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METHOD FOR SIMULTANEOUS CLOSED LOOP CONTROL OF GAS ASSIST AND
GAS COUNTER PRESSURE IN AN INJECTION MOLDING PROCESS RELATIVE TO
PLASTIC MELT PRESSURE AND PLASTIC MELT FLOW POSITION

CROSS-REFERENCE TO RELATED APPLICATION

This application claims the benefit of the filing date of US Provisional Application No.
62/704,009, filed June 5, 2018, the entirety of which is hereby incorporated by reference.

FIELD OF THE DISCLOSURE

This application relates generally to injection molding and, more specifically, to a method
of simultaneous closed loop control for the variable air pressures and durations for internal gas
pressure (“Gas Assist”) and external gas pressure (“Gas Counter Pressure”) in an injection
molding process using a melt pressure transducer in conjunction with cavity pressure sensor,
thermocouple, strain gauge, or a sensor-less option as a proxy to melt travel position within a
cavity of a mold for the part that is being molded. In particular, this disclosure relates to
identifying relationships among apparent melt pressure, Gas Assist, and Gas Counter Pressure,
and variably changing the internal gas pressure, the external gas pressure, and/or the cavity
pressure, in real time, based on, for instance, the position of melt flow front for a cavity within an

injection mold by at least one cavity pressure transducer, thermocouple, or strain gauge.
BACKGROUND

At the commencement of an injection molding process, thermoplastic pellets are fed by a
hopper into a heated barrel and driven to the end of the heated barrel by a reciprocating screw.
The thermoplastic pellets melt into a molten thermoplastic material, and shots of thermoplastic
material are injected through a nozzle. The molten thermoplastic material then flows through
either a cold runner or a hot runner to the gates of each individual cavity of a mold. After
entering the gate, the molten thermoplastic material fills a mold cavity formed between two or
more sides of the mold held together under pressure by a press or clamping unit. Once the shot
of molten thermoplastic material is injected into the mold cavity, the reciprocating screw stops
traveling forward. The molten thermoplastic material takes the form of the mold cavity and
cools inside the mold until it solidifies. Then the clamping unit releases the mold sides and the

finished part is ejected from the mold.
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The injection molding process may incorporate auxiliary equipment that assists in the
filling of plastic into a mold to help achieve better part quality or reduce cycle time, or both. For
example, Gas Assist molding uses Nitrogen or other inert gas injected into the plastic melt during
filling of the mold to displace plastic in the center of thicker wall parts, resulting in a reduction
of overall plastic wall thickness and often decreasing cycle time. The resulting part typically has
a bubble of air on the inside of the part which typically is not visible to or readily detectable or
appreciated by an end user unless the part is cut in half or otherwise cut into sections. Gas
Counter Pressure uses Nitrogen or other inert gas to pressurize the cavity of the mold before
and/or during filling with plastic and exerts gas pressure on the melt flow front to influence the
fountain flow and subsequently the skin layer and cosmetic appearance of the part.
Conventionally, when both Gas Assist and Gas Counter Pressure are both used in a single
injection molding shot, neither Gas Assist nor Gas Counter Pressure process sends or receives
analog or digital inputs/outputs to/from the other process to influence control of the amplitude of
gas pressure, and/or acceleration or deceleration of gas pressure, and/or time of gas
pressurization. In other words, there is a lack of interdependent control of Gas Assist, Gas

Counter Pressure, and cavity pressure.

The majority of auxiliary equipment that is currently available for both Gas Assist and
Gas Counter Pressure processes primarily use open-loop control systems. Although there may
be a digital output from the injection molding machine that pertains to a specific event (e.g.,
mold-closed, start injection, injection position, or end of fill), there is not continuous
communication with any temperature or pressure sensors within the mold to turn the gas pressure
on or off, or increase or decrease the pressure accordingly. Typically, a profile is pre-set by the
technician or operator based on previous experience and/or trial and error. Once that profile has
been established it starts when the appropriate output is received from the injection molding
machine, sometimes with a delay timer added which increases the chance of variation between
cycles of the machine over a longer production run. For instance, Gas Counter Pressure is often
initiated upon detection of the mold being closed at the initiation of a cycle. Gas Assist pressure
may be set to initiate based on a delay timer that commences upon the start of injection of molten
polymeric material. Each of the Gas Counter Pressure and Gas Assist pressure may then cut off
after respective predetermined delays from their initiation. However, there can be situations

where such time-dependent operation can be inadequate to properly account for appropriate
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control of the respective operations. For instance, if the Gas Assist pressure initiates based on a
signal dependent upon a delay timer, the Gas Assist pressure automatically initiates upon that
delay timer detecting the predetermined time after some prior event has elapsed, but in the event
a valve is stuck in a closed position, molten polymer material may not have started to flow into
the mold cavity, yet gas assist gas is undesirably prematurely introduced to the mold cavity.
Alternately, where termination of introduction of either the Gas Counter Pressure gas or Gas
Assist gas is dependent only upon a delay timer, a premature opening of the mold can result in
the Gas Counter Pressure or Gas Assist gas still being introduced when the cavity is opened,

adversely resulting in a sudden release of built-up Gas Counter Pressure or Gas Assist pressure.

Ideally, sensors for monitoring melt pressure, internal gas pressure, external gas pressure
and melt flow front position in an injection mold during the injection molding process would be
utilized in combination with controlling algorithms to allow the internal and external gas
pressures to start, increase, decrease and/or stop based on real time feedback of how the mold is
filling and what melt pressure is actually being achieved as it enters the mold cavity, as well as

the interaction with the other gas injection equipment (internal or external) that is being used.

For example, instead of starting to increase Gas Assist Pressure and introducing it into
the plastic melt stream based on an injection molding machine parameter or timer, it would be
more accurate to initiate (or increase) Gas Assist Pressure based upon a real-time melt pressure
of plastic material entering the mold passing a predetermined threshold. Additionally, the
corresponding position of melt flow front inside of the mold cavity could be used as a trigger. In
addition, feedback from the external Gas Counter Pressure unit that is simultaneously being used
would be more ideal to adapt to variances in the process that this additional equipment is
introducing. The same reasoning can also be applied to controlling Gas Counter Pressure as it
relates to filling the mold itself while interacting with the Gas Assist Pressure. Moreover,
desired relationships between Gas Counter Pressure and Gas Assist Pressure can be maintained if
the controller of an injection molding system had the capability to effect changes in one of the
Gas Assist or Gas Counter Pressure based on a detected condition of the other, or based on

detection of some other condition.

Monitoring and controlling the way the plastic is filling the mold or cavity in closer

proximity to the cavity being filled yields more accurate and repeatable control, which is
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essential for manufacturing and Process Validation, particularly in the Automotive or Medical

markets.

SUMMARY

Embodiments within the scope of the present disclosure are directed to methods of
controlling injection of plastic material into an injection mold while using closed loop control for
both Gas Assist and Gas Counter Pressure simultaneously to assist in the manner in which the
plastic is introduced into and subsequently fills the cavity of the mold. The method that is
described will relate to a substantially low constant pressure filling technique using a melt
pressure transducer to monitor the actual melt pressure of plastic material entering into the mold
but may be applied to other filling techniques such as standard injection velocity control using a

similar monitoring of plastic melt pressure.

Throughout injection of plastic in an injection molding process, the typical proxy that is
used by the injection molding machine for melt pressure is either the hydraulic pressure exerted
on the back of an injection piston or the amount of force exerted on a load cell on the back of a
screw. A calculation is then made to approximate what the actual plastic melt pressure is at the
front of the screw during injection by comparing the difference in area between where the force
or pressure is being measured and the area of the screw tip that is exerted on the plastic melt.
The method that is used depends on whether the machine injection is controlled hydraulically or
electrically. This method of calculating actual melt pressure can be compromised by the
variation in geometry at the front of the screw tip as well as variation due to pressure drop based
on one or more of the following: Clearance between screw and barrel, screw check ring

performance, or the geometry of additional components, such as mixers or extended nozzles.

Ideally, the use of an actual Melt Pressure Transducer closer to the nozzle tip of the
injection unit gives a much more accurate measurement of what the actual plastic melt pressure

is of the plastic material that is entering the mold.

In addition to determining the actual melt pressure of the plastic that is entering a mold or

cavity, it is useful to have an indication of how full the mold cavity is at a given moment during
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the injection cycle. The most accurate indication of how full a cavity is during injection of the
plastic material is the location of the actual melt flow front inside of the mold cavity. The
majority of plastic part manufacturers achieve this by using the position of the screw during
injection as a proxy for the location of the melt flow front. Although this method is widely used,
there is the possibility of error or inaccuracy due to many factors, such as check ring
performance, screw and barrel wear, inconsistent decompression of the screw or changes in

viscosity of the material, to name a few.

An alternate method for determining the melt flow front position involves employing a
cavity pressure transducer directly on, or indirectly associated with, the molding surface of the
cavity to take an actual pressure reading when plastic flows over the sensor. Although this
method is much more accurate than using a screw position as a proxy to melt flow front location,
there is the possibility of error or inconsistency due to many factors such as incorrect installation,
electrical or connection issues, or the placement of the sensor within the cavity of the mold. For
example, a sensor located midway along the flow length of the part will give different
information than one placed at 25% or 75% of the flow length. In addition, the cavity pressure
transducers can be costly (hardware, software and additional design and machining of the
injection mold required) and require that there would be an allowance for a witness line on the
molded part, which may not be aesthetically acceptable for certain plastic parts and may require

some degree of post-mold processing to remove or obscure.

A method for determining the melt flow front location without a cavity pressure
transducer would be more accurate than screw position alone, but could reduce or eliminate the
cost of hardware, and avoid the impact on the aesthetics of the molded article, such as by a
witness line, or the efforts necessary to remove such a visual impairment during post-mold
processing. Such alternate methodologies of melt flow front position may include a

thermocouple or a strain gauge.

Gas Assist molding utilizes Nitrogen or other inert gas to assist in the completion of
filling and packing out of an injection molded part. After a certain amount of plastic has entered
the mold, a pin that is located in the flow area of the plastic opens and injects gas into the molten
plastic material to blow a pressurized bubble, typically from 150-2500 psi, aiding in the
completion of the filling of the cavity by filling out a portion of the interior of the molded article
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with the inert gas instead of plastic. The pin then allows the pressurized gas to exhaust to
atmospheric pressure to prevent the part from bursting during mold open. The point in time that
the air injection starts during a given injection cycle is dependent on the volume of plastic that
has already been injected. There needs to be a sufficient volume of plastic to entirely
encapsulate the resulting air bubble. If there is not enough plastic material, then the plastic wall
thickness will become too thin when the gas is injected and it will burst before filling out the

outer volume of the cavity.

The profile of the gas injection is often determined based on an operator or technician’s
prior experience and is often essentially a trial-and-error based process. It would be preferable to
establish a gas injection profile using real time feedback from the plastic melt pressure and flow
front position, as well as additional feedback from other auxiliary equipment such as Gas

Counter Pressure unit.

The Gas Counter Pressure process may also utilize Nitrogen or other inert gas. The Gas
Counter Pressure acts on the exterior of the molten material while the material is advancing
within the mold cavity, to assist in filling out a plastic part. One benefit of the use of Gas
Counter Pressure is that it can impart an improved surface appearance to the molded article. The
majority of injection molding processes that utilize Gas Counter Pressure are in foamed plastics,
however it is also used in non-foamed applications. The counter pressure that is exerted on the
molten plastic flow front assists in creating a more resin rich outer surface of the part while also
assisting in helping maintain constant contact of the molten plastic to the core and cavity walls

during filling.

The Gas Counter Pressure process is often set up based on an operator or technician’s
prior experience and, like Gas Assist, is conventionally often a trial-and-error based process.
Also like Gas Assist, it would be advantageous to establish a Gas Counter Pressure using real
time feedback from the plastic melt pressure and flow front position as well as any additional

feedback from other auxiliary equipment such as a Gas Assist unit.

BRIEF DESCRIPTION OF THE DRAWINGS



CA 03100062 2020-11-12

WO 2019/236199 PCT/US2019/027898

While the specification concludes with claims particularly pointing out and distinctly
claiming the subject matter that is regarded as the present disclosure, it is believed that the
disclosure will be more fully understood from the following description taken in conjunction
with the accompanying drawings. Some of the figures may have been simplified by the omission
of selected elements for the purpose of more clearly showing other elements. Such omissions of
elements in some figures are not necessarily indicative of the presence or absence of particular
elements in any of the exemplary embodiments, except as may be explicitly delineated in the

corresponding written description. None of the drawings are necessarily to scale.

FIG. 1 illustrates, semi-schematically, an injection molding apparatus, wherein a
controller utilizes inputs from a melt pressure transducer, a virtual (or actual) melt flow front
position sensor, a Gas Assist apparatus and a Gas Counter Pressure apparatus. The controller is
networked with the various inputs and components so as to monitor and control the injection of
plastic as well as the injection of gas for the Gas Assist and Gas Counter Pressure processes, with

the ability to initiate, stop, and vary any of the three;

FIG. 2 illustrates, semi-schematically, an interior of a mold cavity subsequent to initiation
of introduction of gas from a Gas Counter Pressure source, just after initiation of molten
polymeric material into the cavity, and prior to initiation of introduction of gas from a Gas Assist

pressurc source;

FIG. 3 illustrates, semi-schematically, the interior of the mold cavity illustrated in FIG. 2

immediately prior to introduction of gas from a Gas Assist pressure source;

FIG. 4 illustrates, semi-schematically, the interior of the mold cavity illustrated in FIGS.

2 and 3, after introduction of gas from the Gas Assist pressure source;

FIG. 5 illustrates, semi-schematically, the interior of the mold cavity illustrated in FIGS.

2-4, at the end of fill;

FIG. 6 illustrates an exemplary plot for a molding process incorporating Gas Assist and

Gas Counter Pressure closed loop control; and

FIG. 7 is a flow chart describing a sequence of steps in the operation of the molding

process depicted by the plot of FIG. 5.
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DETAILED DESCRIPTION OF THE INVENTION

Referring to the figures in detail, FIG. 1 illustrates an exemplary injection molding
apparatus 10 that uses a control system 20 configured to change a gas assist pressure and a gas
counter-pressure at least in part based on the determined melt pressure or the determined flow
front position. The exemplary control system comprises a controller and other control system
units that include: a Melt Pressure Control Unit 22, a Gas Assist Control Unit 24, a as counter-
pressure control unit 26, a melt travel control unit 28, and a virtual cavity sensor 30. A controller

32 is communicatively connected with each of the above control system units.

The controller 32 can include a microprocessor, a memory, and one or more
communication links. By way of the communication links, the controller 32 can send commands
or other information to other units in the control system 20 to initiate, activate or adjust injection
molding cycles, melt pressure changes, gas assist pressure, gas counter-pressure, and/or other
processes that can be controlled by the corresponding units. For example, for each aspect of the
injection molding process, including melt pressure control and gas control, among other
possibilities, the controller can change set points or timing of transitions from one operation state
to another, as described in more detail below. The controller 32 also can receive, by way of
communication links, information about process conditions, environmental conditions, operator
commands, etc. The information can be sent to the controller 32 from the other units, from an
operator, and/or from a variety of sensors (not shown) disposed at or outside of the injection
molding apparatus 10. The controller 32 can use the received information to compute required
changes in the injection molding process and communicate these changes to the other units in the

control system.

The Melt Pressure Control Unit 22 can receive from the controller 32 a command to
initiate an injection molding cycle. The Melt Pressure Control Unit 22 can be communicatively
connected to an actuator 34 that can be, in turn, mechanically connected to a reciprocating screw
36. The actuator 34, based on a command from the Melt Pressure Control Unit 22, can begin
turning the reciprocating screw 36 and can adjust the rotation rate of the reciprocating screw

based on the signals from the Melt Pressure Control Unit 22.
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Pellets P supplied to a hopper 40 can be melted by a heater and can supply or replace the
melted thermoplastic material displaced by the screw 36 through the nozzle 42 and into the mold

cavity 44.

The Melt Pressure Control Unit 22 is also in signal communication with a melt pressure
sensor 46 for the purpose of determining the melt pressure of the injected molten thermoplastic
material. The Melt Pressure Control Unit 22 can receive the melt pressure signal indicative of
melt pressure from the melt pressure sensor 46 and can adjust the actuation of the screw 36 in
view of the melt pressure signal data by signaling the actuator 34 to effect the desired
adjustments. The melt pressure sensor 46 may be in fluid communication with the molten
thermoplastic material, or alternatively, sensors indicative of melt pressure may be provided
elsewhere, as a proxy for melt pressure. The melt pressure sensor 46 is a sensing device that
senses pressure at one of: (1) a back of the piston; (ii) a load cell at a back of the screw; or (iii) in
a melt stream at a location downstream of a tip of the screw 36, or anywhere between the screw

tip and a cavity gate.

The melt pressure sensor 46 can facilitate detection (direct or indirect) of the actual melt
pressure (e.g., the measured melt pressure) of the molten thermoplastic material in, at, or near the
nozzle 42. The melt pressure sensor 46 may or may not be in direct contact with the molten
thermoplastic material. In one embodiment, the melt pressure sensor 46 can be a pressure
transducer that transmits an electrical signal to an input of the control system 20 in response to
the melt pressure at the nozzle 42. In other embodiments, the melt pressure sensor 46 can
facilitate monitoring of any of a variety of additional or alternative characteristics of the molten
thermoplastic material at the nozzle 42 that might indicate melt pressure, such as temperature,
viscosity, and/or flow rate, for example. If the melt pressure sensor 46 is not located within the
nozzle 42, but is instead located upstream or downstream of the nozzle 42, the control system 20
can be set, configured, and/or programmed with logic, commands, and/or executable program
instructions to provide appropriate correction factors to estimate or calculate values for the
measured characteristic in the nozzle 42 based on the actual position of the melt pressure sensor
46. It is to be appreciated that sensors other than a melt pressure sensor can be employed to
measure any other characteristics of the molten thermoplastic material, the screw 36, the barrel
48, or the like that is known in the art, such as temperature, viscosity, flow rate, strain, velocity,

or one or more of any other characteristics that are indicative of any of these.

9
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The melt pressure sensor 46 may or may not be in direct contact with the melt. In some
implementations, the melt pressure sensor 46 may be replaced by a different sensor that
generates a signal that can be used to estimate the melt pressure. Additionally or alternatively,
the Melt Pressure Control Unit 22 may be in signal communication with a different sensor that
indicates the rate of injection or a total amount of thermoplastic material injected into the mold

cavity, from which the melt pressure of the injected material may be determined.

The signal from the melt pressure sensor 46 can be processed by the Melt Pressure
Control Unit 22. For example, the Melt Pressure Control Unit 22 may calculate a melt-pressure
error between the melt pressure determined by measurement and a target melt pressure
communicated by the controller 32. Using the melt-pressure error, the Melt Pressure Control
Unit 22 may calculate the signal that drives the actuator 34 of the reciprocating screw 36. The
actuator 34 may increase the torque or force applied to the reciprocating screw 36, thereby
increasing the melt pressure, or, conversely, decrease the torque or force applied to the
reciprocating screw 36, thereby decreasing the melt pressure. In this manner closed-loop control
of the melt pressure may be implemented. In some implementations, a target slew rate (i.e., rate
of change) of melt pressure may be specified for at least a portion of the injection molding cycle.
The controller may communicate the target slew rate to the Melt Pressure Control Unit, and the
control unit may actuate the reciprocating screw to minimize the slew-rate error, i.e. the
difference between slew rate computed from, for example, the melt-pressure sensor data and the
target slew rate of melt pressure. The control of actuation of the reciprocating screw 36 in view

of the measured melt pressure is described below in more detail.

The controller is in further signal communication with Gas Assist Control Unit (GACU)
24. The GACU 24 is configured to inject a gas into the mold cavity 44 through a Gas Assist Pin
50, which may, for example, be provided in a pneumatic channel 52 bored into a mold core 54 of
the injection molding system 10. The injected gas, which may comprise nitrogen, carbon
dioxide, a mixture such as air, or another suitable gas, but is preferably an inert gas, may be
supplied to the Gas Assist Pin 50 from a gas reservoir, a gas generator, or a compressor (not
shown). The GACU 24 may control a valve that regulates the flow of the gas from the Gas
Assist Pin 50 and into the mold cavity 44. The degree of opening of the valve may increase the
flow of gas into the mold cavity and lead to the build-up of Gas Assist pressure. The GACU 24

can comprise a gas-assist pressure sensor 49 that senses the pressure of the gas upstream of the

10
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mold cavity or within the mold cavity itself. The GACU 24 may use the signal of the gas-assist
pressure sensor to compute a control signal for the valve, thereby allowing closed-loop control of
the gas-assist pressure. The GACU 24 may use a closed-loop control algorithm to minimize
errors between gas-assist pressure set points and measured and computed gas-assist pressures.
Set points of gas assist pressure may be communicated to the GACU 24 by the controller 32.

The controller 32 may follow a predetermined time sequence of gas-assist set points stored in its
memory or may adjust the set points based on the measured process conditions. The measured
process conditions may include progress of filling the mold cavity, melt-flow-front position,
determined viscosity of the melt, environmental temperature and humidity, and/or other factors.
The changes in set points of the gas-assist cycle based on a variety of measurements are

discussed below.

The controller also can be in a communicative connection with a Gas Counter-Pressure
Control Unit (GCPCU) 26. The GCPCU 26 is configured to inject a gas into the mold cavity
through a Gas Counter Pressure (GCP) supply port 56. The GCP gas can also be vented out of
the mold cavity through a GCP vent port 58, which, like the gas assist supply line, may be bored
into the mold core 54. The GCP gas, which may comprise nitrogen, carbon dioxide, a mixture
such as air, or another suitable gas, but preferably an inert gas, may be supplied to the GCP
supply port 56 from a gas reservoir, a gas generator, or a compressor (not shown). The GCPCU
26 may control a valve that regulates the flow of the counter-pressure gas from the GCP Supply
port 56 into the mold cavity. The degree of opening of the valve may increase the flow of gas
into the mold cavity and lead to the build-up of gas counter pressure. The GCPCU 26 can
include a GCP sensor 59 that senses the pressure of the gas downstream of the flow front within
mold cavity. The GCPCU 26 may use the signal of the GCP sensor 59 to compute a control
signal for the valve, thereby allowing closed-loop control of the GCP process. GCPCU may use
closed-loop control algorithm to minimize errors between GCP pressure set points and measured
and computed GCP pressures. Set points of GCP may be communicated to the GCPCU by the
controller. The controller may follow a predetermined time sequence of GCP set points stored in
its memory or may adjust the set points based on the measured process conditions. The
measured process conditions may include progress of filling the mold cavity, melt flow-front

position, determined viscosity of the melt, environmental temperature and humidity, and/or other
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factors. The changes in set points of the GCP cycle based on a variety of measurements are

discussed below.

Additionally or alternatively, either the GACU 24 or the GPCU 26 (or both) may control
a volume flow rate or a mass flow rate of the corresponding gas. In the corresponding
implementations, the GACU 24 and/or the GCPCU 26 may include a fluid flow sensor or
sensors. Thus, the closed-loop control of the gas-assist process and/or gas counter-pressure may

include controlling gas flow rates as an alternative or in addition to pressure control.

With continued reference to FIG. 1, the controller 32 can be in further communication
with the Melt Travel Control Unit (MTCU) 28 that determines a value indicative of the extent to
which a mold cavity is filled with the melt, such as, for example, a position of the melt flow-
front within the cavity. Furthermore, the MTCU 28 may compute and communicate to the
controller adjustments of the set points for melt pressure, gas-assist pressure, and gas counter-
pressure, correspondingly, for MPCU, GACU, GCPCU. The MTCU 28 may be in signal
communication with one or more melt flow front position sensors configured to measure a value
indicative of presence of molten polymer, so as to detect the flow front position within the cavity
44. The flow front position sensors in communication with the MTCU 28 may include
temperature, pressure, strain, ultrasonic, optical, or other types of sensors. The flow front
position sensors sensor or sensors may be disposed at some locations in, at, or near the mold and
may or may not come into direct contact with the molten thermoplastic material. The flow front
position sensor could be a screw position sensor, as screw position can be indicative of flow
front position. The MTCU 28 may use signals from the one or more flow front position sensors
in conjunction with calibration routines, pre-programmed computations, or machine learning
algorithms to determine, or at least estimate, a flow front position of the injected molten
thermoplastic material. In some implementations, the determined flow front position can be
communicated to the controller 32, while in other applications, the MTCU 28 may compute
adjustments to the set points, as discussed above, and communicate these adjustments to the
controller 32. In some implementations, the MTCU 28 may compute a velocity of the flow front
as the time rate of change of the flow-front position, and communicate the flow front velocity to
the controller 32. Based on the input from the MTCU 28, whether the flow front position or
velocity or both, the controller 32 may make adjustments to the operations of any one or more of

the MPCU 22, GACU 24, GCPCU 26.
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The controller 32 also can be in a communicative connection with the Virtual Cavity
Sensor (VCS) 30 to determine the pressure of the melt within the cavity 44 of the mold without
the direct measurement of the cavity pressure. The VCS 30 may communicate data indicative of
the determined cavity pressure directly to the controller 32 or may use the cavity pressure to
compute adjustments to the set points for the operations of MPCU 22, GACU 24, and/or the
GCPCU 26.

In some implementations, the controller may be in direct signal communication with
sensors or sensor systems that provide information about the state and progress of injection of
the melt into the mold cavity. The sensors for determining the flow front or melt travel position
may include, by way of example, a cavity pressure sensor, a thermocouple, or a strain gauge. The
controller 32 may make adjustments to the operations of any or all the MPCU 22, GACU 24, or
GCPCU 26 based on the signals from the directly-connected sensors and with or without the use

of either or both the MTCU 28 or VCS 30.

In other implementations, a Melt Pressure Control Unit 22 may be integrated into the

controller 32. Likewise, the VCS 30 may be integrated into the controller 32.

FIGS. 2-5 illustrate, semi-schematically, the filling of a mold cavity in an injection
molding process using Gas-Assist and Gas Counter-Pressure. As illustrated in FIG. 2, as (and
even before) the injection of a thermoplastic begins, the cavity may be pressurized with a
counter-pressure gas from Gas Counter Pressure supply port 56. As the injection begins, the
flow front of the injected thermoplastic experiences the force exerted by the counter-pressure gas
on the advancing flow front, as illustrated in FIGS. 2-4. Although the arrows are all pointing to
the left, the pressure of the gas acts perpendicularly all surfaces of the expanding shot of
thermoplastic, until the melt reaches the walls of the cavity, as illustrated in FIG. 3. Once a
required minimum volume of thermoplastic is injected into the mold cavity, a gas-assist process
may be initiated, as depicted in FIG. 4. The gas-assist pressure may be introduced via a gas
assist port 50 and form a volume of gas inside the injected volume of thermoplastic that may
exert pressure normally on all of the surfaces of the expanding bubble of the thermoplastic
material, as illustrated in FIG. 4. The gas-assist pressure may be counter-acted, partially by the
gas counter-pressure. The process may be controlled to ensure that the gas-assist pressure is

higher than the counter-pressure by the amount necessary to allow the flow front to continue
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advancing at a prescribed rate. As illustrated in FIG. 5, the counter-pressure may be reduced as
the flow front approaches end-of-fill, and the gas-assist process may be allowed to work
unopposed by the gas counter pressure until the molten material reaches the end of the mold
cavity and injection can stop so the molded article may be permitted to cool, and then be ejected
from the mold cavity. The gas assist pressure is maintained positive even after the flow front has
reached end-of-fill until at least an outer plastic layer of the thermoplastic material has frozen

(i.e., solidified).

FIG. 4 illustrates an exemplary plot of the injection molding process that combines gas-
assist and gas counter-pressure techniques in a single injection molding cycle. The horizontal
axis of the illustrated plot represents time, with the left-most point signifying the beginning and
the right-most point signifying the end of one fill cycle. There are two vertical axes. The one on
the left is a pressure axis, with a single scale for the plastic melt pressure as well as gas assist
pressure and gas counter-pressure. The axis on the right represents flow-front position, with the
upper-most value indicating a mold cavity prior to injection of molten thermoplastic material, or,
alternatively, the location of the nozzle. The bottom of the position axis (at the right side of the
plot) indicates a filled mold cavity, or the position of the cavity most distant from the nozzle (i.e.,
the last portion of the mold cavity to receive thermoplastic material during the cycle). The
correspondence between points on the position axis and locations in a mold cavity may depend
on mold geometry. Two additional vertical lines in the graph serve to delineate different stages in

the injection molding cycle.

The four traces in the graph illustrated in FIG. 6 represent plastic pressure (solid line),
melt travel or flow front position (dashed-dotted line), gas counter-pressure (dashed line), gas-
assist pressure (dotted line). The plastic pressure trace can represent the melt pressure in the
vicinity of the nozzle. The melt travel or flow front position can refer to the farthest distance that
the melt has traveled from the nozzle, along the flow direction of the thermoplastic. The gas
counter-pressure can refer to the pressure of the counter-pressure gas within the mold cavity or
another place in the path of the gas and upstream from the mold. The gas-assist pressure can
refer to the pressure of the counter-pressure gas within the mold cavity, downstream of the pin,
or another place in the path of the gas and upstream of the pin. In different implementations, the
traces may be defined in different ways that are representative of the melt pressure at some point

in the path of the melt. The gas counter-pressure and the gas-assist pressure can be defined for
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or measured at some point in a fluidic (or pneumatic) communication with the corresponding gas
in the cavity. The pressure measurements can be absolute or relative to the atmospheric pressure

of about 15 psi.

At the beginning of an injection molding cycle, also known as a fill cycle, gas counter-
pressure ramps up as the counter-pressure gas fills the mold cavity that may have been fully
evacuated (e.g., to atmospheric pressure) at the conclusion of the previous cycle. The time rate
of change of the gas counter-pressure, as represented by the slope of the dashed curve in region I
of FIG. 6, may depend on the available supply pressure of the counter-pressure gas, the
configuration of the pneumatic circuit connecting the counter-pressure supply to the mold cavity,
or other process factors. The increase of gas counter-pressure in region I may be increasing in
the open-loop manner or controlled by the GCPCU 26 in a closed-loop fashion, as described
above. GCPCU 26 may control the increase by setting a target pressure, setting and controlling a
target increase rate, or setting multiple points in the gas counter-pressure target profile. One
advantage of closed-loop control of the gas counter-pressure in region I may be maintaining
consistency in the timing of the fill cycle in the face of variable gas supply pressure or valve

performance.

Once the gas counter-pressure achieves or approaches a target value, the controller may
signal to the MPCU 22 to commence the injection of the melted thermoplastic or resin into the
mold cavity, as illustrated in region II of FIG. 6. The rate at which the melt pressure builds, for
example in the vicinity of the nozzle, can depend on the power of the drive of the reciprocating
screw, the viscosity of the melt, or other considerations including limiting the wear on the fluidic
system delivering the melt. The rate of increase of melt pressure may also depend on the gas
counter-pressure level. The increase of melt pressure in region II may be increasing in the open-
loop manner or controlled by the MPCU 22 in a closed-loop fashion. The MPCU 22 may control
the increase by setting a target pressure, setting and controlling a target increase rate, or setting
multiple points in the melt pressure target profile. One advantage of closed-loop control of the
melt pressure in region II may be maintaining consistency in the timing of the fill cycle in the
face of variable melt properties, variable mechanical resistance in the melt-delivery system,

variable counter-pressure settings or other factors.
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As the melt pressure near the nozzle begins to increase in region II, the melt may begin to
flow into the mold cavity, as is illustrated by the melt travel position curve in the same region.
As the melt begins to flow out of the nozzle and the gate into the mold cavity, the melt may
encounter little mechanical resistance from sheer forces exerted on the flowing thermoplastic by
the cavity walls. On the other hand, the melt encounters some resistance from the gas counter-
pressure that may be maintained at a nearly constant level in region II. Once some of the mold
cavity begins to fill with the flowing thermoplastic, several effects may lead to increased
resistance to the flow and, subsequently, to the requirement for increasing nozzle pressure to
maintain the melt travel velocity. One effect may be the increase in sheer forces as the melt
comes in contact with the walls of the cavity. Another effect may be due to the cooling of the
thermoplastic and a subsequent increase in its viscosity as it enters the cavity. Therefore, as can
be seen from the curves in region II of FIG. 6, the velocity of the melt flow front, represented by
the slope of the melt travel position curve, may stay relatively constant even as the melt pressure
at the nozzle increases. It should be appreciated that the shape of the mold cavity may have a
considerable impact on the relationship between nozzle pressure and melt flow front velocity,
that the relationship among the traces and their slopes (i.e., time derivatives) may be different for

different implementations or mold cavity geometries.

It may be advantageous to control the flow-front velocity of the thermoplastic to produce
a part with desired aesthetic as well as mechanical, optical, or other characteristics. In some
circumstances, it may be desired, for example, to maintain a nearly constant flow-front velocity,
as is illustrated in FIG. 6, particularly regions II, IIla and IIIb. Methods for maintaining a
constant flow front velocity regardless of changes in mold cavity geometry, for example, are
described in US Patent Application No. 15/198,556, the entirety of which is hereby incorporated

by reference.

Toward the right-most edge of region II of FIG. 6, when a sufficient amount of
thermoplastic material has been injected into the cavity, the MPCU 22, responding to a signal
from the controller 32, may begin maintaining the melt pressure near the nozzle at a
predetermined level, signifying a transition to region IIla. The transition to maintaining constant

melt pressure may be based upon time, melt pressure level, and/or flow front position.
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In region Illa, the controller 32 may signal to the GACU 22 to initiate the gas assist
process. The precise timing of initiating the injection of the assisting gas may be based on a
predetermined schedule or based on, at least in part, the melt pressure level, pressure of the melt
in the cavity, flow front position, and may vary based on part geometries. Once the controller
determines the time to initiate the gas assist process and signals the GACU 24, the GACU 24, in
turn, may open the valve to allow the flow of the assisting gas through the pin into the mold
cavity. The assisting gas may form an expanding bubble within the thermoplastic injected into
the cavity and contribute to the continued advancement of the flow front. The GACU 24 may
adjust the pressure of the assisting gas based on the measurement of the position of the
advancing flow front, or the flow-front velocity which can be computed, for example from
multiple flow-front positions. In some implementations, other sensor inputs can be detected by
the controller 32 and integrated into the decision process for adjusting gas assist, gas counter-

pressure and melt injection set points.

Continuing with the region Illa of FIG. 6, the GACU 24 can increase the pressure of the
injected gas assist gas after the start of the gas-assist process. The increase in the gas pressure
may maintain the flow rate of the assisting gas after encountering the resistance from the melt.

Increasing the gas pressure may also maintain the advancement of the flow front of the melt.

In region IIIb, FIG. 6 illustrates a situation when the controller 32 increases gas counter-
pressure. The increase may be, for example, in response to the melt flow front advancing at a
greater than optimal or prescribed velocity. To slow the advancement of the flow-front the
GCPCU 26 may increase the counter-pressure to a new level, as is illustrated by the increase in
the gas counter-pressure trace. The interaction between the gas-assist and the gas counter-
pressure keep moving the flow-front. Constraints on the relationship between gas pressure and
gas counter-pressure can be imposed by the controller. For example, the controller may ensure a
constant ratio between the gas pressure and gas counter-pressure, the ration being set for a
specific part being molded. The pressure ration may be confined to a specific range. An
arithmetic difference of the pressures or another mathematical relationship indicative of the
quantitative measure of a difference between gas assist pressure and gas counter pressure may be

used by the controller 32 to advance the flow front.
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Transitioning to the next stage of the filling process, the gas counter-pressure may be
reduced, as is illustrated in region IV of FIG. 6. In some implementations, the gas counter-
pressure may even be dropped below atmospheric pressure, effectively creating suction on the
advancing thermoplastic. Such a negative pressure, or vacuum, is particularly useful when
molding, for example, silicone, and aids in advancement of the flow front. The gas-assist
pressure continues to advance the thermoplastic to fully fill the mold cavity until the melt flow
front reaches the end of the cavity opposite from the nozzle. As the thermoplastic cools, the
plastic pressure falls. Finally, after receiving an appropriate control signal, the GCPCU 26 vents
the assisting gas before opening the mold cavity. Alternatively, the assisting gas may be allowed

to vent as the mold cavity opens to remove the injection molded part.

Once the controller initiates the gas-assist process, three distinct pressure sources are
acting on the molten thermoplastic material within in the mold cavity: the injected thermoplastic
melt pressure, the gas assist pressure, and the gas counter-pressure. The interaction of the three
pressures also can be influenced by the mold cavity geometry, surface chemistry, and thermal
properties of the mold. To achieve molded articles that are free of voids, short-shots, blow outs
(i.e., the gas assist gas blowing through the flow front or some other wall of the molded article)
or other defects, it is desirable to maintain control of each of the gas assist pressure, the gas
counterpressure, and the melt pressure. The controller of the present disclosure advantageously
communicates with sensors indicative of all three, and has the ability to direct adjustments of any
or all three, in real time. This enables the injection molding system, for example, to adjust any or
all of the gas assist pressure, the counterpressure, or the melt pressure to accommodate for
variations in geometry of a mold cavity during a given shot. In instances where the controller 32
is making adjustments to one or more of these variables based on changes in geometry of the
mold cavity, such as changes in thickness, changes in direction, or changes in angles, the
controller 32 may be programmed to make adjustments based on detection of the flow front
reaching a location that coincides with the location of such a change in geometry within the mold
cavity. Alternately, the controller 32 may be programmed to make adjustments based on
detection of the flow front reaching a location that is upstream of the location of such a change in
geometry within the mold cavity. As a further alternate, or in addition, the controller 32 may be
programmed to make adjustments based on detection of the flow front reaching a location that is

downstream of the location of such a change in geometry within the mold cavity.
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FIG. 7 is a block diagram describing the manner in which the controller 32 might operate.
In a first block, 70, Gas Counter Pressure (GCP) is initiated prior to initiation of injection of
molten polymeric material into the mold cavity. The time elapsing from initiation of gas counter

pressure until commencement of injection of the molten material will be part dependent.

As described in a second block, 73, Gas Counter Pressure depends on Plastic Melt
Pressure and Flow Front Position. The ratio is part dependent, but the counter pressure will be

less than the Melt Pressure.

As described in a third block, 74, once the melt flow front reaches a position, (the optimal
location within a given mold cavity to initiate gas assist pressure being part-dependent), the Gas

Assist Pressure (GAP) is initiated. Gas Counter Pressure remains constant.

Next, as described in block 76 of FIG. 7, the Gas Assist Pressure increases until the Melt
Flow Front reaches a second position (the optimal location within the mold cavity of that second
position also being part-dependent). The Gas Counter Pressure decreases below the Gas Assist

Pressure according to a part-dependent ratio.

Turning next to block 78, Gas Counter Pressure decreases to zero once the flow front
position has reached 80%-100 of end of cavity (the optimal position of reducing the gas counter
pressure to zero, for example by venting through the Gas Counter Pressure vent 58 (see FIG. 1)
also being part-dependent). Gas Assist Pressure is maintained constant even after venting of the

Gas Counter Pressure.

Finally, as described in block 80 of the flow diagraph of FIG. 7, after sufficient time has
elapsed for at least an outer plastic layer the article being molded to solidify (a time that, again, is

going to be part-dependent), the Gas Assist Pressure is reduced to zero.

The controller 32 may be programmed to not only make adjustments to one or more of
the Gas Assist Pressure and Gas Counter Pressure based on detected melt pressure or flow front
position, but may also be programmed to effect certain adjustments, such as starting or stopping
introduction of Gas Assist Pressure or Gas Counter Pressure, based on other detected conditions,
such as stuck valves, completion or commencement of a coining operation (such as described in
US Patent Appl. No. 15/198,523, published as US 2017/0001346 A1, the entirety of which is

hereby incorporated by reference), movement of collapsible core components, or detection of a
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pre-ejection sequence. These detected triggers are referred to generically herein as detected
mold cavity conditions, and are, generally, factors other than melt pressure or flow front position,
and may include commencement or completion of actuation of a collapsible (or otherwise
movable) mold wall. Such active control of Gas Assist Pressure and Gas Counter Pressure
provides marked advantages over the shortcomings of a purely time-dependent control of Gas

Assist Pressure or Gas Counter Pressure.

While various embodiments have been disclosed herein, it will be understood that

variations can be made that are still within the scope of the appended claims.
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What is claimed is:
1. A method for controlling an injection molding filling cycle, comprising:

injecting a molten thermoplastic material into a mold cavity so as to ensure that variation
of a melt pressure as a function of time substantially conforms to a melt pressure profile

comprising one or more time intervals during which the melt pressure is substantially constant;

injecting a first gas at an initial pressure into a portion of the mold cavity downstream of

a flow front of the injected thermoplastic material;

injecting a second gas at an initial pressure into a portion of the mold cavity upstream of

the flow front of injected thermoplastic material;
determining the melt pressure of the injected molten thermoplastic material;
determining a flow front position of the injected molten thermoplastic material;

setting the melt pressure during at least one of the one or more time intervals at least in

part based on the determined flow front position of the injected molten thermoplastic material;

changing the pressure of the first gas at least in part based on at least one of (i) the
determined melt pressure of the injected molten thermoplastic material, or (ii) the determined

flow front position of the injected molten thermoplastic material; and

changing the pressure of the second gas at least in part based on at least one of (i) the
determined melt pressure of the injected molten thermoplastic material, or (ii) the determined

flow front position of the injected molten thermoplastic material.

2. The method of claim 1, further comprising calculating a flow front velocity based
at least in part on the determined flow front position of the injected molten thermoplastic

material.

3. The method of claim 2, wherein changing the pressure of the first gas is at least in

part based on the calculated flow front velocity.
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4. The method of claim 2 or 3, wherein changing the pressure of the second gas is at

least in part based on the calculated flow front velocity.

5. The method of any of claims 1-4, wherein the determined flow front position
coincides with a change in geometry of the mold cavity, the change in geometry including at

least one of a change in thickness, a change in direction, or a change in angle.

6. The method of any of claims 1-4, wherein the determined flow front position is
upstream of a change in geometry of the mold cavity, the change in geometry including at least

one of a change in thickness, a change in direction, or a change in angle.

7. The method of any of claims 1-4, wherein the determined flow front position is
downstream of a change in geometry of the mold cavity, the change in geometry including at

least one of a change in thickness, a change in direction, or a change in angle.

8. The method of claim 1, wherein the determined flow front position is upstream of
a change in geometry of the mold cavity, the change in geometry including at least one of a
change in thickness, a change in direction, or a change in angle, and determining a further flow
front position that is downstream of the change in geometry of the mold cavity, and effecting a
further change of the pressure of at least one of the first gas or the second gas based on the

further flow {ront position.

9. A control system configured to antomatically adjust operation of an injection

molding apparatus, the control system comprising:
a melt pressure sensing device;
a melt flow front position sensing device;

a gas assist control unit; and
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a gas counter-pressure control unit,
the control system being adapted to:

cause the injection molding apparatus to inject a molten thermoplastic material
into a mold cavity so as to ensure that variation of a melt pressure as a function of time
substantially conforms to a melt pressure profile comprising one or more time intervals during

which the melt pressure is substantially constant;

determine a melt pressure of the injected molten thermoplastic material using the

melt pressure sensing device;

determine a flow front position of the injected molten thermoplastic material

using the melt flow front position sensing device;

set the melt pressure during at least one of the one or more time intervals at least

in part based on the determined flow front position of the injected molten thermoplastic material;

use the gas assist control unit to change a gas assist pressure at least in part based

on the determined melt pressure or the determined flow front position; and

use the gas counter-pressure control unit to change a gas counter-pressure at least

in part based on the determined melt pressure or the determined flow front position.

10. The control system of claim 9, further comprising a melt pressure control unit

adapted to change the melt pressure at least in part based on the determined melt pressure.

11. The control system of claim 9 or 10, further comprising a melt travel control unit

adapted to change the melt pressure at least in part based on the determined flow front position.

12.  The control system of any of claims 9, 10, or 11, further comprising a virtual

cavity sensor.

13.  The control system of any of claims 9-12, wherein:
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the injection molding apparatus comprises a screw for injecting the molten thermoplastic

material into a mold cavity; and

the melt flow front position sensing device comprises a screw position sensor.

14. The control system of any of claims 9-13, further comprising a cavity pressure
transducer,
15. The control system of any of claims 9-14, wherein the melt flow front position

sensing device comprises one of: (i) a thermocouple or (ii) a strain gauge.

16. The control system of any of claims 9-15, the control system being further
adapted to adjust two or more of the melt pressure, the gas assist pressure, and the gas counter
pressure in response to the melt flow front position sensing device detecting proximity of the
flow front to a change in geometry of the mold cavity, the change in geometry being at least one

of a change in thickness, a change in direction, or a change in angle.

17. The control system of any of claims 9-16, wherein:

the injection molding apparatus comprises a screw for injecting the molten thermoplastic
material into a mold cavity, the screw actuated with an electrical drive comprising a motor or a

hydraulic drive comprising a piston, and

the melt pressure sensing device senses pressure at one of: (i) a back of the piston; (ii) a
load cell at a back of the screw; or (iii) in a melt stream at a location downstream of a tip of the

SCrew.,

18. The control system of any of claims 9-17, further adapted to:

use the gas assist control unit to change a gas assist pressure at least in part based

on a detected mold cavity condition trigger event during a molding cycle; and
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use the gas counter-pressure control unit to change a gas counter-pressure at least

in part based on the detected mold cavity condition trigger event during a molding cycle.
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START GAS COUNTER PRESSURE (GCP) PRIOR TO
START OF INJECTION. TIME BEFORE START OF
INJECTION WILL BE PART DEPENDENT.

GCP DEPENDS ON PLASTIC MELT PRESSURE AND

FLOW FRONT POSITION. RATIO IS PART DEPENDENT
BUT WILL BE LESS THAN MELT PRESSURE. <

START GAS ASSIST PRESSURE (GAP) ONCE MELT FLOW

FRONT REACHES A PART DEPENDENT POSITION. GCP
REMAINS CONSTANT. ~

GAP INCREASES UNTIL MELT FLOW FRONT REACHES A

PART DEPENDENT POSITION. GCP DECREASES
BELOW GAP BY PART DEPENDENT RATIO.

'

GCP DECREASES TO ZERO ONCE PART DEPENDENT
FLOW FRONT POSITION HAS REACHED 80%-100 OF
END OF CAVITY. GAP MAINTAINS CONSTANT _ |
PRESSURE. 78

:

GAP DECEASES TO ZERO AFTER A PART DEPENDENT
AMOUNT OF TIME HAS ELAPSED THAT IS SUFFICIENT
TO ALLOW THE OUTER PLASTIC LAYER TO SOLIDIFY. _
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FIG.7
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