programs tested using this mold
was of a simple two-dimensional flow analy-
sis program. Viscosity data for the material
were provided by Dow Chemical USA. The
cavity was modeled as shown in Fig. 7-55 by
Tom Harcourt of Tom Harcourt and Asso-
ciates. The mold fill was simulated at various
injection speeds, as shown in Fig. 7-56, and
illustrated a pressure loss across the cavity of
54.27MPa (7,977 psi) when corrected for melt
temperature differences. Actual results of the
short shots are shown in the data taken with
the XYIS Data Acquisition System. It shows
that the instrumented shots showed a pres-
sure loss of 78.63 MPa (11,560 psi) while us-
ing a fill time of 0.5 sec. These data were taken
with a mold temperature utilized in the flow
analysis program of 50°C (122°F). The test
utilized showed that for the particular flow
analysis program, an error of 31% at this fill
rate exists.
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Fig. 7-55 Variable thickness mold.

Using Empirical Test Data to Optimize
Fill Rates

The short shot technique for testing flow
analysis programs has an additional and
possibly more important use in determining
optimum fill rates. A viscosity versus shear
rate curve plotted in linear-linear form is
shown for polystyrene in Fig. 7-57. These
data were derived empirically using an injec-
tion molding machine. The injection nozzle
was used essentially as a capillary rheometer.
By purging the machine at different speeds
while measuring the fill time and pressure
loss across the nozzle, data can easily be
taken that show non-Newtonian behavior.
A similar test while injecting into a mold at
various injection speeds and plotting these
data is shown in Fig. 7-58. In this case, the
mold is filled on first-stage pressure with po-
sition cutoff used in such a way that the mold
is filled to a slightly short condition at the
fastest injection speed to be tested. On subse-
quent shots, the injection speed was reduced,
and on all the shots, the peak hydraulic
pressure and fill time were monitored.

It is important when running this test to
inject at speeds well beyond what would

80
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Fig. 7-56 Mold fill simulation.
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Fig. 7-57 Machine rheology.

normally be considered the limits of mold-
ing; thus, if the parts are burned or even if
there is significant diffulty in the mold, it is
best to run the test as far as possible. In many
cases, molds should be filled at faster rates
than those limits imposed by burning for in-
stance. If this is the case, the mold should be
optimally vented to eliminate this condition.

The graph of this type of test is shown
in Fig. 7-58. As can be seen, with fill times
shorter than 1 sec, the relative viscosity
number approaches a constant. This makes
the process less sensitive to changes in the
rate of fill. Whenever possible a mold should
be run in this flat portion of the curve.

n
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Fig. 7-58 Inmold rheology.
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If the flow analysis being tested includes
data on several fill rates, this relative viscos-
ity number curve can be plotted from the
computer data and compared to actual data.
Ideally, if capillary rheometer data plotted
in linear format were overlaid on this curve,
they would exhibit the same non-Newtonian
behavior as predicted by the flow analysis
program and empirically measured using in-
strumented means. This is the ultimate test of
the flow analysis program’s ability to account
for non-Newtonian flow behavior during the
filling portion of the injection process.

In conclusion, testing flow analysis pro-
grams and existing molds using a short
shot technique is a simple, effective means
of optimizing the use of flow analysis and
processes on existing molds. The only tools
necessary to do this are a digital peak-reading
hydraulic gauge or strip chart recorder and
a fill time clock. The short shot technique
allows the molder to test and refine the
assumptions used in flow analysis and to
compare one flow analysis against another.
This approach will also help the molder
to optimize processing conditions on any
mold whether or not flow analysis has been
conducted. This is a simple and effective tool
to use on the injection molding floor.

Melt Vibrations during Filling

Melt vibration usually occurs at low fre-
quency during the injection molding filling
stage. Melt vibration can be beneficial in
that it reduces the melt viscosity, which in
turn can ease cavity filling during thin wall
molding. It can also lead to higher outputs
with less shrinkage in the molded parts.
Pressure and temperature effects on shear
thinning can influence and/or interfere with
melt vibration (142, 286).

Stabilizing via Screw Return Time

Stablilization usually requires the addition
of transducers plus the appropriate signal
conditioning equipment to measure one or
more PC parameters. Although good results
are obtained using this approach, several
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factors can limit its use, including (1) higher
cost of hardware, (2) fragility of transducers,
(3) recalibration when product changes oc-
cur, and (4) abusive use resulting in mainte-
nance cost.

The J. J. Wenskus invention is an alterna-
tive process stability monitoring method and
apparatus requiring no transducers nor any
significant additional hardware (595). The in-
vention is based upon the discovery that the
operations of the plasticizing screw found in
virtually all IMMs varies in a measurable way
with all common process perturbations en-
countered in the injection molding process. In
most IMMs the time required for the screw to
plasticate and position material for the next
shot “floats” while other machine parameters
occur for fixed times. As a result, the screw
recovery time is a bulk indicator, the dura-
tion of which is affected by the sum total of
many operating parameters such as injection
pressure, holding time, back pressure, melt
temperature, injection time, cycle time, and
mechanical condition of key components in
the machine.

It has been determined that perturbations
in these parameters produce measurable ef-
fects in screw recovery time. Thus by tracking
this measurement statistically and analyzing
it, using any of a plethora of existing statisti-
cal methods and displays, processing anoma-
lies can be detected at levels below which
the product may be affected. Also, because
of the time frame involved, identification of
the cause may frequently be determined by
a simple inspection of a display of measured
screw recovery time values.

Relating Process Control to
Product Performances

Monitoring the molding system can show
the effects of mechanical and thermal strains.
Strains are imposed on the material as it is
conveyed through the machine and mold. In-
strumentation to sense, measure, and display
changes in molding parameters helps to de-
termine process consistency.

Monitoring helps relate the process to the
product. The sensed molding parameters can

DNA Genotek Inc.
Spectrum Solutions LLC v. DNA Genotek Inc.

7 Process Control

show the relationship among pressure, tem-
peratures, and position (movement) during
the process.

Monitoring can also establish whether ad-
ditional machine control is needed. The for-
giving nature of the molding process and
liberal product dimensions allow most parts
to be produced with conventional open-loop
machine control systems. As product de-
mands become more stringent, both dimen-
sionally and physically, closed-loop machine
control may become advantageous.

Sensor Requirements

Any sensor used requires a power supply
and an amplifier. A sensor is driven by an
input voltage, usually called an “excitation”
voltage. A resultant output signal is gener-
ated as the sensor responds to the monitored
parameter. An amplifier is used to boost
the output signal’s strength. Increased signal
strength or amplitude is needed for recording
capabilities.

Sensors and electrical systems should be
tested and calibrated before actual use. Vari-
ances do occur between sensors of the same
type. Sensors should be maintained at a
“zero” reference if precise monitoring or
measuring is to be done. Electrical drifting
destroys the accuracy of the information be-
ing obtained.

Molding Parameters

Pressure

® Machine hydraulic pressure transducer. A
hydraulic pressure transducer is used to
generate a signal. Monitoring the hydraulic
pressure profile can help diagnose many
machine problems. The hydraulic pressure
transducer should be placed as close to
the injection ram as possible; this location
gives the most accurate pressure profile.
Hydraulic pressure profiles can determine
the following:

1. Hydraulic pressure relief valve setpoint
consistency
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2. Timer accuracy for switching cutoff
pressures

3. Hydraulic back pressure setting during
screw return

4. Screw return time consistency

5. Hydraulic pressure changes during
injection, reflecting material viscosity
changes

® Machine material pressure transducer.
Monitoring the material pressure can be
done with a transducer in the machine noz-
zle. The material pressure profile will be
similar to the machine hydraulic pressure
profile. The pressure of the material and
hydraulics in the machine barrel become
similar as the mold is filled. Sensing of ma-
terial pressure at the machine nozzle can
be done, but its usefulness is questionable.

® Mold material pressure. Material pressure
transducers can be installed in the mold’s
runner system and cavity. Indirect and di-
rect material sensors are available. The
type of transducer selected depends on
the product configuration in the mold,
mold construction, and type of runner sys-
tem.

Pin-loaded-type material pressure trans-
ducers must be designed and installed with
care. The use of pins to transmit material
pressure can cause errors; the pins can stick,
bend, and induce thermal effects during cure
time. Location and pin diameter must be con-
sidered for monitoring. Because of the “select
point” pressure sensing, the transducer out-
put may be poor.

Direct material pressure transducers are
now available. The accuracy of pressure sens-
ing is much better, but there is a problem
in selecting the location to sense and mon-
itor the material pressure. Monitoring at a
point located halfway in the cavity is a good
general rule. The maintenance of built-in
transducers should be considered when de-
signing a mold.

The mold material pressure profile can de-
termine the following:

1. Material filling time
2. Material peak pressure consistency
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3. Machine nozzle contamination or
freeze-off

Temperatures

® Machine barrel temperature. Barrel tem-
peratures are sensed and controlled with
thermocouples (TCs). One TC is needed
for each zone that is being controlled. Usu-
ally, three zones (front, middle, and rear)
are sensed and controlled. The nozzle usu-
ally has its own control. Accurate tem-
perature control and temperature setpoint
requires using current-proportioning con-
trollers, not the time on—off type of tem-
perature setpoint controllers.

Monitoring barrel temperatures can deter-
mine:

1. Temperature controller performance
2. Barrel heater failure

® Mold temperature. The control of mold
temperature is usually done with an inde-
pendent heater—chiller unit(s). The con-
troller has temperature setpoints, and the
mold usually balances out at some temper-
ature around the setpoint. If the controller
supply lines, mold water lines, and pressure
losses are minimized, the control is accept-
able.

Monitoring of the mold temperature is
usually done with TCs. Their accuracy de-
pends on the TC placement. The TC loca-
tion must be varied to determine the op-
timum location. Monitoring temperature
in the mold is difficult because of the high
thermal inertia in the heater—chiller-mold
system.

® Material temperature. Material tempera-
ture can be measured in the machine noz-
zle. Commercial TC sensors are available
to measure the material melt temperature.
The TC devices are the simplest and most
stable toinstall; infrared and ultrasonic sys-
tems are also available but are much more
complex.

Material temperature variances can exist
in the melt because of screw mixing, barrel
heating, and a varying shot-to-barrel ratio.
Sensing the nozzle melt can show:
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1. Material melt consistency
2. A change in machine plasticating
3. Heater failure on the barrel

Positions

® Machine ram position. The ram position
is monitored from a potentiometer, either
linear or rotary, mounted on the machine.
The sensor indicates the ram during
the molding process and can show the
following:
1. Injection rate of material into the mold
2. Consistency of ram profile during open-
loop or closed-loop machine control
3. Screw position during return to back
position
4. Screw return time consistency
® Machine tie-bars. Machine tie-bars stretch
when the mold is clamped. This mechan-
ical strain or elongation can be measured
with strain gauges, dial indicators, and
linear variable displacement transducers
(LVDTs). LVDTs eliminate the need to
drill holes in the tie-bars or clamping
on small indicating devices. Monitoring
tie-bar strain can show:
1. Balance of tie-bar strain during clamp
2. Mold clamp tonnage
3. Machine-mold clamp tonnage changes
occurring because of thermal effects of
machine cycling and mold heating or
cooling
® Mold part line. Mold part line separation
can be measured with indicator gauges
and LVDTs. As material is packed into the
mold, the part line can open. A direct rela-
tionship exists between machine clamp on
the mold, material viscosity, and material
injection rate. Monitoring for a mold’s part
line separation can show the following:
1. Dimensional changes in the product
2. Mold flashing

Display of Monitored Molding Parameters

Analog display Analog devices include:
1. Chart recorders

2. Voltmeters with a sweep needle

3. Oscilloscopes
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Analog signals are useful for displaying
a continuous profile of the parameter being
sensed. Chart recordings show a continuous
profile but are limited in the type of informa-
tion that may be interpreted. Total span and
peak changes are shown, but comparisons of
one cycle to another are difficult.

Digital display Digital devices include:

1. Controllers with numerical setpoints

2. Sensing devices with numerical readout
display

Digital monitoring devices give a numeri-
cal readout. The sensor’s output signal is con-
ditioned to give a discrete numerical readout.
Data loggers are used to monitor multiple
parameters digitally. Digitizing (displaying
discrete numerical values at a certain rate) of
analog signals can be a useful technique, but
the rate at which information can be digitized
must be considered. If any rapidly occurring
events are being considered, this system can
give erroneous or insufficient information.

CRT display Cathoderay tube (CRT) dis-
plays include:

1. Oscilloscopes (scope)
2. Storage scope

3. Analog/digital scope
4. Television

Storage scopes can be utilized to mon-
itor repeating cycles. A selected starting
point is used to “trigger” the scopes. The
storage scope display shows the excursion
of a parameter over a period of time. A
multi-channel storage scope is very useful for
relating more than one molding parameter
on a single display.

Machine Controls

Open-loop machine sequence control In
a conventional open-loop machine sequence
control system, input commands are set, and
there is an unknown machine output res-
ponse.
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The monitoring of machine hydraulic pres-
sure and ram position relates:

1. Screw return profile consistency
2. Hydraulic pressure profile consistency
3. Ram injection rate consistency

An open-loop machine control system can-
not compensate for changes in material vis-
cosity. Material viscosity changes result in:

1. Increased viscosity (increased stiffness).
(a) Higher initial hydraulic pressure profile;
(b) Slower ram injection rate; (c) Lower final
in-mold material pressures

2. Lower viscosity (more fluid). (a) Lower
initial hydraulic pressure profile; (b) Faster
ram injection rate; (c) Higher final-in-mold
material pressure

The ram injection rate is controlled by the
metering of oil into the hydraulic injection
ram cylinder. Material viscosity establishes
the hydraulic pressure profile during mold
filling and packing. The hydraulic pressure
profile is a valuable parameter to monitor for
establishing mold-machine consistency.

Closed-loop machine sequence control In
a closed-loop machine sequence control sys-
tem, input commands are set, and corrections
are made to the machine output response.
The correction can be either of the follow-
ing:

1. Real time. A sensed deviation is cor-
rected in cycle, as quickly as the machine
electrohydraulic valve and fluid system can
respond.

2. Adaptive. A sensed deviation is adjusted
for on the next cycle. The system’s ability to
adjust depends on how sensitive the molding
process is and controller capability to correct
the deviation.

A closed-loop machine control system can
compensate for changes in material viscosity.
This capability improves the counsistency of
initial mold filling but does not fully address
final packing pressure in the mold.

The ram position is programmed to estab-
lish a material filling rate into the mold. The
hydraulic pressure compensates for material
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viscosity changes during the controlled filling
of the mold’s sprue, runner, and cavity.

The final packing pressure is controlled by
switching from the ram position (velocity)
profile to a hydraulic packing pressure.

Control of the molding process is better,
but actual improvement in the product is not
always realized. Monitoring the molding sys-
tem can help us to:

1. Improve mold setup consistency
2. Resolve molding problems

3. Determine the effectiveness of the
equipment
4. See the process working

Microprocessor Advantages

Microprocessor-based process controllers
have been achieving more widespread accep-
tance as their cost has decreased. Whereas a
few years ago, these controls were used only
for applications that required their precise
control, we now find advantages in their ap-
plication on almost any job.

o Setup time reduction. Time for setup can be
greatly reduced by the ability torecord and
store timer settings, limit switch positions,
and pressure levels. The data can then be
fed to the controller in seconds to readjust
the machine to the new setup.

® Easier operator “tuning.” Since the micro-
processor inputs can be located at the oper-
ator station, adjustments can be made with-
out crawling around the machine.

® Smoother operation. This is achieved
through ramping of the control signals. We
can now eliminate many of the readjust-
ments necessary as the machine tempera-
ture changes, simply by setting these ramps
such that the time is longer than the re-
sponse under conditions of startup. Since
the signal is now slower than valve re-
sponse, the signalis always in control, yield-
ing a more uniform cycle.

® Less down time. The constant monitor-
ing of machine performance made possible
with these systems can allow lower pres-
sures and eliminate shock peaks, thereby
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extending component life. A properly ap-
plied system will also have fewer compo-
nents to troubleshoot when a problem does
occur, and diagnostic programs can be in-
cluded.

® [nput energy reduction. By programming
the hydraulic system to respond to the
varying demands of the circuit, we can re-
duce input power requirements.

This is what the “brains” of process control
can do for us, but how we interface the con-
troller can affect these advantages. Ideally,
we want a system consisting of as few com-
ponents as possible, and these components
should be maintainable, tolerant of the indus-
trial environment, and repairable by general
maintenance personnel.

Types of Instruments

There are numerous controllers, signal
conditioners, and indicators that can provide
measurements of all types of controls, such
as temperatures and pressures in different lo-
cations of the IMM, as well as other actions
such as screw rpm and torque. Controllers re-
ceive input and compare this value against a
preprogrammed setpoint. If the input value
differs from the setpoint, the instrument will
modify the output to bring the process equal
to the setpoint.

Signal conditioners are instruments that
have no display. They receive input and
modify the signal to make it acceptable to
a recorder or a plant computer system. The
indicator instrument receives input and
simply displays the value on an LED (light
emitting diode). It may have alarm contacts
to alert the operator of high or low conditions
(352, 528).

Functions

An instrument’s primary function is to re-
ceive input and simply display the value in a
way that is understood by an IMM operator.
It usually has alarms to warn an operator of
high or low processing conditions. The alarms
permit minimal line supervision. They can be
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used to shut down the process if conditions
are damaging to the machine or a danger-
ous situation arises. The instruments can pro-
vide a continuous output signal that can have
many uses. One instrument may be capable
of serial communications to a host computer.
This communication can be bidirectional so
that the host computer modifies the instru-
ment parameters.

Rotary and Linear Motion

As industry demands motion control with
more stringent requirements for accuracy
and repeatability, the selection of position
feedback becomes more critical. Because of
evolving changes in drive technology, there
is the potential debate on whether linear or
rotary encoders and recirculating ball screws
represent the best solution for measurement
on numerically controlled machines. A large
fraction of new servomotors now feature
rotary encoders, which in principle can also
be used in combination with the pitch of the
ball screw to determine linear position. This
method alleviates having to choose either a
linear or ball screw-rotary encoder system;
rather, with such a drive configuration, the
decision becomes whether to add a linear
encoder or simply use a preexisting motor
encoder working in combination with the
ball screw (553).

There is a problem with using a rotary
encoder-ball screw system, for costs can
quickly escalate if one finds that the accu-
racy does not suffice in certain applications or
that thermal expansion problems are causing
the machine to generate scrap. Retrofitting
an installed machine is usually much more
expensive than having the correct machine
delivered in the first place.

Although machine designs vary, the me-
chanical configuration of their feed drive is
largely standardized. In almost all cases, the
recirculating ball screw has established itself
as the solution for converting the rotary
motion of the servomotor into linear slide
motion.

A position control loop with a rotary
encoder and ball screw includes only the
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servomotor. Thus, there is no direct position
control of the slide because only the position
of the servomotor rotor is being measured
and the linear position of the slide is deter-
mined indirectly. To extrapolate the slide mo-
tion, the mechanical system between the ser-
vomotor and the slide must have a known,
and above all, reproducible mechanical trans-
fer behavior.

However, a position control loop with a
linear encoder includes the entire mechani-
cal feed drive system. The linear encoder on
the slide directly measures slide position and
the machine control unit automatically com-
pensates for mechanical transmission errors.
Potential sources of error include: (1) ther-
mal expansion of the ball screw caused by
friction between the ball nut and ball screw,
(2) ball screw pitch error, (3) reversal error
caused by play and elasticity within the sys-
tem, and (4) deformation of the drive system
due to high accelerations, cutting forces, and
friction in the guideways. Of these, thermal
growth of the ball screw presents the greatest
source of error.

Adaptive Control: PVT and PMT Concepts

The specific volume, pressure, and temper-
ature of the melt in a cavity can be controlled
along a defined phase curve in the PVT (also
called pvT) or PMT diagram. The PMT con-
trol was developed from the PVT control.
It calculates an ideal holding pressure pro-
file under the assumption that a mold cav-
ity, which is considered constant, containing
a constant amount of plastic produces con-
stant and repeatable moldings.

The PVT diagram describes the depen-
dence of the specific volume on melt tempera-
ture and holding pressure. It renders the auto-
matic finding of a point of operation by using
measured melt and mold temperatures and a
computation of the temperature cooling pro-
cess. Machine control on the basis of micro-
processors permits not only the optimization
of individual control parameters but whole
process segments. Thus, an optimum point
in the PVT diagram can be accurately tar-
geted independently from variations in melt
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or mold temperature, resulting in parts with
constant weights.

These PC techniques are in a continual
state of evolution and original developments
are being made by the IKV (Institute fur Kun-
ststoffverarbeitung) in Aachen, Germany.
Uniform time sequences from cycle to cycle
are a basic precondition for a desired quality;
that is, the injection time, holding pressure
time, and cycle time should be kept constant.

In many molding operations it is necessary
to change factors such as injection pressure to
adjust the holding pressure in order to keep
the product weight or dimensions rather con-
stant. This adaptive control is essentially a
system that changes the settings in response
to changes in machine performance to bring
the product back into specification. The shift
is maintained so that the control has adapted
to changing conditions. It is a technique typ-
ically used to modify a closed-loop control
system (303, 305, 433).

Optimization via PVT

The PVT diagram in Fig. 7-59 shows the
typical dependence of the specific volume
of a plastic on temperature and pressure.
The course of the process in the holding-
pressure phase can be readily demonstrated
with this diagram. After the plastic, at the
most uniform temperature possible, has been
injected into the mold, the switch-over point
to open- or close-loop control of pressure
follows. Then a period of constant pressure
arises. This phase of constant pressure control

i) I
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‘—E ‘\‘(“ = — /haldmu pressure

o Holding pressure and cooling
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Fig. 7-59 PVT method to compensate for varia-
tions in melt and mold temperature by adjusting
the holding pressure profile in real time.
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(isobar phase) changes to one of constant spe-
cific volume (isochor phase). Major impor-
tance is attached to the isochor method of
process control since, in the simplifying case
assumed of negligible mold breathing, it is
synonymous with a minimum of plastic move-
ment inside the mold cavity. The situation is
the one generally aimed at reducing orienta-
tions, stresses, and distortion of the part.

To obtain moldings of constant dimensions
and constant mass, it is essential to reach the
1-bar line (Fig. 7-59) at the same specific vol-
ume on every cycle because the molding sepa-
rates from the walls of the mold exactly at this
pressure and subsequently starts to shrink.
The extent of volume shrinkage corresponds
to the change in specific volume along the
1-bar line. Two requirements are met:
(1) The specific volume of the melt is constant
while cooling and (2) the specific volume at
the 1-bar line is the same on each cycle. A
strategy for process control in the holding
pressure phase can also be specified. Thus
on every cycle, the same isochor on the
PVT diagram must be reached as quickly as
possible.

A computer program for achieving this
pattern for the process was written some
years ago; it used knowledge of material
behavior and temperatures measured dur-
ing the course of the actual process (melt
temperature, mold-wall temperature), first of
all to calculate the pattern of temperature
change within the molding throughout the
period of postpressurization. Subsequently,
in a second stage of computation, pressure
values are assigned to the temperatures (and
times) from the PVT diagram of the material.
These values bring about the process con-
trol. Thus, the PVT program works out the
ideal pattern of holding pressure from mate-
rials data, molding-part data, and measured
process data.

This pressure pattern can be transferred to
the machine controller to serve as the target
pattern for the holding-pressure phase. This
PVT optimization program, as it is frequently
called, can be integrated into powerful ma-
chine controllers. Several machine manu-
facturers offer such process optimization as
an optional feature on their machines. Not
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only does the PVT program make it possible
to accommodate pressure control to varia-
tions in process temperatures, it also assists
in greatly simplifying the setup procedure,
by determining automatically the complete
pattern of pressure for the holding-pressure
phase.

Conventional process control systems are
designed for closed-loop control of injection
molding parameters such as injection veloc-
ity holding pressure, cushion, and recovery
stroke. However, there are processing pa-
rameters such as melt temperature and mold
temperature that affect the consistency of the
molded part to an even greater extent. These
are generally left out of the conventional pro-
cess control concepts. There is a method that
compensates for variations in melt and mold
temperature by adjusting the holding pres-
sure profile in real time. Compared with con-
ventional closed-loop process control, this
method, the PVT (pressure, volume, temper-
ature) holding-pressure optimization, results
in weight savings, parts with lower internal
stress, higher dimensional stability, and sig-
nificantly less waste in start-up. Essentially,
PVT holding-pressure optimization is super-
imposed on a system that already supports
closed-loop, process control. Therefore, the
degree of control provided is above and be-
yond that of a system that many would al-
ready call fine-tuned.

The PVT optimization routine is con-
cerned with the quantities p (pressure),
v (specific volume), and T (temperature), as
well as the profile of the mean temperature in
the mold determined by a cooling calculation.
In the diagram, pressure values are repre-
sented by diagonal isobar lines. One bar,
the uppermost diagonal line, is atmospheric
pressure, and the lines below indicate succes-
sively higher pressures. Specific volume may
be defined as the volume of plastic per unit
of weight, for example, cu in. (cu cm)/oz (kg).
Specific volume is the inverse of density.
The objective of the PVT holding-pressure
optimization is to reduce the molded part
to the same temperature at atmospheric
pressure after cooling. This assures that the
specific volume (and therefore the density
and part weight) will be consistent (513).
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PMT Concept

In the course of continuing development
of this optimization procedure at IKV in
Aachen, a method was found by which the
parameters needed for control of the holding
pressure can all be recorded automatically
during a machine learning phase. The newer
PMT program developed computes an ideal
pattern of followup pressure from the experi-
mental data obtained from the machine itself
during the learning period.

The volume of the mold cavity remains dur-
ing the pressure holding phase, except for
changes by mold breathing. The effect of this
action on the volume of the cavity should be
negligible, since its impact is smaller in the
melt flow direction than in the one perpendic-
ular to it. In addition, breathing exerts com-
pressive action on the molding. This is repro-
ducible and sometimes desirable for quality
control.

It is also very easy to keep the amount
of material injected into the mold constant
during the pressure-hold phase, by inter-
rupting melt feed with a valve. This can
be achieved by activating a nozzle valve in
the injection machine, or a needle valve in
the mold. If the mass m of melt and vol-
ume of the cavity V are constant, then the
specific volume (v=V/m) of the melt in
the cavity will be constant until the 1-bar
line on the PVT diagram is reached. In-
terruption of material feed enforces isochor
process control and this achieves the first
objective. In this connection, the time at
which material flow is stopped is very impor-
tant.

The time at which the isochor phase of the
process is initiated has a decisive effect on
the whole subsequent pattern of events and
also on part quality. It can be seen from the
PVT diagram that this time is a function of
temperature and pressure. It can, as in the
PVT program, be determined by computa-
tion from the plastics data. However, to re-
main independent of material data, it was
considered worthwhile to determine all the
basic data required for process control from
process data measured in the machine. Tem-
peratures and pressures can be relatively eas-
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ily recorded with the aid of devices that are
now readily available.

A direct measurement of the specific vol-
ume of a plastic certainly cannot be made in
the mold. However, it is possible by system-
atic variations of parameters to draw reliable
conclusions about the shift of isochors from
the weight of the molded part. The specific
volume under isochor control is determined
from the weight of the molded part. Because
part weight is very important for controlling
the process, it is useful to represent the pro-
cesson a PMT diagram. On this plot, the mass
of plastic in the mold, and thus the weight of
the part, replaces the specific volume. If the
mold is not changed, the cavity volume V re-
mains constant and the mass m is obtained
from the equation m=V/v.

In PVT and PMT diagrams, only the plas-
tic state relevent to the pressure-holding
phase (the liquid state) is represented. The
diagram applies to one plastic-mold com-
bination only. It must be plotted for other
combinations. The sequence of injection and
cooling is not changed when a PMT plot is
to be used instead of a PVT plot. After the
mold is filled at constant temperature, the
system switches over to closed-loop pressure
control. This is followed by a period of con-
stant pressure (earlier isobaric phase) that is
succeeded by the later isochor phase. Isochor
process control, as with PVT optimization,
can be achieved by means of the pressure or
by interrupting mass movement with a noz-
zle valve. The isochor phase ends as soon as
the pressure in the mold falls to that of the
environment.

At this point, the molding separates from
the wall and shrinks. From this point on, the
PVT and PMT diagrams diverge. This is be-
cause the volume of the molding changes
while the mass of the part remains constant,
but the specific volume decreases with de-
creasing mold temperature. The weight of the
molded part is the same as that of the melt
injected into the mold before the feedpath is
closed, since the nozzle valve stops the exit as
well as the entry of plastic.

The line of constant mass (“isomass” line)
on the PMT diagram corresponds to the
isochors on the PVT diagram. If one of the
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parameters (pressure, period of holding pres-
sure until nozzle valve closure, or tempera-
ture) changes during the process, it affects the
properties of the molding. For proper process
control, therefore, a determination must be
made of how a variation in one process pa-
rameter can be compensated by a suitable ad-
justment to another: Thus, another objective
of the PMT concept is to achieve automatic,
comprehensive determination of anideal pat-
tern of holding pressure by the machine itself.

Controllers

Controllers are instruments measuring
pressure, temperature, time, etc. used to con-
trol and regulate the fabricating cycle. Com-
pared with older proportional controllers,
automatic set controller techniques used in
modern controllers, permit more accurate
control of temperature, etc. at setpoint even
in the presence of lag time from remote loca-
tions.

As control choices continue to expand,
users are faced with a choice of controllers
ranging from soft, to programmable, to hy-
brid, to entirely new architectures. Amidst
this potential confusion, control venders are
waging their own debate over which technol-
ogy is least expensive, most popular, or will
outlive others.

One should define control not by the “box”
performing it, but rather by virtue of the
problem it solves. This approach focuses on
what the unit “does” instead of focusing on
which solution is typically used. To do this,
users must consider the choices available at
each level within a controller. Proper selec-
tion requires personal knowledge or help
from a reliable source to determine which
type of controller is appropriate for a spe-
cific application (Chap. 9, Computer Con-
trollers).

Today’s programmable controller operat-
ing system, like the hardware platform, is the
result of over a quarter of a century of evo-
lution in providing the available repeatabil-
ity and reliability required on the plant floor.
In the past, achieving these objectives meant
choosing a vendor-specific operating system
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and choosing that vendor’s entire control sys-
tem. This can be a benefit if risk is to be
avoided, but it can be detrimental if a high
degree of in-house customization and inte-
gration is desired (522).

Controllers are fairly simple devices, but
if they do not function properly, all kinds
of problems develop. A checklist for elim-
inating problems includes: heater element
burnout, location and depth of sensor as re-
lated to response time, type of on—off con-
trol action (for instance for a proportional
controller), setpoint control, and proper elec-
trical component selection. The sensor must
be at the proper depth in a barrel to ob-
tain the best reading for the melt; the deeper
the better. Where water is involved, as in
mold cooling controllers, improper construc-
tion can lead to leakage (due to expan-
sion or contraction not being properly in-
corporated). External pressure relief valves
can ensure discharge outside the cabinet.
With inside discharge, severe damage can
occur to mechanical and electrical compo-
nents.

Computer coordinator controllers are
groups of controllers connected together
so that they can all be changed at the same
time from a single point. Also used are
multizone microprocessors. These monitor
temperature, pressure, output rate, etc. sig-
nals from several sensors to achieve more
reliable and efficient performance, either
independently or coordinated.

Designs

A microprocessor or multiprocessor sys-
tem has to carry out various control and
monitoring functions such as (1) standard
functions (sequence control, timer, malfunc-
tion indication, etc.), (2) monitoring func-
tions (self-diagnosis of malfunctions, control
of setup procedures, calculation of operating
data, etc.), and (3) control functions (differ-
ent temperatures in the IMM, process control
of speed and holding pressure, etc.).

The advantages of this type of equip-
ment for direct machine control can only be
fully realized if the equipment carries out
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all monitoring and control functions. Deter-
mining operating points by trial and error
is inevitably eliminated. One must ensure
that all system actions include what has
to be carried out to produce the required
products.

Sensor Control Responses

Some sensors are designed to respond to
a physical stimulus (temperature, pressure,
motion, product gauging, product weight,
etc.) and transmit a resulting signal for in-
terpretation, measurement, and/or operat-
ing a control. A very broad selection of
sensors with extremely different sensitivi-
ties, capabilities, and repeatabilities are avail-
able. ‘

To select the correct sensor you should
know something about how the different
sensors work, and which is used for what
application. This is important since not all
sensors measure in the same manner. The
three most common sensors used down-
stream are nuclear, infrared, and caliper.
There are also specialized types such as mi-
crowave, laser, X-ray, and ultrasonic. These
sensors sense different conditions for operat-
ing equipment (temperature, time, pressure,
dimensions, output rate, etc.) and also sense
color, smoothness, haze, gloss, moisture, di-
mensions, and other properties.

The importance of measurement of a vari-
able and the corresponding control action to
the precision which can be realized in produc-
tion cannot be underestimated. For example,
because of aresponse lagin a pressure sensor,
by the time an increase in pressure is trans-
mitted to a control device the actual system
pressure continues to change. The controller
that receives this information then must pro-
cess it and transmit an appropriate control
response. This can usually take “some” time.

Transducers

The term transducer is frequently used in-
terchangeably with sensor. It is a device that
converts something measurable into another
form. It is often a physical property such
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as temperature, pressure, and/or flow. For
example a piezoelectric device can convert
high-frequency electrical energy into high-
frequency mechanical vibrations (287).

Linear Displacement Transducers

The use of linear displacement tranduc-
ers (LDTs) for IMMs has evolved over
the past decades. They are used to control
mold closing, determine the location of feed
screws, and track the position of part ejectors
(7). In high-performance systems, they have
largely displaced mechanical limit switches
and potentiometers. Although these contact
methods of switching and linear measure-
ment worked satisfactorily, they did have
their drawbacks, including mechanical wear
and the limitation of determining only the
end position of the components being moni-
tored.

Since the linear displacement transducer
provides continuous position feedback and
is a noncontact method of measurement, it is
ideally suited for either open- or closed-loop
molding operations. Various types of outputs
are available that can enhance both the posi-
tioning accuracy and processing speed of in-
jection molding machines.

Transducers consist of three major compo-
nents: a magnetic ring that acts as a traveling
marker; the signal medium, or wave-guide,
which is enclosed in a stainless-steel rod and
deforms to mark the point of position; and
the electronic end or head, which generates
and processes the return signal from the
waveguide.

The magnetic ring is permanently affixed
to the part whose movement is being mon-
itored and determines the exact location of
the point of measurement. The ring’s position
is typically sampled at 2 kHz, for an update
time of 500 msec. The magnetic field gener-
ated by the ring induces a mechanical twist in
the waveguide. This twist ripples back on the
waveguide and is picked up by the receiver
located in the head.

The signal is processed inside the head and
converted into an output signal for the ma-
chine’s control system. The resulting position
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reading is exactly proportional to the travel
time of the pulse. Depending on the require-
ments of the control system, the output can
be transmitted as analog voltage or current-
controlled pulse.

Linear Velocity Displacement Transducers

A linear velocity displacement transducer
(LVDP) is a transducer used for measuring
relatively small amounts of movement in the
vertical or horizontal plane. The amount of
movement is detected by means of a change
in an electrical signal caused by the move-
ment of an iron core within a coil; this change
is then amplified and converted into a linear
measurement. Very accurate readings of tie-
bar extensions can be obtained when using
these devices.

Pressure Transducers

Pressure transducers are used in equip-
ment such as plasticators to improve out-
put and melt quality and enhance produc-
tion safety. They aid in obtaining optimum
processing pressure to ensure the quality of
product features such as output dimensions
and surface finish, and they minimize mate-
rial waste.

Transducer specifications Specifications
on pressure transducers from different manu-
facturers can vary significantly so it is impor-
tant to understand their accuracy. An ideal
device would have an exactly linear relation-
ship between pressure and output voltage. In
reality, there will always be some deviations;
this is referred too as nonlinearity. The best
straight line is fitted to the nonlinear curve.
The deviation is quoted in the specifications
and expressed as a percent of full scale. The
nonlinear calibration curve is determined in
ascending direction from zero to full rating.
This pressure will be slightly different from
the pressure measured in descending mode.
This difference is termed hysteresis; it can be
reduced via electrical circuits.
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Transducer Calibrations

If possible, a calibration check should be
made on a regular basis. ISO 9000 standard
dictate frequent checks. A visual examination
should be made before proceeding with the
check to determine if the diaphragm is flat
and free from any damage. Zero balance, full-
scale sensitivity, and R-cal @ 80% parameter
reference points for calibration can be used.
The transducer manufacturer provides these
parameters.

Transducer Environments

Some of the more common problems
caused by a plant’s hostile environment that
can affect equipment such as transducers are
noise interference, mounting holes (which
must be concentric and clean), installation,
diaphragm considerations, and transducer
calibration.

Transputer Controllers

During 1991 the state of the art in
IMM control technology was redefined in
Meinerzhagen, Germany: Battenfeld for-
mally introduced the Unilog TC 40, a com-
puterized machine control system based on
transputer technology (7).

Transputers are high-performance micro-
processors. They belong to the family of RISC
(reduced-instruction-set computer) proces-
sors. These are special microprocessors
whose processing speed was increased by re-
ducing the instruction set. Today, systems of
this type are used whenever large amounts of
data have to be processed within a very short
time. Example applications can be found in
telecommunications, image processing, and
automation technology.

Transputers were developed by the British
company INMOS in 1985. INMOS became
part of the worldwide SGS-Thomson elec-
tronics group a few years ago. At first, trans-
puters were only used in Europe. Through
the merger of INMOS with SGS, Thomson,
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the potential of worldwide marketing was
opened up. Since then, transputers have
made their appearance in the United States
and Far East.

Transputers differ from traditional mi-
croprocessors in two ways. As mentioned
above, they have a special architecture, the
RISC architecture. It is particularly suited
for applications in which a large num-
ber of open-and closed-loop control tasks
have to be processed simultaneously. Sec-
ond, they have four serial interfaces, the so-
called LINKs. These are used to intercon-
nect transputers. The transmission rate of
these interfaces is up to 20 Mbit/sec, 20 mil-
lion bits of information per second. For a
comparison, today’s serial printers for per-
sonal computers work 2,000 times slower.
These LINKs are the strength of the trans-
puter.

The advanced computer architecture of
the transputer allows the Unilog TC 40 to
be a real-time, multitasking computer. Func-
tions such as calculating, controlling, mea-
suring, and communicating run in parallel.
Transputer power and speed allowed Bat-
tenfeld to create fully closed-loop injection
molding machines, which means every ma-
chine movement can be accurately closed-
loop, controlled, and self-adjusting in real
time, as it happens and not on the next
shot.

Today, microelectronics offers integrated
circuits whose capacity is far superior to what
was state of the art just a few years ago. Within
the past few years, great progress has been
made, particularly in the fields of computer
architecture, memory capacities, and visual-
ization technology.

This control system was designed for use in
the upper capacity range, that is, for complex
machines with a high number of controlled
systems, which cannot be covered by today’s
technology. It does not replace the success-
fully employed Unilog 4000B control system;
it is just a supplement for the higher capacity
ranges. TCin the name of the new control sys-
tem stands for “transputer-controlled.” This
is to point out that the heart of this control
system is a transputer.
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Temperature Controllers

Injection molding is a thermal process with
the major task to ultimately control tem-
perature. Too much or too little heat at the
wrong place can cause many problems (short
shot, galling, splay, brittleness, plastic degra-
dation, etc.). You cannot see this thermal
energy, only its effects (303). Thermal energy
radiates in the IR spectrum, outside the
spectrum of visible light. Use has been made
of IR video cameras to detect energy color
patterns in all locations around the IMM and
auxiliary equipment. This IR thermography
reveals that every plastic has its own wave-
length, and temperature readings are related
to the IR color patterns. It also provides IR
signatures for each plastic using the Fourier
Transfer Infrared Spectrum (FTIR).

Mold temperature control units are man-
ufactured to give operators more oversight
during processing, enabling increased prod-
uct precision. Plastic to be processed is mel-
ted and prepared in the barrel of the IMM.
The quality of this procedure is crucial to
the injection of the melt into the cavity(s)
and performance of the molded product.
The following temperatures are important:
barrel internal diameter wall temperature,
melt temperature, machine operating tem-
perature (hydraulic fluid and/or electric mo-
tor), tie-bar temperatures, sprue tempera-
ture, mold temperature [runner(s), gate(s),
and cavity(s)], and ambient temperature. All
temperatures have to be measured and in
most cases controlled. The goal is to have
uniform and constant required temperatures
(405).

Temperature control involves the bar-
rel, mold, machine operation (hydraulic oil
and/or electric motor), coolant, etc. The de-
mands on temperature controllers to obtain
quality-molded products require accuracy of
their dynamic behavior such as response
time and transient performances. Tempera-
ture controllers differ widely depending on
requirements such as short response time,
minimal overshooting, high circuit stabil-
ity amidst system (IMM and plastic) varia-
tions, transient suppression, and sluggishness
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to keep temperature variations small. Most
controllers provide a derivative term, called
the rate term. This is an anticipatory char-
acteristic that shortens the response time to
changing conditions. There is also a circuit
that limits overshooting.

Since not all demands can be met in an op-
timal manner at the same time, compromises
must be made in the adjustment of controllers
and in the selection of suitable control ele-
ments. Controllers operate in a digital mode
and employ microprocessors. The input sig-
nal is converted into a numerical value and
mathematically manipulated. The results are
summarized to obtain an output signal. This
signal regulates the power output in such a
way that the temperature is maintained at the
set value.

Previous proportional controllers did not
allow the actual temperature to be at the set-
point. To compensate, the offset was squared,
resulting in a larger deviation that carried
more weight than a smaller one. Regard-
less, the temperature always differed by some
fraction of the proportional band and the off-
set was always constantly changing. Since the
input signal is continuous, the microprocessor
performs an integration and adds an averag-
ing term that permits the temperature to be
kept at a preset point from ambient temper-
ature to full heating even if larger time lags
are present. This function is called automatic
reset.

Temperature Variations

Temperature is an important process con-
trol variable in plastic processing. It has a
decisive effect on the quality of the molded
product, as well as on raw materials and en-
ergy costs. For optimum processing, the tem-
perature has to be controlled at several points
in the process from the plastication cylin-
der into the mold. Temperature controllers
in these control systems usually operate inde-
pendently of each other. However, interlink-
ed control systems are used. The demands
made of temperature controllers relate first
to the achievable control quality but also to
monitoring or documenting the process.
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With barrels, a thermocouple is usually em-
bedded in the metal to send a signal to a tem-
perature controller. In turn, it controls the
electric power output device regulating the
power to the heater bands in different zones
of the barrel. The placement of the thermo-
couple temperature sensor is extremely im-
portant. The heat flow in any medium sets up
a temperature gradient in that medium, just
as the flow of water in a pipe establishes a
pressure drop, and the flow of electricity in a
wire causes a voltage drop.

Barrels are made of steel, which is not a
particularly good conductor of heat (being
ten times worse than copper). Thus, there is a
gradient in the steel barrel from the outside of
the barrel to the inside next to the plastic. In
3L-in. (88.9-mm) and 4}-in. (114.3-mm) ex-
truder barrels, these gradients or differences
in temperature can routinely be 75 to 100°F
(23.9 to 32.8°C) or more, as the zone heaters
pump in heat or zone coolers take out ex-
cess heat. However, for years users routinely
accepted extruders with sensors mounted in
very shallow wells, or, even worse, mounted
in the heating—cooling jacket.

Consider a barrel with a shallow well for its
sensor. Assume a perfect temperature con-
troller set at 400°F (204°C). There is a 75°F
gradient from the outside to the inside of
the barrel; thus, the actual temperature down
near the plastic would be 325°F with the sen-
sor set at 400°F. If the extruder started to gen-
erate too much heat, the temperature could
reach 475°F before the sensor detected the in-
crease. With this on—off control action, even
with the controller set at 400°F, the plastic
temperature variation would be 150°F. The
result could be poor product performance
and increased cost to process the plastic.

A deep well sensor will respond much
more quickly than a shallow one to changes
in the plastic’s temperature. However, it
responds slowly to changes, for example, in
the heater line voltage or cooling water heat.
The time constant for heat to propagate from
the heater down to a deep well location is
about 6minina 3%—in. barrel. Thus, an upset
due to a cooling water temperature change
might take 20 min or more to settle out.
This system does not respond to ambient
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conditions rapidly, but it retains part of the
temperature error inherent in the use of shal-
low wells. In the example just given for a shal-
low well with 150°F variation, the variation
would be only half as great, or 75°F, if two
sensors were used, one deep and one shallow.

The DUO-Sense process (Holton/Harrel
Inc.,, US. Patent 4,272,466, June 9, 1981)
solved this problem, retaining the advantages
of both deep and shallow wells by using a cas-
cade control loop. The primary temperature
loop is a shallow well, and a secondary loop
senses the deep well temperature, using it to
adjust the setpoint of the shallow well. This
system offers such advantages as preventing
the temperature of the heater from rising as
high as it otherwise would, greatly extending
the heater band life, etc.

These on—off controllers are unsatisfactory
for aloading having a long time constant, such
as an extruder barrel, a die adapter, a die, etc.
The temperature will oscillate violently at an
amplitude that is set not by the characteris-
tic of the controller, but by the delay in the
load, as reviewed in Fig. 7-60. To reduce this
variation, a proportional control was devel-
oped. It is similar to the on—off controller but
operates in between full on and off, with its
output proportional to the deviation of tem-
perature from the setpoint value (Fig. 7-61).
Variations still exist with this system, but they
are less than those of the on—off control.

689

Proportional controllers have three char-
acteristics: (1) The actual temperature of a
single proportional controller will never be at
the setpoint; (2) the error in temperature, or
droop, will vary over a considerable portion
of a proportional band as the process varies;
and (3) in the case of a large time lag, the
proportional band of a simple proportional
controller will have to be quite large. A sig-
nificant portion of the proportional band will
normally be used, so the temperature will
vary considerably during normal operation
of the extruder. Thus, a simple proportional
controller is better than an on—off control,
but it does not do the best job of controlling
temperature.

The introduction of automatic reset into
controllers for the plastic processor made it
possible to hold the temperature constant
even in the presence of extremely long lags.
Automatic reset is a characteristic added to
a proportional controller that functions as
an integrating, or averaging, system, look-
ing at the droop, or temperature error, over
a period of time and adjusting the output
so that the droop goes to zero. As a result,
the actual temperature goes to the setpoint
(Fig. 7-62). Automatic reset is almost always
used with an additional “rate” term, which
adds an anticipatory characteristic that does
not affect steady-state performance but does
speed up the response to changes in operating
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Fig. 7-60 Temperature variations with time in a typical plasticator barrel using on—off controls.
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Fig. 7-61 Example of temperature variation with proportional control of a plasticator barrel (no

automatic reset).

conditions. A modern proportional plus
automatic reset plus rate—a three-mode
controller—is capable of controlling within
1°F (0.6°C) of the setpoint all the way from
full heating to full cooling, even when con-
trolling from a deep well sensor.

Melt Temperature Profiles

Usually, the melt temperature is only taken
or estimated from the inside of the barrel or

the surface of the melt as it moves through
the barrel. Various techniques can be used
(such as IR sensors) that look at melt tem-
peratures across the entire melt stream, as,
for example, when it exits an extruder (or an
injection molding nozzle into space, etc.). An
automatic thermocouple system (patented by
AutoProbe, Normag Corp., Hickory, North
Carolina) has a motor-driven, retractable
melt thermocouple, which moves across the
melt stream while simultaneously display-
ing temperature and temperature profile
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Fig. 7-62 Variation of temperature in a plasticator barrel with time using proportional plus automatic

reset control.
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position (7). The system shows that temper-
ature variations within the melt stream can
be considerably wider than expected.

It had been generally accepted by most
extrusion processors and suppliers that the
melt temperature variance at the end of an
extruder was negligible. Stationary thermo-
couples had been immersed in melts, but
very limited useful data could be obtained, as
probes tended to disturb the melt flow or be
damaged. Obtaining the profile with a stan-
dard immersion thermocouple required that
an operator position the probe manually, plot
the position, etc. Results were not repeatable
or were tentative at best.

Temperatures of the automatic retractable
thermocouple have ranged from 402°F on
the melt channel wall to 325°F in the center of
the melt stream. Melt flowed through a 1-in.
melt pipe processing LDPE with a melt index
of 2. The flow rate was 1,000 1b/h. The temper-
ature profile was computer generated with
20 separate readings across the melt stream.

Automatic Tuning

There is one major disadvantage to using
an automatic reset barrel temperature con-
troller: The coefficients of the proportional,
the reset, and the rate terms all have to be
adjusted properly to obtain desired perfor-
mance. Itis not difficult to do this, but it can be
time consuming. One must follow the manu-
facturer’s instructions.

Temperature Sensors

Sensors used for temperatures in the
ranges experienced in injection molding
plastic processing equipment include ther-
mocouples (TCs), resistant temperature de-
tectors (RTDs), and thermisters (TMs). Each
has advantages and limitations technically
and costwise. Thermocouples tend to have
shorter response time, whereas RTDs have
less drift and are easier to calibrate. Although
TCs are more commonly used, RTDs provide
better stability for their variation in temper-
ature is both repeatable and predictable.

A thermocouple is a thermoelectric
heat-sensing instrument used for measuring
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temperature in or on equipment such as the
plasticator, mold, die, preheater, melt, etc.
Thermocouples utilize the fact that every
type of metallic electrical conductor has a
characteristic electrical barrier potential.
Whenever two different metals are joined
together, there will be a net electrical poten-
tial at the junction. This potential changes
with temperature.

The RTD sensor is based on the fact
that the resistance of some metals changes
markedly with temperature, whereas the re-
sistance of platinum, the metal most com-
monly used in RTDs, is extremely stable. Its
variation in temperature is both repeatable
and predictable to a high degree of accuracy.
In the past, TCs offered major cost advan-
tages, but with the advent of low-cost solid-
state dc amplifiers, the use of RTDs has be-
come more realistic.

RTDs have about 60 times higher sensiti-
vity than TCs, their amplifiers are less expen-
sive and much less sensitive to electrical noise
disturbance, they offer better linearity (are
twice as linear as TCs), and they are twice
as interchangeable. The RTD does not have
the TC’s compensating cold junction, so only
the desired temperature is involved. With
TCs both ends of the wire are sensitive to
temperature changes; there is no way of dis-
tinguishing between a change in the process
and one in the ambient temperature, so there
is some residual drift. Although the RTD
itself costs more than a TC, an RTD sys-
tem that includes the sensor plus an ampli-
fier is almost always less expensive for an
equivalent quality level. Processors should be
aware of the availability and superiority of
RTDs (7).

Thermisters are semiconductor devices
with a high resistance dependence on
temperature. They may be calibrated as a
thermometer. The semiconductor sensor ex-
hibits a large change in resistance that is pro-
portional to a small change in temperature.
Normally TMs have negative thermal co-
efficients. Like RTDs, they operate on the
principle that the electrical resistance of a
conductive metal is driven by changes in
temperatures. Variations in the conductor’s
electrical resistance are thus interpreted and
quantified, as changes in temperature occur.
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Fuzzy Logic Controls

Although fuzzy logic control (FLC) may
sound exotic, it has been used to control many
conveniences of modern life (from elevators
to dishwashers) and more recently has moved
into industrial process control including in-
jection molding plastic processing parame-
ters such as temperature and pressure. FLC
actually outperforms conventional controls
because it completely avoids overshooting
process limits and dramatically improves the
speed of response to process upsets. These
controllers accomplish both goals simultane-
ously, rather than trading one against another
as done with proportional-integral-derivative
(PID) control. However, FLC is not a cure-
all because not all FLCs are equal. FLCis not
needed in all applications; in fact FLCs in use
can be switched off so that traditional PID
control can take over.

Fuzzy-PID Controls

Traditionally, PID (proportional, integral,
derivative) controls have been used for heat-
ing and on-off control for cooling. From a
temperature control standpoint FLC has seen
the more recent use. One of FLCs major ad-
vantages is the lack of overshoot on start-up,
which allows the setpoint to be reached more
rapidly. Another advantage is its multivari-
able control, which enables more than one
measured input variable to affect the desired
outputresult. This is an important and unique
feature. With PID one measured variable can
only affect a single output variable. Two or
more PIDs may be used in a cascade fash-
ion, but the use of more variables limits their
practicality (473, 590, 622).

Temperature Timing and Sequencing

Most processes operate more efficiently
when functions must occur in a desired time
sequence or at prescribed intervals of time. In
the past, mechanical timers and logic relays
were used. Now electronic logic and timing
devices predominate. These programmable
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logic control devices provide sophisticated
operations with controllable functions.

Pressure Controls

Different melt pressure measuring devices
are important to ensure product quality. They
are also required for analyzing machine wear,
general operation of equipment, meeting
day-to-day consistency (ISO-9000), relating
to statistical process control, and providing
IMM safety. In the past many pressure mea-
surement gauges were grease-filled Bourdon
tubes, which had short life spans and led to
possible grease contamination.

Current models use electronic pressure
gauges, which provide direct local pressure
readings with alarm capabilities. They are
flush mounted, eliminating contamination.
The pressure measurement transducers pro-
vide an electrical signal for display and/or
control systems. Devices can have flexible
mounting stems with integral thermocouples.

Screw Tips

If installing a pressure sensor in the mold
is not feasible for lack of space, has a delete-
rious effect on the cosmetics of the molded
product, or is not justifiable for economic
reasons then the pressure in front of the
screw tip can be monitored. The pressure in
front of the screw tip provides information
on the melt flow between nozzle and mold
during the holding stage, permitting better
insight into the process. Piezoelectric trans-
ducers are most commonly used as pressure
sensors because of the rapidly occurring pres-
sure changes. Their output signal is propor-
tional to the mechanical pressure loading. Itis
amplified and converted into a corresponding
voltage. Only dynamic and quasi-static forces
can be measured.

Cavity Fillings

Cavity pressure depends primarily on the
location of the inserted sensor (close to or
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removed from the gate). The sensor does not
record the pressure (1) during the injection
stage before the melt flow front has reached
the location of the sensor, (2) during the hold-
ing pressure stage, or (3) if the melt shrinks
and loses contact with the wall’s cavity. For
this reason the sensor is usually mounted
close to the gate because the pressure pattern
there is closest to that in the cavity. However,
for monitoring filling it is better to locate the
sensor far away from the gate. This location
can also be used if eliminating flashing is re-
quired (304, 233, 531).

Pressure PID Controls

Accumulators have become increasingly
popular to meet the demands for higher
productivity and more consistent product
quality. They can deliver faster-acting, more
precise, and more energy-efficient hydraulic
systems and components. They can de-
liver a large amount of oil at high pres-
sure, making possible very high injection
speeds without the need for an extremely
large, energy-consuming pump. For variable-
volume pumps, either single or multiple, pro-
vide just the amount of flow needed at any
point in the cycle, for energy-efficient mold-
ing; servovalves give fast response as nec-
essary to control the high injection speeds
inherent with the more efficient hydraulic
systems; and multistep injection speed and
pressure profiling accomodate more sensitive
control of the process to improve part quality.

One thing that all the above have in com-
mon is the tendency for changes in hydraulic
pressure during a machine cycle to occur
faster than ever before, and this in turn neces-
sitates application of pressure controls that
are responsive enough to keep pace. Fortu-
nately, meeting this need does not require
inventing new control technology, but rather,
more thorough application of what we al-
ready have.

Hydraulic pressure-control logic is, in fact,
the same as that used for temperature con-
trol; its most sophisticated form uses three
modes of control, known as PID, for propor-
tional, integral, and derivative (also called
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gain, reset, and rate, respectively). Each of
these mutually interrelated modes of control
has an adjustable “tuning constant” that per-
mits the operator to adjust the sensitivity of
the pressure controls to the dynamics of the
particular machine’s hydraulic system.

Some molders may not realize that these
tuning adjustments are variables that are just
as important to good process control as the
setpoints for the actual pressure values that
the controller is asked to achieve.

Most commercial process-control systems
for injection molding to date have not pro-
vided full PID pressure control—usually only
proportional, or perhaps proportional-plus-
reset (integral), control is available. Further-
more, these systems have commonly offered
at most a gain adjustment, or else no tuning
adjustment at all. Consequently, the concept
of PID pressure control is probably unfamil-
iar to most molders, as is the role of tuning in
obtaining the maximum benefit from three-
mode controls.

Yet it is our feeling that, to get the kind
of cycle-to-cycle repeatability that today’s
market demands and microprocessor-based
control systems are designed to provide,
molders should understand the value of PID
control logic and must know how to keep
such controls properly tuned. Fortunately,
current microprocessor know-how can offer
full PID control at little or no extra cost, thus
making tuning an simple task for the average
setup technician.

PID Tuning: What It Means

The following is a brief explanation of the
three control modes and their tuning con-
stants. It is important to remember that the
three terms are not independent, but mutu-
ally interactive, and that both the order and
magnitude of adjustments made to the tuning
constants can affect the settings of the others.

® Proportional control (gain). With this type
of control, the magnitude of the control
output is proportional to the difference
between the actual pressure and desired
pressure—in other words, the magnitude of
the error signal. The “proportional band”
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is the range of error above and below set-
point, within which the control output is
proportioned between 0 and 100%.

Usually, the proportional band is expressed
in terms of its inverse, the gain. If the propor-
tional band is set too wide (low gain), the con-
troller will probably not be able to achieve the
setpoint within the time frame of that seg-
ment of the cycle. However, if the propor-
tional band is too narrow (high gain), it will
cause violent oscillation of pressure around
the setpoint, leading to intense machine vi-
bration, shaking of hoses, and rapid move-
ment of valve spools back and forth, all of
which are hard on your machine’s hydraulic
system and can shorten the life of its compo-
nents. In either case, inconsistent cycles will
result.

The proportional band, or gain, setting is
the most fundamental part of the tuning pro-
cess; it strongly influences everything else.
For that reason, the gain is usually set first,
although subsequent adjustment of the other
tuning constants may require some readjust-
ment of the gain.

® [ntegral (or reset) control). Unfortunately,
a characteristic of purely proportional con-
trol is that, in response to changing load
conditions, it tends not to stabilize the pro-
cess at setpoint, but rather, some distance
away from it. Integral or reset control re-
sponds to this steady-state error, or “pro-
portional droop,” by shifting the propor-
tional band up or down the pressure scale
(without changing the band’s width) so as
to stabilize the process at setpoint. The
amount of reset action to use, expressed
in repeats per minute, is the second tuning
constant.

® Derivative (rate) control. This type of
control action responds to changes in er-
ror, or the rate at which the actual pres-
sure approaches the setpoint. The faster
the change in the magnitude of the error,
the greater the rate control signal, and vice
versa. It serves to intensify the effect of the
proportional corrective action, causing the
process to stabilize faster. Rate control’s
main effect is to prevent the undershoot—
overshoot oscillation that may never be
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completely eliminated with proportional-
plus-reset control alone. The amount of
rate action, expressed in percent, is the
third tuning constant, usually the last to
be set.

The Need for Rate Control on High-Speed
Machines

Until recently, it was not always necessary
for an injection process controller to have
rate or derivative control in addition to pro-
portional and reset. Rate control has how-
ever, become essential on newer, faster cy-
cling machines with updated hydraulics.

For example, the high injection speeds of
accumulator-assisted machines can create ex-
tremely fast changes in the conditions gov-
erning hydraulic pressure. To smooth out the
resulting pressure fluctuations, rate control
responds only to fast changes in hydraulic
pressure, such as when the ram begins to feel
resistance of the melt pushing through the
runners and gates of the mold. Changing from
one pressure setpoint to another, as in multi-
step injection profiling, can require the same
fast stabilizing action, so the derivative con-
trol will help to bring about a faster setpoint
change, with minimal overshoot.

A multiple-pump machine will experience
a momentary drop in hydraulic pressure
when the high-volume pump “drops out” and
the smaller holding pump continues injec-
tion. This drop in pressure is sometimes so
large that the injection ram will actually back
up. Derivative control will help to lessen this
sort of dip in pressure and smooth out the
injection pressure curve.

Fuzzy-Pressure Controls

Proper velocity-to-packing (V/P) transfer
is vital to the success of injection molding
operations. A number of different variables
have been proposed to establish the V/P
transfer point: injection stroke, filling time,
cavity pressure, and nozzle pressure. The
first two are volume based. Their accuracy is
strongly affected by melt leakage through the
screw tip and changes in melt density caused
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by variations in the melt temperatures. For
the next two variables the V/P transfer takes
place when the measurement of the cavity
pressure or nozzle pressure reaches a prede-
termined value. For a specific molding condi-
tion, cavity pressure indicates the degree of
filling. However, installing such a transducer
in a mold increases the tooling cost and intro-
duces undesirable marks on the surface of the
molded product. Nozzle pressure, a less direct
indication of the material status in the cavity,
does not suffer from the installation problem.
Nonetheless nozzle and cavity pressures are
both strong functions of molding conditions
such as material, mold geometry, melt tem-
perature, and injection velocity (357, 583).
For whatever molding condition it may be
concluded that a significant nozzle pressure
increase will occur when the mold is nearly
filled and a V/P transfer should take place
immediately. Mathematically this is difficult
to describe precisely with an explicit expres-
sion. The fuzzy inference system (FIS) is an
important tool to solve such problems. It is a
fuzzy rule based system that accurately and
automatically determines the proper time
to switch from injection velocity control to
packing control. FISs can handle a wide range
of conditions including different molds, ma-
terials, and operating conditions (622).

Injection Molding Holding Pressures

During the initial mold-filling phase of the
molding cycle, high injection pressure may be
needed to maintain the desired mold filling
speed. Once the mold is full the cycle enters
its “holding phase” and the screw acting as a
ram pushes into the mold cavity(s) extra melt
to compensate for material shrinkage. This
may be done at alower, second stage pressure
or at the same initial high filling pressure; this
high pressure may not be necessary or even
desirable.

In many cases, a lower second stage pres-
sure therefore follows a high first stage pres-
sure. However, when molding some crystal-
line plastics, for example nylon and acetal,
the use of the second stage pressure may be
unadvisable as abrupt changes in pressure
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can cause undesirable performance changes
in the molded part.

Process Control Fill and Pack

Boost time variation can be eliminated by
simply removing the boost timer. However,
something else must replace it. At this por-
tion of the cycle, the mold will be essentially
filled, and any further filling will result in ex-
tensive compression of the melt. Plastic com-
pression is necessary for good part qualities,
and the extent of compression must be prop-
erly controlled. When compression occurs,
a dramatic rise in pressure is experienced.
Sensing this rise will place the end of fill at
its proper time without the use of a timer.

In the case of fill and pack, the proper pres-
sure parameter has already been selected.
However, the methods of pressure control
can usually be improved. The level of pres-
sure in pack or hold and the dynamic perfor-
mance are important aspects of the overall
process control.

Process Control Parameter Variables

The process capability of the machine set-
tings is linked with material status variables
in the process in order to intercept not only
machine but also material-induced variations
in product properties. Changes in process-
ing parameters are to be identified and cor-
rected (1) during the injection phase via the
injection work and (2) during the follow-up
pressure and cooling phase from the PVT
(pressure-volume-temperature) status curve.
The successful operation of the IMM depends
upon the selected intervention point, the sen-
sors used, and the control elements in con-
junction with the microprocessor.

The starting point for successful molding is
a melt that is thermally and mechanically
as homogeneous as possible with defined
flow properties. The mold filling operation is
determined by melt viscosity. Knowing this
value directly at the nozzle head is desirable,
but a machine nozzle designed to function
as a capillary rheometer, which incorporates
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several pressure transducers, will only be-
come practical in the future. Excessive res-
idence time, shear fracture leading to degra-
dation, and very often very high injection
pressures militate against their current use.

Unlike extrusion, melt feed in injection
does not take place under steady state condi-
tions (3). For this reason it is not realistic to
expect ahomogeneous melt, particularly with
the long feed path that occurs during extru-
sion. Depending on the plastic and screw de-
sign, nonuniform axial melt temperature pro-
files occur in the space in front of the screw.
Generally large L/ D ratios for the screw and
feed paths shorter than 3.5 D reduce this
effect. Screws with diameters greater than
3.5 in. (90 mm) should be 20 to 24 D long
and those with a D less than 3.5 in. should be
18 to 20 D.

Adaptive Ram Programmers

In injection molding a number of variables
in plastic materials and machine conditions
tend to change during production (Chap. 11,
Plastic Material and Equipment Variables).
All these variables affect the critical proper-
ties of the molded product. When material
properties change or the machine drifts out-
side the ideally preset operating parameters,
the operator must reestablish the conditions
best suited for making the part. He or she is
faced with a complex situation as the interde-
pendency of machine functions and material
conditions requires a thorough understand-
ing of the process, and a series of complex
adjustments on the machine must be made to
maintain part quality. Often, the variables are
not controllable to the necessary degree, and
the operator has to contend with imperfect
production and a high rejection rate.

The Spencer and Gilmore equation devel-
oped nearly thirty years ago is now widely
utilized to predict the relationships that must
be maintained to keep the critical functions
that affect part quality constant. This equa-
tion indicates that the plastic pressure and
volume are inversely related if temperature
(or material viscosity) is constant. During
molding, filling, and packing, the plastic tem-
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perature drops only slightly because of the
short time interval involved. The material vis-
cosity tends to change, however, as a func-
tion of composition or long-term tempera-
ture conditions of the machine.

The shrinkage of the plastic during mold
cooling is primarily determined by the num-
ber of molecules in a given cavity under a
given pressure. For this reason, cavity pres-
sure controls have been utilized in an effort
to control the shrinkage parameters of the
part. As viscosity changes, however, the plas-
tic volume must be adjusted so that the num-
ber of molecules packed in a mold cavity
will remain constant. To accomplish this, the
precompressed shot size must be adjusted so
that when the desired pressure in the cavity
is reached, the total volume under pressure
that exists between the tip of the ram and
the cavity will be held constant. As the two
parameters, pressure and volume, are highly
interdependent, continual adjustments must
be made (on each shot) following the trends
in material parameters.

Another critical condition to be main-
tained is plastic flow rate. The Poiseuille
equation for fluid shows the significance of
pressure on flow rates. Plastic viscosity varies
considerably during flow. The effect is to
make flow behavior dependent on pressure.
As the operator desires to maintain the flow
surface velocity for the plastic constant or
adjust the flow in accordance with the re-
quirements of the mold, the injection velocity
together with material volume and pressure
form the most important parameters that
have to be controlled to maintain part quality.

Until this point, individual parameters
such as cavity pressure, ram oil pressure, and
ram velocity have been measured and even
controlled. The interdependence of these
three functions, however, demands that a
control system be utilized that can control all
three parameters simultaneously, while being
capable of automatic adjustments and deci-
sion making to maintain the equations in bal-
ance during the molding process.

The Hunkar Model 315 adaptive ram pro-
grammer system is designed to perform these
functions totally automatically, having the
capability of continually adjusting critical
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parameters and maintaining a constant pro-
cess. Figures 7-63 to 7-67 explain some of the
control functions.

Injection Molding Boost Cutoff
or Two-Stage Control

Two-stage control provides a method of
controlling the injection molding process via
the cavity pressure control to enable consis-
tent injection fill time. The boost cutoff ap-
proach can be interpreted incorrectly owing
to its simplicity; some of the subtleties in-
volved in its use are often overlooked. When
molding with a machine that has no closed-
loop control, the most generally accepted
molding practice is to mold with enough pres-
sure on the first stage or high volume pump to
fill and pack the cavity as shown in Fig. 7-68.

The first-stage pressure is initiated at the
start of the injection cycle and is maintained
by the first-stage timer. This timer is set with
enough time available so that the mold cav-
ity(s) can be completely filled and packed
before the timer has completed its cycle.
When the timer completes its cycle, the ma-
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chine control switches from a first-stage to
a second-stage pressure. Second-stage pres-
sure is set to a level sufficient to hold the
material in the cavity(s) until the plastic so-
lidifies. This technique requires a cushion of
plastic melt ahead of the screw. The cush-
ion allows pressure in the injection cylinder
to be transferred to the mold cavity, thereby
preparing the mold for packing and holding.

During the first pressure stage of the mold-
ing cycle only enough pressure is used to fill
and pack the cavity. When the first-stage hy-
draulic pressure is set by this method, varia-
tions in melt viscosity and temperature as well
as mold temperature and fill rate can cause
greater or lesser pressure losses through the
mold runner(s), gate(s), and cavity(s). In
turn, mold variations in mold cavity pres-
sure develop, which then produce variations
in the performance of the molded product. In
Fig. 7-68 cycle (1) shows a typical pressure
reading during the molding cycle. Cycle (2)
represents a variation in plastic cavity condi-
tions even though the machine conditions are
constant. In injection the mold pressure vari-
ations are the greatest single cause of molded
product variations. It is this type of process
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to prevent product flashing and a programmable pressure transition slope simulating ram bounce, thus
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DNA Genotek Inc.  Exhibit 2029 Page 505
Spectrum Solutions LLC v. DNA Genotek Inc.  IPR2023-01424



7 Process Control 699

With HydraulicPressure

Sensor Hydraulic Pressure

Transducer \

I Il Flowdivider
| ServoValve
Ram Position O C@
Tronsducer
0il
Comparator Preamp.

Pressure

Fig. 7-66 Injection pressure cutoff control.

Hydraulic Pressure
Ttunsdm:er

— o o w I]‘
(T Y \ T P:S:Fﬂ- i * Flowdivider
i i . : ServoValve

\C B ; :

avity Pressure Sensing

Loadcell Behind Ejector Pin @) _C(E
Ram Position cogoe
Transducer

i

Hold Press.
Setpoint

Hydraulic Pressure Feedback

83500

F

Command Servo Amp

1 2095 _|_. Generator

Back Press.
Setpoint

Fig. 7-67 Holding and plasticize pressure control.

DNA Genotek Inc.  Exhibit 2029 Page 506
Spectrum Solutions LLC v. DNA Genotek Inc.  IPR2023-01424



700

HYDRAULIC
PRESSURE

BOOSTER TIME‘vLHOLDING-’
TIME

TIME et

!

CAVITY
PRESSURE

TIME ommmmmnly

Fig.7-68 Injection molding without boost cutoff.

variation that the boast cutoff approach elim-
inates (Chap. 11, Plastic Material and Equip-
ment Variables).

As shown in Fig. 7-69, when using boost
cutoff, the boost pressure used to fill and pack
the cavity will usually be higher than normally
used. If the boast cutoff were turned off for
any given shot, the first-stage pressure set for
boost cutoff would allow the cavity to be filled

7 Process Control

and overpacked. This higher than normal
first-stage pressure allows the IMM to deliver
high energy to the plastic melt in the form
of pressure to fill and pack the mold quickly.
This extra high pressure allows the machine
to overcome increases in viscosity of the melt.

This excess injection energy enables one
to maintain uniformly high injection speeds
even with variations in the viscosity of the
melt. The proper use of a good manual
pressure-compensated flow control to set
the injection rate is essential for maintaining
a uniform pattern. Even with a noncompen-
sated manual flow valve on the machine, im-
proved uniformity in fill rates can be achieved
utilizing the boost cutoff technique. How-
ever, with a manual pressure-compensated
valve, variations can be reduced to as littie
as +1% in fill rate control using boost cutoff.

Having provided the excess energy neces-
sary to achieve cavity fill, coupled with the
correct use of flow control to keep the fill
rate constant, it is only necessary to know
when to turn the energy off in order to en-
sure that the proper degree of packing is ob-
tained.

Figure 7-69 shows the point where the
energy is turned off. It is called the boost
cutoff or DPC (degree of packing cutoff)
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Fig. 7-69 Injection molding with boost cutoff.
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setpoint. When this mold pressure setting
is reached the machine switches from the
first-stage injection pump to the second-stage
injection pump automatically. Mold pressure
continues to rise after this setpoint is reached
until a peak pressure is obtained. This con-
tinued rise in pressure above the cutoff set-
point, called “overshoot,” is caused by the
response of the molding system when the set-
point is reached, and keyed to the speed of
the screw or plunger.

If the screw or plunger is moving at a high
rate of speed when the first-stage pressure
is cut off, the pressure will continue to rise
while the screw or plunger is decelerating. If
the screw or plunger is moving at a lower rate
of speed when the cutoff setpoint is reached,
there will be very little overshoot caused by
its deceleration. The amount of overshoot
is a variable that depends primarily on fill
rates. To compensate for overshoot, the
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molder may have to fine tune the boost
cutoff setpoint when fill rate changes are
made in the process.

Injection Molding Controller Three-Stage
Systems

Three-Stage Systems

Three-stage controller systems allow one
to use ram position and/or hydraulic pres-
sure to stage the machine between the various
stages of the molding cycle when cavity pres-
sure sensors are unavailable in a given mold.
A three-stage process control diagram is
shown in Fig. 7-70. These controllers can also
be used with a programmed injection device
on the IMM to provide optimum flexibility
and cost-effective control. The three-stage
system divides the molding cycle into three
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distinct stages of fill, pack, and hold. Its con-
troller allows mold fill rates to be completely
independent of the mold packing rates. The
degree of mold packing (peak or maximum
mold cavity pressure) is controlled indepen-
dent of fill rate. A third-stage hold pressure
control is added to the molding machine and
used to hold the correct melt pressure in the
cavity during solidification and to prevent
problems such as sink mark(s).

This type of controller has both a fill timer
and a pack timer to allow monitoring of fill
and pack time based on the requirements
of the melt. The three-stage controller also
controls peak mold pressure accurately be-
cause the rate of pack is reduced, eliminat-
ing the potential of second-stage overshoot.
Other approaches to the use of a three-
stage systems allow the molder to fill with
melt pressure, pack, and stroke as well as fill
with stroke, and pack with hydraulic pres-
sure. Also, fill and pack transitions can be
accomplished using only cavity pressure. On
a mold equipped with cavity pressure sen-
sors, a full stroke and pack with melt pres-
sure, or filling and packed completely with
melt pressure, are the optimum approaches
to be used. This control method provides op-
timum cost and flexibility for process con-
trol.

Mold Cavity Pressure Variables

One of the problems in monitoring and
controlling melt pressure is that it is not a
constant for all positions in the cavity. Pres-
sure in the mold cavity varies significantly
from the applied pressure. It also varies with
distance of flow and shape of cavity(s) in
regard to melt flow pattern, resulting in high
cavity pressure at the gate and low pressure
at the end of the flow path. However, with
proper balance of pressure, temperature,
and time, the pressure profile can be made
to be relatively even (if required). Another
approach involves controlling the upstream
cavity pressure and monitoring the last point
to fill so that the cavity pressure profile can
be maintained. This approach is utilized in
intelligent mold systems.
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Programmed Molding

Programmed injection can enable speed
modification to provide nonuniform melt
flow rate. It has many applications, primarily
in thick molded parts, optical parts, and a
variety of special applications where size and
complex shapes are used. If a mold can be
used to make good parts in a conventional
IMM, then programmed injection is not
necessary. A better approach is to keep the
injection rate consistent shot after shot. On
a machine equipped with a mold pressure
control system, increased first-stage injection
pressure can be used to overcome viscosity
variations.

A simple but effective pressure-compen-
sated flow control can be used to control fill
speed. The flow control can be set by observ-
ing fill time reading on the control system and
adjusting a valve to set the correct reading.
Fill time can be held to 1% using this simple
and easy to process method. A servovalve
base will greatly reduce flow rate variations.

Parting Line Controls

Part line control is a relatively new addi-
tion to the group of injection molding trans-
fer point control strategies (595). An impor-
tant consideration is its relative effectiveness
in the removal of process disturbances com-
pared to the standard group of techniques
commonly supplied with most process con-
trol packages (7). Transfer point strategies in-
clude (1) time, the reference strategy, which
may be considered an uncontrolled or open-
loop process; (2) in-cavity pressure (gate),
usually the most effective control point;
(3) in-cavity pressure (runner), almost as ef-
fective as the gate position but has a slightly
differing response; and (4) ram position, quite
frequently used when it is not possible to put
an in-cavity pressure sensor in a mold.

The parting line method controls the pro-
cess by using the movement between mold
halves as the plastic is injected into the mold
as the feedback variable. This movement
across the mold parting line is used to ini-
tiate the transfer from injection to holding
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pressure; it therefore performs as a “transfer
point” controller. Transfer point control has
been around for some time and is a common
component of most process control packages
for injection molding. Four strategies are in-
cluded in current commercial transfer point
packages; “part line” adds a fifth.

Part line control has a major advantage in
that its sensor is simply added to the outside
of the injection mold. This technique results
in little or no machining cost. The initial mar-
ket has been primarily those manufacturers
insearch of an add-on to older machines with-
out full control packages.

Although this concept sounds simple, its
implementation required numerous develop-
ments in sensors, amplifier stability, and spe-
cial signal processing that have only recently
come together in a cost-effective manner.
Achieving stable, repeatable resolution of
movement at the level of millionths of aninch
in a production environmentis no simple feat.

Computer Microprocessor Controls

Reduced to a common denominator, the
usual requirements for processing are better
quality with reduced materials consumption.
A control system is expected to provide
exact acquisition of the significant process
parameters, minimum response time, and
high reproducibility. Constant maintenance
of production documentation is important,
not the least because of the manufacturer’s
liability for the product (Chap. 9).

Computer Processing Control Automation

Computer processing control automation
can be applied to the fabricating process
when some degree of precise control is re-
quired. Adapting such automation is straight-
forword if the process is easy to survey and
can be described by data. However, clear
physical relations can seldom be set up
because the flow process is coupled with
thermal and mechanical models. A valid
description is usually only achieved by exper-
iments such as trial and error. The important
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process parameters are changed one at a
time to the limits of the working point.

Molding Thin Walls

Conventional melt delivery systems are
usually not well suited for thin wall mold-
ing. This is particularly true when using hot
runner systems with engineering plastics. Ex-
tremely high injection pressures, properly
controlled cavity fill speed at the start of fill,
and stringent gate quality requirements asso-
ciated with these applications require a spe-
cialized melt delivery. For example, without
high pressures and uniform high heat at the
gate(s), melt tends to freeze at the gate(s).
Pressure changes occur with fill rates; faster
fill tends to produce parts with less pressure
gradients from the gate(s) to the last area to
fill in the cavity (75, 118, 156, 299).

Thermoplastics have non-Newtonian melt
flow characteristics, that is, their viscosity will
change dependent on their velocity or the
amount of shear that occurs in the melt. This
non-Newtonian characteristic is the key to
thin wall molding. As in any molding setup
one cannot just simply ram the melt into the
cavity. Its flow characteristic, gate(s) size(s)
as well as position(s), and venting have to
be balanced to obtain the desired structural
part and meet tight tolerance requirements
(Chap. 5, Molding Tolerances, Thin-Wall
Tolerances).

Control System Reliabilities

Control systems must be reliable and that
reliability is not a matter of luck but rather a
result of thoughtful planning and implemen-
tation. Ensuring control system reliability is
a critical productivity factor during any stage
of system implementation from purchasing
to system start-up. With the range of control
options available, separating the truth from
the hype about reliability from one system
to another can be difficult. Is a reliable sys-
tem one that does not fault, that shuts down
at the right time, or that never shuts down
despite the external environment? Control
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system reliability can be defined as knowing
and understanding the control system’s ex-
pected behavior at start-up, during process-
ing, and at shutdown.

The definition applies to both personal
computer-based (PC-based) and program-
mable logic controller-based (PLC-based)
systems with one exception: In a PLC-based
system, as part of a supplier’s quality check
responsibilities, control designers confirm
reliability. In a PC-based control system,
users who take advantage of the key system
benefit of multivendor product integration
shift responsibility for reliability from the
supplier to themselves. Depending on the
extent of control systems integration, this
can result in myriad factors, known and
unknown, that may contribute to reliability.
Although it would be difficult to highlight
every factor that contributes to system relia-
bility, it is important to understand the basic
factors, risks, and suggestions. These factors
include software issues and hardware issues.

Operations Optimized

Many consumers require from the suppli-
ers the delivery of increasingly more complex
moldings meeting high quality standards.
The material quality is the responsibility of
the supplier. To minimize costs and improve
the technical quality, it is necessary to contin-
uously monitor and optimize the production
by such methods as the FALLO approach
(Fig. 1.1). The increasing complexity of in-
jection molding parts requires even more ac-
curate tuning of the manufacturing process.
Optimization is not a static process that can
be carried out once and left alone but is a
dynamic, continuous process. The continu-
ous changes in ambient conditions, material
and IMM variables, and mold wear force a
constant reexamination of the process oper-
ational settings.

Control Tradeoffs

Most control units provide independent
control loops and usually only control one
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major variable. At present a few handle sev-
eral variables so that the operation of a com-
plete line requires the skill of one or more
operators. Properly installed controls are ex-
tremely useful for simplifying setting up, op-
erating, and shutdown of the line. Tradeoffs
are inevitable in these complex operations
where controls provide a major input on the
action to be taken.

Lines have been operating with differ-
ent degrees of automation via computer-
integrated controls. These provide improve-
ments in operating procedures and quality
assurance usually resulting in reduced costs.
These closed-loop systems maintain long-
term repeatability of factors such as melt
velocity and pressure, independent of what
could be occurring with component wear, un-
balance of equipment in the line, and/or plas-
tic material variations.

Usually elaborate control systems cannot
correct for problems such as those caused
by: (1) a worn screw and barrel; (2) inade-
quate drive torque; and/or (3) poor screw
design. For example, such systems will not
yield good temperature control unless all
features essential to good control are well
maintained. Obviously, burnt-out heating
elements cannot be tolerated. Another com-
mon deficiency for liquid cooled extruders
is fouling or restrictions in the plumbing
system or inoperative valves.

Process Control Limitations
and Troubleshooting

Shorter cycle times and thinner or more
complex parts continually increase the need
for precise control in injection molding. At
these higher production rates, excessive scrap
and rejects become less desirable than ever,
and the molder is faced with trying to reduce
these levels.

Molding optimization is further compli-
cated by highly automated operations that
move the products directly from the molding
machine to assembly stations. Effective
process control, therefore, is essential to
maintain the benefits of modern process
technology.
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Table 7-4 Example of comparing injection molding processing versus properties

Back
Control Check Value Gate Size  Pressure Screw Speed  Fill Time

Check valve Ring Ball Ring Ring Ring Ring
Gate size, in. 0.13x0.25 0.13x0.25 0.062x 0.063 0.13x0.25 0.13x0.25 0.13x0.25
Back pressure, psi 0 0 0 125 0 0
Screw speed, rpm 73 73 73 73 52 73
Fill time, 1 1 1 1 1 4
Notched Izod impact

strength, ft/lb/in. 32 2.6 1.9 1.5 4.0 39
Flexural strength,

10° psi 17 17 17 17 19 18
Flexural modulus,

108 psi 0.98 0.98 0.98 0.98 1.00 0.98

Purchasing a more sophisticated process
control system is not a foolproof solution to
molding-quality problems, however. To solve
part-reject problems requires a full under-
standing of the real causes, which may not
be as obvious as they first appear. Failure to
identify the contributing factors may send the
molder on a time-consuming quest for “the
perfect part.”

The conventional place to start trou-
bleshooting a problem is melt temperature
and pressure. But often, the problem is a
lot more subtle; it may involve mold design,
faulty control devices, and other machine
components (Table 7-4). Sometimes, factors
not directly related to the process may be
influencing quality, such as an operator
making random adjustments of control de-
vices. Process control systems usually cannot
compensate for such extraneous conditions.

Despite the benefits that can be realized
with sophisticated instrumentation and com-
puterized control systems, there can be many
pitfalls in selecting software. You must make
sure that the package you choose produces
the desired results while considering control
objectives and hardware capabilities at the
same time.

Control
All processes are under some degree of

control. All molding machines are equipped
with a variety of controls. However, most of
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these controls are of an open-loop type. They
merely set amechanical or electrical device to
some operating temperature, pressure, time,
or travel. They will continue to operate at
their setpoints even though the settings are
no longer suitable for making quality parts.
The problem s that the total processis subject
to a variety of hard-to-observe disturbances
that are not compensated for by open-loop
controls.

“Process control” closes the loop between
some process parameter and an appropriate
machine control device to eliminate the effect
of process disturbances.

There are several levels of process control
sophistication; each uses different control pa-
rameters. One level employs cavity-pressure
measurement, which is the single most useful
control parameter for injection molding.

The most efficient application of a process
control strategy requires an understanding of
the various aspects of process variation and
their relationship to product quality.

There are two basic approaches to solving
a molding quality problem: (1) Correct the
basic problem, or (2) overpower it with an
appropriate process control strategy.

The approach selected depends on the na-
ture of the processing problem and whether
time and money are available to correct
the problem. Process control may, in some
cases, provide the most economical solution.
To make the decision, one must systemati-
cally measure the magnitude of these nor-
mal process disturbances, relating them to
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product quality and identifying the cause
whenever possible.

Before investing in a more expensive sys-
tem, the molder must methodically deter-
mine the exact nature of the problem in order
to decide whether or not a “better” control
system will solve it.

Tie-Bar Growth

An example of a problem that most con-
trols do not consider involves the effect of
heat on tie-bars, which can directly influence
mold performance. The following informa-
tion provides the calculations for tie-bar elon-
gation and mold thermal growth.

Tie-Bar Elongation

The change in tie-bar length e can be cal-
culated as follows:

e_F><L
T ExA

where F = force per tie-bar
L = bar length
E = modulus of elasticity
A = cross-sectional area of bar

At maximum die height (178 in.) on a 500-
ton injection molding machine with a tie-bar
diameter of 6 in. (or a cross-sectional area of
28.27 sq in.), tie-bar elongation equals

250,000 1b x 178 in.
30 x 106 psi x 28.27 sq in.
= 0.0524 in. (0.1331 cm)

€max =

At minimum die height (146 in.), the elonga-
tion is
250,000 Ib x 146 in.
30 x 106 psi x 28.27 sq in.
= 0.0430 in. (0.0430 cm)

€min =

To calculate the effect of a small change in
elongation on the force on a tie-bar, we solve

for F:
eEA
F=—
L

At maximum die height, the change in force
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per 0.001-in. elongation equals

0.001 in. x 30 x 109 psi x 28.27 in.
178 in.
= 4,764 1b (2,163 kg)
At minimum die height, the change in force
for the same elongation is
P 0.001 in. x 30 x 10 psi x 28.27 in.
e 146 in.
= 5,808 Ib (2,637 kg)

max —

Thermal Mold Growth

Uneven mold growth can occur with a tem-
perature differential across the mold. Mold
growth G is calculated by the following for-
mula:

G = mold length
x coefficient of linear expansion
x mold temperature

In a 20-in.-long mold, where the tempera-
tures are 100 and 120°F, mold growth equals

Gioo = 20 in. x 6 x 107% in./in./deg x 100°F
= 0.0120 in. (0.0305 cm)

Gizo = 20in. x 6 x 1078 in./in./deg x 120°F
= 0.0144 in. (0.0366 cm)

The difference in growth on different sides of
the mold is then

Gizo — Gigo = 0.0144 — 0.0120
= 0.0024 in. (0.0061 cm)

Shot-to-Shot Variation

During injection molding, shot-to-shot
variations can occur. Major causes of in-
consistency are worn nonreturn valves, bad
seating of a nonreturn valve, a broken valve
ring, a worn barrel in the valve area, or a
poor heat profile. To identify the cause, one
follows a logical procedure. Any problem
caused by the valve will cause the screw to
rotate in the reverse direction during injec-
tion. To locate the trouble, one must pull
and inspect the valve, and check the outer
diameter of the ring for wear. The inspector
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looks for a broken valve stud (caused by cold
start-up when the screw is full of plastic),
bad seating of the ring or ball (angles of the
ring inner diameter and the seat must be
different, in order to ensure proper shutoff
action at the inner diameter of the ring), or
a broken ring. One checks the dimensions
of the valve and compares them with those
determined before using the machine.

A poor heat profile for crystalline resins
can cause unmelted material to be caught be-
tween the ring and seat, holding the valve
open and allowing leakage. A change in the
heat profile or the machine’s plasticizing ca-
pacity is not sufficient to correct the problem.
For any resin, if the problem does not occur
with every shot, the cause may be improper
adjustment or damaged barrel heat controls.

Nonuniform melt density could be caused
by nonuniform feeding to the screw and/or
regrind blend, which could have a different
bulk density. Increasing the back pressure
may help. This throughput condition, the
residence time of the plastic in the barrel,
and the barrel heat profile are all important
in obtaining the best melt quality. The heat
profile is the most important parameter and
varies from resin to resin, as well as with
different cycle times and shot sizes. As the
following example shows, a screw operating
under two different conditions will produce
different results.

Consider a screw that is a 2-in. diame-
ter, 20:1L/ D with 20-0z melt screw capacity.
With a 15-sec cycle and shot size of 2 oz, it
operates as follows:

20 oz (screw capacity) + 2 oz = 10 cycles
15-sec cycle = 4 cycles/min
10 cycles + 4 = 2.5 min of residence time,
from the time plastic starts
through the screw until it
enters the mold

Another set of requirements uses a 6-0z
shot size with the same 15-sec cycle:

20 oz + 6 oz = 3.33 cycles
3.33 cycles +~ 4 = 0.83 min of residence time

In the second case, a higher rate of melting
will be required, with the probability that the
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screw will be inadequate for the melt, and
problems will develop.

The inventory in a screw will run between
1% and 2 times the maximum shot size rat-
ing in polystyrene. With other resins, cal-
culate the difference in density to arrive at
the maximum shot size and expected inven-
tory.

Injection molding can produce a wide
range of products that vary in weight by less
than 0.1% (7). This accuracy is a product of
electronic controls, hydraulics, and mechan-
ical design. The variable that has the largest
repeatability is the scan time of the program.
This is the time it takes to complete the con-
trols program once. In many machines, this
can be more than 20 msec. Scan time is a
product of the length of the program, speed
of the microprocessor, and method of run-
ning the individual functions. With a parallel
processing system (Fig. 7-71), control of the
clamp, injection, hot runner, and robotics can
occur largely outside of the machine control
sequence. A machine with servorobotics and
64 hot-runner zones could have 8 to 10 micro-
processors running in parallel and the scan
time could still be under 2 msec.

The shot-to-shot repeatability improves
dramatically as the scan time is decreased.
As an example, when scan time was re-
duced from 8 to 3 msec, the weight variation
dropped from 0.86% to 0.27%. In this case
and many others, the relationship is approxi-
mately linear. This is true not only for weight
variation but also for other key variables such
as screw position repeatability and injection
pressure repeatability.

Many factors affect repeatability, includ-
ing fill time, screw design, and nonreturn
valve selection. Applications that require fast

Robot
Controt

In;ectlon Control

Processi|

Temperature Control

Clamp Control

‘I

Central
Unnt

rocessing
Unit

Operator Interface
Fig. 7-71 Parallel process system.
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injection to be able to fill the part will gener-
ally have greater weight variation on a per-
centage basis. However, the molder has little
control over this. Slowing the injection can re-
quire more packing and result in higher part
weight and molded-in stresses.

Consistent melt quality is an important fac-
tor in ensuring shot-to-shot repeatability. As
a result, the screw geometry needs to be se-
lected to match the specific requirements of
the polymer and/or application. For example,
for PET the best results are obtained with
a screw having a low compression ratio and
deep flights. For HDPE pail applications, the
screw must be capable of a high plasticizing
rate at a low melt temperature.

Screws with high L/D ratios (25:1) im-
prove mixing for a wide variety of resins and
help ensure that the melt temperature does
not vary from shot to shot. Screw size also
affects repeatability and so proper sizing of
the screw for each application is important.
For example, an 820-g HDPE part can be
run with a 70-mm screw or 100-mm-diameter
screw. If we assume that the position of the
screw can be sensed to within £:0.05 mm, the
70-mm screw will see a variation of 0.4
whereas the 100-mm screw will experience a
2-g variation from the transducer resolution
alone. In instances where an injection unit
must be used for a range of applications with
different shot sizes, the two-stage injection
approach offers advantages over the more
common reciprocating screw (RS). RS units
lose much of their accuracy in applications
where the injection stroke is less than one
screw diameter, whereas two-stage units re-
main accurate.

7 Process Control

Most RS-type injection units use nonreturn
valves to prevent the melt from flowing back
over the screw flights during injection. The
type of valve selected affects the level of shot
control. For example, a ball check valve gen-
erally offers better shot control than a ring
check valve.

Closed-loop injection often shows more
than a 50% reduction in shot-to-shot
repeatability, particularly during start-up or
other intervals of unstable conditions. How-
ever, as the injection duration decreases, so
do the benefits of the closed loop. At 0.1-
injection, a closed loop does not significantly
improve repeatability as the feedback loop
cannot update fast enough to control screw
displacement.

Measuring repeatability by percentage
variation can be misleading if different mold-
ing applications are compared. Table 7-5
shows that an open-loop system, with an
8-msec scan time, can exhibit a smaller per-
centage of weight variation than a closed-
loop system with a 3-msec scan time, if the
shot size, fill time, and screw sizing are dra-
matically different.

The positional accuracy of the injection
unit and clamp is essential to repeatability.
Linear transducers on today’s injection
molding machines can be accurate to within
0.05 mm and update the position every
millisecond. Response time of the hydraulic
system has a major impact on repeatability.
The use of cartridge valves, which have fast
response times and minimal leakage, ensures
consistent performance from shot to shot.

Variations in oil temperature can increase
weight variations even with closed-loop

Table 7-5 Effects of resolution on shot-to-shot repeatability

Scan Shot Diameter Variance Variance

Mold, Machine Controls (ms) Size(g) Fill(s) of Screw (2) + (%)
32-Cavity

hot-runner mold,

300-ton machine ~ Open-loop 8 1,800 3 3xD 222 0.06
24-oz Dairy

container, 2 x 4

stack mold,

500-ton machine  Closed-loop 3 450 0.3 04xD 1.10 0.12
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FROM EQUIPMENT

TO EQUIPMENT
KIDNEY LOOP FILTER
1 MICRON
IN-LINE FILTER
25 MICRONS

PUMP

CiL RESERVOIR

Fig. 7-72 Husky’s bypass oil filtration system.

control. With a closed-loop temperature con-
tro] valve on the heat exchanger and an ad-
equately sized oil tank, oil temperature vari-
ation can be held to within +1°F. Excellent
oil filtration is essential. Closed-loop con-
trol cannot compensate for particles caught
under a valve seat. With bypass filtration
(Fig. 7-72), particles greater than 1 um can
be removed. This, combined with good oil
temperature control, provides a very homo-
geneous hydraulic medium.

All these developments are of very limited
value if vibration in the machine is not con-
trolled. A rigid base and thick platens mini-
mize mold deflection. Figure 7-73 shows the
effect platen thickness can have on deflection
under load.

Deflection (inches)

709
Intelligent Processing

Inefficiency increases costs. The intelligent
processing (IP) of materials is one approach
used to deal with inefficiency. This tech-
nology utilizes new sensors, expert systems,
and process models that control processing
conditions as materials are produced and pro-
cessed without the need for human control or
monitoring.

Sensors and expert systems are not new in
themselves (Chap. 9, Artificial Intelligence),
but what is novel is the manner in which they
are tied together. In IP, new nondestructive
evaluation sensors are used to monitor the
development of a materials microstructure as
it evolves during production in real time.
These sensors can indicate whether the mi-
crostructure is developing properly. Poor mi-
crostructure will lead to defects in materials.
In essence, the sensors are inspecting the ma-
terial online before the product is produced
(250, 314).

Intelligent Communications

The information these sensors gather is
communicated, along with data from con-
ventional sensors that monitor temperature,
pressure, and other variables, to a comput-
erized decision-making system. This decision

0.030

0025 L LT T T

Range of Thickness Available
Among Major Manufacturers

0.020 =+

0.015 1

12
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Stationary Platen Thickness (inches)

Fig. 7-73 Platen thickness versus deflection for a 500-ton machine at maximum tonnage operating

with a 24 in. x 24 in. (54 cm x 54 cm) test block.
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maker includes an expert system and a math-
ematical model of the process. The system
then makes any changes necessary in the pro-
duction process to ensure the proper forma-
tion of the material’s structure. These might
include changing temperature, pressure, or
other variables and will lead to a defect-free
end product.

Systematic Intelligent Processing

There are a number of benefits that can be
derived from intelligent processing. There
is, for instance, a marked improvement in
overall product quality and a reduction in
the number of rejected parts. Furthermore,
the automation concept behind intelligent
processing is consistent with the broad,
systematic approaches to planning and im-
plementation being undertaken by industries
toimprove quality. Itisimportant to note that
intelligent processing involves building in
quality rather than attempting to obtain it by
inspecting a product after it is manufactured.
Thus, industry can expect to reduce postman-
ufacturing inspection costs and time. Being
able to change manufacturing processes
or the types of material being produced is
another potential benefit of the technique.

Processing Rules

There are numerous rules to remember:

1. Processing is a marriage of machine,
mold or die, material, process control, and
operator all working together

2. The plastics business is a profit-making
business, not a charitable or nonprofit gov-
ernment organization

3. Heat always tends to go from hot to cold
through any substance at a controlled rate

4. Hydraulic fluids or electric drives are
pushed, not pulled, at a rate that depends on
pressure and melt flow

S. The fastest cycle or rate of output
that produces the most products uses: (a)
minimum melt temperature for fast cool-
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ing, (b) minimum pressure for lowest stress
in products, and (¢) minimum production
time.

6. All problems have a logical cause—
understand the problem, solve it, and then
allow the machine to equalize its production
to adjust to the change

7. Remember if it does not fit, do not force
it.

There are also some rules to forget:

1. The machine has a mind of its own
2. It takes a genius to operate a machine

3. All problems are caused by bad part de-
sign, bad tooling, or bad setup

4. My job is secure

5. If a little bit does a little good, a whole
Iot does a whole lot of good

6. If you twist enough knobs, the problem
will go away

Processing and Patience

When making processing changes, allow
enough time to achieve a steady state in
the complete extrusion line before collect-
ing data. It may be important to change
one processing parameter at a time. For
example when one changes extruder screw
speed, temperature zone setting, cooling roll
speed, blown film internal air pressure, or an-
other parameter, allow four time constants to
elapse to achieve a steady state prior to col-
lecting data.

Processing Improvements

New developments in equipment and plas-
tic materials usually offer improvements in
processing capabilities. Although these im-
provements do not occur at the rate of com-
puter changes keeping up to date on what
is available can be a full time job. As in the
past, these improvements reduce cost and
aid in meeting the (asymptotic) goal of zero
defects.
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Control Advantages

Originally, a century ago, the choice of in-
jection molding controls was more or less
an afterthought. The user would select the
equipment very carefully and then choose a
few temperature controllers to keep the tem-
peratures in the barrel and the mold con-
stant. In today’s market, if the user wants to
stay competitive, he or she must recognize
that what is being purchased is performance,
and the best performance results when all el-
ements of the line are integrated into one
harmonious system. Each element interacts
with the others to produce the optimum re-
sult. This can only be done by proper controls;
controls are just as important as the injection
molding, the mold, and the rest of the line.
In fact, it is the control subsystem in the last
analysis that determines how well the other
elements work. To ignore it would be like
saying that the only thing that counts in the
Indianapolis 500 is the racing car. Everybody
knows that the driver is just as important, if
not more so.

As controls have become more sophisti-
cated, the proportion of the total purchase
dollar that goes into controls has increased,
and users have had to break their old habits
of spending lavishly on hardware and econ-
omizing on controls. And there is no reason
why one should resist this trend. Profitability
is what counts, and if a dollar spent on bet-
ter controls pays off more, it makes sense to
spend it there.

The types of controls can be categorized as
follows:

1. Machine controls. Controls that affect
some characteristic of the machine itself. Ex-
amples are temperature controls and rpm, or
speed, controls.

2. Process controls. Controls that measure
and control some characteristic of the plastic
or plastic flow within the machine, for
example, melt temperature controls, melt
pressure controls, and parison programmers.
Process controls usually operate by varying
some characteristic of the machine. They
are, therefore, usually cascade controls that
must interact with the machine controls.
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3. Product controls. Controls that measure
and control some characteristic of the final
product produced by the machine. They, in
turn, tend to operate by interaction with both
the machine and process controls. They usu-
ally do this by altering the setpoints of the
other controls, again in a cascade control
fashion.

4. Plantwide control and management.
Controls that ensure that all of the molding
machines of the plant operate in such a fash-
ion so as to maximize quality and profitability.

The advantages in process control and
monitoring include the following:

1. Systematic and rapid optimization of in-
jection molding quality and cycle time

2. Quality assurance through automatic
processing checks during every cycle

3. Reduction in testing and checking costs
of moldings

4. Automatic separation of pass and reject
parts

5. High repeatability of molded article
quality, even when swapping machines

6. Considerable quality enhancement with
older machines

7. Check proof of the machine’s processing
capability

8. Reduced restarting times

9. More effective fault finding and removal

10. Reduction of mold maintenance costs

Plantwide Control and Management

It is seldom that a molding plant has just
one machine. And if it has more, one discov-
ers that it is not what happens on the individ-
ual machine that determines profitability. It
is the average performance of all of the ma-
chines that counts. The more machines there
are, the harderit is to keep track of the million
and one details that go into proper operation.
It becomes harder for process engineers to be
present when needed, maintenance people to
know when a machine needs attention, and
management to know when a decision must
be made.
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Modern central control and management
systems have changed all this. In the past
twenty years, they have been known by a vari-
ety of terms: supervisory control, distributed
control, CAD/CAM, and at this writing CIM.
All refer to the same thing: a system that can
monitor all operating parameters on every
machine in the plant and issue instructions
to that machine so as to assure efficient (and
profitable) operation.

Modern systems can take over entirely the
programming and monitoring of machines.
The establishment of parameters for a dif-
ferent product; setting of production rates;
continual monitoring of all machines, pro-
cess, and product parameters, etc. are alldone
from a central console. The process people at
that console can determine a lot more about
what is occurring on the line than out of the
line; they can, in fact, be everywhere at once.
Decisions are made at the central console and
implemented there. Only the purely mechan-
ical functions remain to be done on the line:
bringing in the raw material and removing
the finished product.

Once a center such as this is set up, it
quickly becomes the nerve center of the
plant:

a. Management receives periodic reports
and statistics that give it at all times a com-
prehensive picture of how the plant is operat-
ing. If desired, a repeater monitor in the plant
manager’s office acts as a continually updated
status board.

b. Production control receives reports as to
the progress of every job and the number of
hours at the actual rate of production before
another job is required for each machine.

c. Maintenance receives reports as to the
frequency and causes of down time. If any
machine goes down, it is informed instantly,
along with an indication of the form of the
malfunction.

d. Quality control uses the same console
for complete statistical quality control.

e. Process engineering has a tool for op-
timizing the process. It can make minor
changes and monitor results without ever in-
terrupting production. It can also specify a
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process to be run with the assurance that such
a procedure will, in fact, be run that way.

There is a limited amount of engineering
and management talent in any plant. A cen-
tral control and management system allows
that talent to be brought to bear on the entire
plant. In effect, the best people are on duty
around the clock because the console is exe-
cuting their instructions and acting on their
behalf 24 hours a day (Injection Molders
Guide to Plant Operations, 1999 Almanac, In-
jection Molding Magazine (IMM), 1999).

Automatic Detections

Quantitative information, although impor-
tant, is not enough to achieve the overall ob-
jective. Knowing that a part has been made
in most cases does not ensure that it is a good
part. Dimensional variation, flash, and short
shots, which are the main causes of rejects
in an injection molding plant, should be de-
tectable and accounted for automatically.

To achieve these objectives, a straightfor-
ward conceptional approach can be imple-
mented. This approach involves puiting a
mold pressure sensor at the last point to fill
in each cavity of the injection mold. This cav-
ity pressure is connected to a mold mon-
itor device that, on each cycle, can detect
the presence or absence of cavity pressure
and whether or not that cavity pressure falls
within a preset range. Using cavity pressure
as the variable to be sensed has many advan-
tages. First, the presence or absence of cav-
ity pressure at the last point to fill is a to-
tally reliable method of determining whether
or not a part has been made in that cavity.
Cavity pressure can normally be reliably de-
tected by sensing the force on existing ejec-
tor pins in the cavity without changing the
characteristics of the molded part. In cases
where ejector pins cannot be conveniently
used, flush-mount cavity pressure sensors can
be installed to accurately measure the pres-
sure under even the most adverse conditions.

In addition, cavity pressure sensing at the
end of fill can detect all the changes in the
molding process that reflect on the quality of
the molded part. Cavity pressure at the end
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of fill will vary because of temperature vari-
ations, fill rate variations, and variations in
the hydraulic systems pressures, mold tem-
perature, and in the raw materials used in the
process. These are virtually all the variations
from the plastics point of view. Even varia-
tions in such characteristics as back pressure
during plasticizing will be detected in cavity
pressure during the next cycle. This makes the
sensing of cavity pressure the most compre-
hensive approach to intelligent molding with
a minimal amount of complexity.

In large parts, where long flow distances
and the need for high dimensional accuracies
exist, two or more sensors may be put in each
mold cavity. Having a sensor near the gate
end of the part and one near the end of fill al-
lows the cavity pressure profile across the part
to be monitored. This cavity pressure profile
monitoring allows one to detect the qualita-
tive aspects of dimensions and weight in a
plastics part.

The cavity pressure profile across a mold
cavity indicates the molecular distribution of
the material across the plastics part. Not only
will this profile predict the overall dimen-
sional integrity of the part, but it gives us the
integrity of all the areas of the part as well.
In other words, if both cavity pressures, the
one at the end of fill and the one near the
gate, are duplicated for each shot, the plas-
tics parts made in that cavity must be iden-
tical. This ultimate concept of two sensors in
each cavity is only necessary on large parts of
long flow length where extreme dimensional
accuracies are important. Normally, a single
sensor in each cavity is sufficient.

On hot-runner molding of large parts
where multiple drops are used in each cav-
ity, the ideal approach to the intelligent mold
concept is to have a sensor to monitor each
zone. This is not necessary in all cases. How-
ever, the ultimate in predictability can be
achieved by utilizing such a scheme.

Terminology
Accuracy and repeatability Accuracy

concerns conformity to a standard or ex-
actness. Repeatability deals with factors
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such as how closely the length of a given
feed will repeat itself. Repeatability differs
from accuracy in that it does not include
noncumulative errors. Most applications are
concerned with repeatability, which is easier
to achieve than high accuracy.

Adiabatic A change in pressure or vol-
ume without gain or loss in heat. Describes a
process or transformation in which no heat is
added to or allowed to escape from the sys-
tem.

Barrel control transducer Thermocouple
and pressure transducers inserted in different
zones of the barrel to sense melt condition;
they require accuracy in proper locations and
recording instrumentation.

Algorithm A procedure for solving a
mathematical problem.

Computer control Mode of machine op-
eration. Its software process control sets the
parameters of operation. They range from
simple to very complex systems meeting dif-
ferent requirements for the processors. De-
ciding whether to computerize a line (or,
more importantly, how to) requires clearly
defining the control needs, taking into ac-
count many such as improved profitability.
Then, based on requirements that have to be
met, appropriate action is taken. Note that
changes are continually occurring in control
programmers and data acquisition systems.

Computer digital controller Micropro-
cessor controller that converts signals from
a pressure or temperature sensor to an out-
put signal to a power unit to hold the sensor
at the setpoint value.

Control and instrumentation Adequate
process control and its associated instrumen-
tation are essential for product quality.

Control comparator The portion of the
control elements that determines the feed-
back error on which a controller acts.
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Control, integral A control mode in
which there is a continuous linear relation-
ship between the integral of the error signal
and the output signal of the controller.

Control loop The signal circuit that pro-
vides feedback information for closed-loop
process control.

Control, open-loop Also called a front-
end control. Provides control of the fab-
rication process operation, from upstream
through downstream equipment, where set-
ting all controls is done by the operator and is
not adjusted by feedback information. It will
recognize a fault but not correct it.

Control, proportional A control mode in
which the output of the controller is propor-
tional to the error.

Control, solid state Control system that
superceded relay control; based on electronic
components that have no moving parts and
yet can, for example, provide switching ac-
tion.

Microprocessor control A microproces-
sor control means different things to different
people. It can mean anything from a sophisti-
cated temperature controller to a full-blown
fabricating line control. As a result of the vast
range of computer control and monitoring
options available, there is a strong temptation
to become “control happy.” Selecting what is
needed requires setting up specifications on
what is truly required to realize a return on
investment.

Processing feedback The information re-
turned to a control system or process to main-
tain the output within specific limits.

Processing fundamentals Conversion or
fabricating processes may be described as an
art. Like all arts, they have a basis in the sci-
ences and one of the short routes to tech-
nological improvements is a study of these
relevant sciences.
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Processing inline A complete production
or fabricating operation that goes from mate-
rial storage and handling, to part production,
including upstream and downstream auxil-
iary equipment, through inspection and qual-
ity control, to packaging, and to delivery to
destinations such as warehouse bins or trans-
portation vehicles.

Processing line, downstream The plastic
discharge end of the fabricating equipment
such as the auxiliary equipment in an extru-
sion pipe line after the extruder.

Processing line downtime Time interval
when equipment should be operating but it
cannot. Downtime can be attributed to equip-
ment being inoperative, shortages of mate-
rial, electric power problems, unavailability
of operators and so on. Regardless of reason,
downtime is costly.

Processing line, upstream Refers to ma-
terial movement and auxiliary equipment
(dryer, mixer-blender, storage bins, etc.) that
exist prior to plastic entering the main fabri-
cating machine such as the extruder.

Processing line uptime Time interval
when plant is operating to produce products.

Processing parameter Measurable pa-
rameters such as temperature and pressure
required during preparation of plastic mate-
rials, during processing of products, inspec-
tion, etc.

Processing stabilizer Also called a flow
promoter. In thermoplastics they act in the
same manner as internal lubricants where
they plasticize the outer surfaces of the plas-
tic particles and ease their fusion, but they
can be used in greater concentrations (about
S pph). With TS plastics they are not reactive
normally and therefore reduce the rate of in-
teractions of reactive groupings by a dilution
effect. Thus easier processing may be derived
mainly from the reduction in the rate at which
the melt viscosity increases. At the same time
the overall cross-linking density is reduced.
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Processing via fluorescence spectroscopy
System to analyze the fluorescence generated
in the plastic during processing and trans-
lates it into a numerical value for the prop-
erty being monitored. Sensor techniques can
measure the properties of plastics during pro-
cessing. The intent is to improve product
quality and productivity by using molecular
or viscous properties of the melt as a ba-
sis for process control, replacing the indi-
rect variables of temperatures, pressure, and
time. In fluorescence spectroscopy the plas-
tic must be doped with a small amount of flu-
orescent dye specific to the application. An
optical fiber installed in the plasticator bar-
rel, mold, or die scans the plastic. It can be
used to perform other tasks such as measur-
ing the concentration and dispersion unifor-
mity of filler, its accuracy of 1% provides a
means of optimizing residence time. It can
also monitor the glass transition tempera-
ture.

Temperature controller, heating overshoot
circuit Used in temperature controllers to
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inhibit temperature overshooting on warm-
up.

Temperature detector, resistance (RTD)
Temperature sensor made from a material
such as high purity platinum wire; resistance
of the wire changes rapidly with tempera-
tures. These sensors are about 60 times more
sensitive than thermocouples.

Temperature proportional-integral-deri-
vative Pinpoint temperature accuracy is
essential for success in many fabricating
processes. To achieve it, microprocessor-
based temperature controllers can use a pro-
portional-integrated-derivative (PID) con-
trol algorithm acknowledged to be accurate.
The unit will instantly identify varying ther-
mal behavior and adjust its PID values
accordingly.

Transistor Semiconductor device for the
amplification of current required in different
sensing instruments. The two principle types
are field effect and junction.

Exhibit 2029  Page 522
IPR2023-01424





