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in the Injection Molding of Thermoplastics:

Melt, Mold and Demolding Temperature,
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1. Introduction

The injection molding of thermoplastics is a form of process-
ing in which highly complex physical processes take place.

The thermoplastic to be processed first has to be melted,
before being injected at high pressure into a “cold” mold.
Since the mold is cooler than the compound, the shaped
plastic part cools down and can be removed from the mold
once it has solidified.

The individual process stages of melting, injection and cool-
ing affect the quality of the subsequent molded part.

The temperature control system of the mold plays a central
role in the quality-conscious and cost-efficient production of
injection-molded parts. This control system is known to
influence decisive quality features, such as surface appear-
ance and warpage.

Efficient mold temperature control also helps to cut costs,
however, since the cooling time, and hence the cycle time as
well, can be optimized in this way.

In order to fully appreciate the importance of cooling in an
injection mold, it is wise to take a look at the thermodynamic
processes that prevail during the injection molding process.

This then supplies the answers to the following questions:

What sort of temperature changes occur in the molten plastic
at the individual stages of the process, and what happens
inside a polymeric melt as it cools? What is the difference
between an amorphous plastic and a semi-crystalline plastic.

2. Melt temperature
2.1 Melt temperature during molded part filling

When thermoplastics are injection molded, granules are
melted in a screw and conveyed into the screw antechamber.

Once the injection signal has been given, the screw moves
forward and presses the molten plastic through both the
machine nozzle and the runner/gate system into the cavity.
The filling process frequently imposes a high level of
mechanical and thermal stress on the melt. The chief
parameters that affect this stress are the:

e Nozzle/gate geometry

e Wall thickness of the molded part
e Filling rate

e Molding compound temperature
e Mold wall temperature

The stress acting on the melt as it flows can lead to internal
friction processes, which then cause the melt to heat up.

Experimental investigations into different gates and different
materials [1] have shown that the mean temperature increase
of Ay, can be described in approximate terms as a function
of the pressure loss Ap, whereby there is assumed to be no
exchange of heat with the mold (adiabatic => Q__ = 0).
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Ady = A

_ PGy
AV, = Mean temperature increase in the melt
Ap = Pressure differential (pressure loss) in a flow section

of the runner/gate system

p = Melt density
¢, = Specific heat capacity
The particular significance of this equation stems from the
fact that it can describe the process independently of the
geometry, the melt temperature, the wall temperature and the
rheological material values. As has already been mentioned,
there is no allowance made for the exchange of heat with the
cold mold.

Looking more closely at the temperature of the melt as the
molded part is being filled, it is seen that cooling can have a
very considerable influence on the temperature of the melt.
A temperature profile, which can be quite pronounced, forms
over the cross-section of the flow channel as a result of the
dissipation of heat via the mold wall. Figure 1 shows a typical
temperature profile of a flowing plastic melt in a cooled
injection mold.

Right next to the mold wall, the melt has already solidified,
giving rise to a frozen edge layer. The thickness of this layer
will be a function of the processing conditions (injection time,
melt temperature and mold wall temperature). In the center of
the flow channel, there is a uniformly high temperature
distribution. Peaks such as those shown in the diagram can
develop between the center of the channel and the mold
wall. It is here that the shear stress acting on the melt is
greatest and hence here that most heat is generated through
internal friction.

The temperature profile can vary at different points of the
cavity (close to the gate, far from the gate). Therefore, an in-
creasingly large frozen edge layer can cause the maximum
temperature (the temperature peaks in Fig. 1) to shift towards
the center of the channel. This situation is depicted in Fig. 2.
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Fig. 1: Temperature profile in a
flowing plastic melt [1]



2.2 Melt temperature in the holding pressure and cooling
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at the time when the molded part is full [1]

It is evident from what has just been said that the melt tem-
perature is subject to constant change during the injection
molding process. Apart from the processing parameters of
injection time, temperature of the injected compound and
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What happens in a plastic melt as it cools? At what tempera- 10/0_,
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Fig 3: Temperature profiles in a cooling thermoplastic
melt at different points in time (computed)
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3. The cooling of thermoplastic melts, thermodynamic
state curve

When heat is eliminated from a polymeric melt, the chains
lose their mobility, and segment after segment is captured by
the neighbouring secondary valence fields. The melt becomes
highly viscous.

The “free volume theory” offers a particularly appropriate
physical interpretation of polymeric melt cooling. According
to this theory, it is possible to view a polymeric melt as a
vacancy-saturated fluid (Fig. 4).

=V,+V;

Overall volume

Partial volume of molecules
(oscillation expansion volume)
V; = Free volume (vacancy volume)

VQ
VQ
Vin

Fig. 4: Free-volume model according to [2]

The overall volume V is obtained from the sum of the partial
volume of molecules V,, (oscillation expansion volume of mole-
cules) and the vacancy volume, or free volume V. The change
in the volume of the melt that results from a change in
temperature can be illustrated by means of a pressure-volume-
temperature diagram (p-v-U diagram) (Fig. 5).

The bottom curve in Fig. 5 is the profile for a purely crystalline
material. At the crystallization temperature, Ty, the material
becomes fully crystallized. The free volume is then zero.
In the further course of the process, only the oscillation
expansion volume undergoes any change.

In the case of amorphous thermoplastics (top curve), the
melt is seen to undergo undercooling as the temperature
falls. Once the temperature has fallen below the glass tran-
sition temperature Tg, the specific volume falls less sharply
(the straight lines have a low gradient). Below the glass tran-
sition temperature, the material is in the glassy state —
a “supercooled fluid”. The free volume that exists at the glass
transition temperature is frozen in and remains virtually con-
stant in the glassy state.
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Fig. 5: Pressure-volume-temperature diagram (p-v-d-Diagram)

The middle curve shows the volume/temperature behavior of
a semi-crystalline material. In this class of material, some of
the polymer chains are lined up closely in parallel during
cooling and form submicroscopically small crystallites. Inside
the crystallites, almost complete order prevails, with the
exception of a few defects.

By contrast to purely crystalline materials, these materials
have a crystallization interval instead of a crystallizing point.
Apart from the semicrystalline domains, there are amorphous
domains present too. Once the temperature falls below T,
these assume the glassy state. The free volume is smaller
than for purely amorphous materials — on account of the
crystalline component.

The superposition of the state curves for amorphous and
semi-crystalline thermoplastics that is shown in the diagram
means that there is a certain amount of time at each
temperature in which the respective specific volume can
develop. The cooling or heating rate, and also the ambient
pressure, have a major influence on the state curve.

3.1 Influence of ambient pressure

If a plastic melt is subjected to pressure and then cooled,
lower specific volumes will result at each temperature. The
glass temperature (in the case of amorphous thermoplastics)
and the crystallization temperature (semi-crystalline thermo-
plastics) shift to higher temperatures.

Figure 6 shows the correlation between specific volume and
temperature at different pressures for both an amorphous
plastic (left) and a semicrystalline plastic (right). The Figure
illustrates the differences that prevail between the two classes
of material as of the transition from the molten state to the
solid phase. The specific volume is generally lower for semi-
crystalline materials than for amorphous thermoplastics on
account of the crystallizing component of the structure.
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Fig. 6: p-v-U-Diagram of a slowly cooling amorphous (left) and semi-crystalline (right) plastic (Source: IKV)

With semi-crystalline materials, the curve displays a sharp
kink. This sudden change in specific volume is due to the start
of crystallization. The point of discontinuity marks the
crystallizing point 9. Below this temperature, the reduction in
specific temperature is due not only to the reduced thermal
oscillation of the molecules, but also (and primarily) to the
increasing crystallization. When both of these are super-
imposed, this leads to the parabolic curve profile for the semi-
crystalline phase.

3.2 Influence of cooling rate

The specific volume that results at room temperature is simi-
larly a function of the cooling rate. In the case of amorphous
thermoplastics, the glass transition temperature will move
towards high values at high cooling rates. The time that is
available for an internal state of equilibrium to develop at each
individual temperature becomes shorter. It is already im-
possible for a state of equilibrium to develop at high tem-
peratures.

Figure 7 shows the shift in glass transition temperature for an
amorphous material at two different cooling rates. At the higher
freezing temperature a larger free volume is frozen in, which
means that the overall volume in the solid phase is greater.

Since the molecules are endeavouring to attain a state of
internal equilibrium, it is possible for a “reduction” to occur in
the excessively large free volume subsequent to production.
This will occur all the more rapidly, the higher the service
temperature of the finished component is — key word: “post-
shrinkage”.

As the cooling rate increases, no further increase comes about
in specific volume, however, and there is no further change in
the glass transition temperature. The specific volume and
glass transition temperature. The specific volume and glass
transition temperature strive towards a limit value.
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Figure 8 shows the correlation between the specific volume
at RT, in a normal atmosphere, and the cooling rate and pres-
sure during the cooling phase.

Although the specific volume becomes larger as the cooling
rate increases, it relatively soon strives towards a limit value.
This means that, with the standard cooling rates of > 20°C/s
that are encountered in practice, a constant increase in
volume can be expected.
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Fig. 7: Comparison of slow and rapid isobaric cooling
of an amorphous thermoplastic (Source: IKV)



In the case of semi-crystalline plastics, a greater specific
volume is similarly seen with higher cooling rates. The
crystallization conditions deteriorate. The degree of crystalli-
zation is lower and the specific volume becomes larger. At an
elevated cooling rate, however, the crystallization tempera-
ture remains virtually constant. With these high cooling rates,
it must be born in mind that post-crystallization and hence a
subsequent reduction in the specific volume can occur. This
is frequently the cause of warpage and dimensional devia-
tions in molded parts.

Efficient, uniform mold cooling is thus essential in the case of
semicrystalline plastics. The properties of the molded part
are determined by the “processing operation in the mold”. If,
for instance, identical cooling rates are achieved in all the
areas of the molded part, through identical cooling condi-
tions, then this will mark a major step in the direction of iden-
tical molded part properties.

4. Melt temperature

It is clear from the p-v-3O diagram that thermoplastics do not
possess a melting point in the sense of a specific tempera-
ture at which the material changes its aggregate state (melt
-> solid). Thermoplastics have a melting range or a freezing
temperature range.

This transition, or the start of the change from the molten
phase to the solid phase, is known as the glass transition
temperature or the freezing temperature for amorphous ther-
moplastics. The value of this temperature is a function of the
cooling rate and the ambient pressure (see Figs. 6 and 7). In
the case of semi-crystalline thermoplastics, reference is
made to the crystallization temperature. This crystallization
temperature is a function of the pressure and is hardly
affected by the cooling rate (Fig. 9). There can, however, be
differences in the cooling and melting of semi-crystalline
thermoplastics.

Figure 10 shows the difference between slow isobaric cool-
ing and heating at ambient pressure, and at 400 bar, for a
polypropylene grade. It is only when the crystallization tem-
perature established in the slow cooling test has been sur-
passed by a considerable margin that the straightline curve
for the melt is attained. The point of contact characterises
crystallite melting, and is denoted as the crystalline melting
point Vys.

The hysteresis between heating and cooling is due to
suppressed crystallization during cooling. This suppressed
crystallization occurs already at very low cooling rates [3].
In other words, crystallization sets in at lower temperatures.

With the cooling rates encountered in practice (>> 0.02°C/s)
the fall in crystallization temperature is more or less constant
(Fig. 11).
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5. State curve during injection molding

Using the p-v-9 diagrams that have been presented, it is
possible to show the thermodynamic state curve prevailing
during injection molding for the three process stages of
molded part filling, holding pressure phase and residual cool-
ing phase.

This is done by transferring the pressures and temperatures
that prevail during the different process stages to a p-v-¢
diagram, on an isochronous basis. Figure 12 shows a
measured pressure profile close to the gate and a computed
mean temperature profile inside the molding in the course of
the injection molding cycle. The numbered points are trans-
ferred to the material’s p-v-9 diagram (Fig. 13).

The state points plotted on Figs. 12 and 13 indicate the
following:
1 Start of mold filling (melt touches pressure sensor)
2 Mold is volumetrically full
3 End of compression phase
4 Switchover to holding pressure (partial discharge
of cavity with melt flowing into melt antechamber)
5 Holding pressure level
Gate has frozen
7 Pressure has sunk to atmospheric pressure
(start of shrinkage)
8 Mean melt temperature has attained freezing temperature
9 Demolding
10 Molded part has reached room temperature

(e}

Based on state curves like this, it is possible to make meaning-
ful statements on the course of shrinkage and on the move-
ment of the melt at each stage of the process. Point 7 on the
Figures (the attainment of atmospheric pressure) is important
for the start of shrinkage. This point can occur at different tem-
peratures with different holding pressure profiles and cooling
conditions. It is possible to influence shrinkage in this way.
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6. Demolding temperature and cooling time

An injection molded part cannot, or should not be demolded
until it has cooled to the point where it is dimensionally stable.
The ejector pins and their holes should not be allowed to leave
pronounced marks on the molding.

If the target of a short cycle time is to be fulfilled, then it is
essential for the material-dependent demolding temperature
to be known. Moldings are frequently left in the mold for too
long, in order to be on the safe side, although the cooling
time to the demolding temperature has long since lapsed.

Knowledge of the demolding temperature is important on
economic grounds. Figure 14 shows the influence of the
demolding temperature on the expected cooling time. The
lower the demolding temperature is, the longer the cooling
time will be.

The demolding temperature, by definition, is the temperature
that prevails at a point of the molded part in the central layer
of the wall thickness at the time of demolding. Figure 15
shows a temperature profile in a thermoplastic molding at the
time of demolding.

Alongside this, a mean demolding temperature, V¢ is
frequently to be found. This is the integral mean value of the
temperature profile at the time of demolding.

e How can the correct demolding temperatures for a
specific case be established?

First of all, the raw materials manufacturers issue recommen-
dations as to the mean demolding temperatures for their
products (Fig. 17).

If there is no recommended guide temperature available
for demolding, it can be established from the shear modulus
curve of the material in question [6]:

To ensure successful demolding, the mean temperature §; or
temperature in the center of the molded part %E, must not lie
within the range where the plastic “yields” and is not able to
absorb any force. It is possible to establish this temperature
from shear modulus curves. Figure 18 shows the shear modulus
curve for an ABS. Above a temperature of some 106 °C, the
shear modulus falls sharply, which means that dimensional
stability is no longer guaranteed. The maximum possible
demolding temperature is thus approximately 106 °C.

Ve max = 106°C

If no shear modulus curves are available, then the maximum
permitted demolding temperature for a given material can be
determined from the p-v-3 diagrams described above. In the
case of amorphous materials, this can be the softening tem-
perature or glass transition temperature and, in the case of
semi-crystalline materials, the crystallization temperature.
For the ABS shown in Fig. 18 (shear modulus curve), a tem-
perature of approximately 110 °C is obtained as the softening
temperature from the p-v-9 diagram. This tallies well with the
value from the shear modulus curve.

If no curves are available, then the demolding temperature
can be taken as being equivalent to the heat deflection tem-
perature (Vicat temperature).
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log. damping decrement A

e Measurement of the demolding temperature [7]

As has already been mentioned, the demolding temperature
represents a key criterion for both the requisite cooling time
and the dimensional stability of the demolded part. This
should therefore be verified as precisely as possible on a part
that has just been demolded.

After ejection, the surface temperature of the molded part
rises fairly rapidly to reach a peak value and then falls gradu-
ally (Fig. 20). This increase is due to the equalization of the
temperature profile that developed during cooling (and is
particularly pronounced with larger wall thicknesses).

The maximum value measured should be taken as the
demolding temperature, since this ultimately constitutes a
measure of the mean molded part temperature. Measuring
the demolding temperature is important not only for optimiz-
ing the cooling time but also for monitoring the temperature
of the mold. With an effective form of mold temperature
control (which presupposes no major differences in wall
thickness over the molded part), the mean demolding tem-
perature measured should be as constant as possible over all
the different regions of the molding. Any differences would
suggest that the mold temperature control has not been
efficiently configured.

Temperature-controllable contact sensors or noncontact

infrared measuring cells can suitably be used for measuring
the demolding temperature.

250
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Fig. 20: Temperature profile in a plastics molding
before and after demolding

7. Cooling time

Strictly speaking, the cooling phase in injection molding
commences with the injection signal and ends with the “open
mold” signal. This is because as soon as the hot molten plas-
tic comes into contact with the cooler mold wall at any point
in the mold, cooling then commences in this region.

Measures should be taken, however, to prevent the mold
from freezing during the filling phase. The loss of heat to the
mold wall should be offset by the flow heat. Most heat is
released during the residence time (holding pressure phase
and residual cooling phase).



Simple cooling equations can be used to estimate the cool-
ing time, or the time by which the demolding temperature
(see above) will have been attained. In the case of a flat
panel, where an exchange of heat only takes place over the
panel thickness, the following equation can be used to
estimate the cooling time (for further cooling time equations
see Technical Information “Optimized Mold Temperature

Control”).
— Oy
5

n (2.
n

c’p) C’P

tx = Cooling time

s Wall thickness

a,; = Effective temperature conductivity

d,, = Molding compound temperature at end of filling phase
9, = Mean mold wall temperature

Ve = Demolding temperature at center of molded part

The fact that the correct demolding temperature also has a
decisive influence on the cost efficiency of production has
already been mentioned in the previous chapter. A simple
example will be given to illustrate this.

The recommended demolding temperature for a molded part
in ABS is approximately 100°C. How is the cooling time af-
fected if the part is demolded at approximately 80 °C instead
of at 100°C?

Example: “Demolding temperature”

Panel with a wall thickness of: s =3mm
Effective thermal diffusivity of ABS: a = 0.08 mm?/s
Polymer melt temperature after filling: Oy =240°C
Mean mold wall temperature: Vy=50°C
Demolding temperature at center
of molded part: Je,=100°C
ng— 80°C

Cooling time 1:
fiy = 32mm? 4 240°C-50°C

P 008mmE m 100 °C-50 °C

t, = 11.3986 - 1.5766

tgy =18s

Cooling time 2:

4 240 °C-50°C
80°C—-50°C

tyo = 11.3986 - 2.0874

tp = 11.3986 - In

teo =245

Even if just an estimate, this simple example serves to show
that if too low a demolding temperature is selected, this will
have a pronounced effect on the cooling time. In the example
given, the 20°C lower demolding temperature extends the
cooling time by some 30%!

The length of the cooling time is influenced not only by the
demolding temperature but also by the mold wall tempera-
ture (for the influence of the wall thickness s and the melt
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temperature, and also the influence of the mold temperature
on the quality of molded parts, see Technical information
“Optimized Mold Temperature Control”.

Figure 21 shows the computed mold surface temperature on
the nozzle side for a box-shaped molded part. The
temperature distribution shown is obtained as a result of the
cooling channel positions and the other temperature control
conditions (cooling medium temperature, flow rate). The
temperature control for the top and lateral surfaces of the
molded part is not optimally configured.

The box has a uniform wall thickness yet, despite this, differ-
ent cooling times result for the different regions on account of
the dissimilar mold surface temperatures.

The example already set out above will be used once again
to show how the cooling time can be estimated for the differ-

ent wall temperatures.

Example: “Mold temperature”

Wall thickness: s =3mm
Effective thermal diffusivity of ABS: a, =0.08 mm?%s
Demolding temperature: Y =100°C
Melt temperature after filling: Oy =240°C

Wall temperature 1 — Center of top and

lateral surfaces: wp =~ 50°C

Wall temperature 2 — Edge of top Ywr = 30°C

Employing the cooling time formula and the conditions
specified, two cooling times are obtained for the two wall
temperatures:

Center of top and lateral surfaces: t,, = 18 s

Edge of top: ty, =15 s

Since the demolding temperature 9. = 100°C applies to
both, the cycle time is increased by approximately 20 %
through the longer cooling time that is required for the center
of the top and the lateral surfaces.

Different mold wall temperatures mean different cooling rates
and hence different properties, such as shrinkage, surface
appearance, structure and warpage.

These two examples have shown just how sensitively the
cooling time responds to the processing conditions and how
important temperature control in the mold and optimum
processing conditions are for cost-efficient production.

BLOCK TEMP [deg. C]

Fig. 21: Calculated mold surface temperature on the nozzle
side of a box-shaped molded part



8. Cycle time

The cycle time is the time interval at which the production
sequence is periodically repeated. It is made up from the in-
dividual production steps and the ancillary time.

Cycle time = filling time + holding pressure time + residence
time (residual cooling time) + ancillary time.
(Opening and closing of the mold, ejection, switchover time
and, where appropriate, plasticization time.)

The cycle time can be shown in graphic form as below:

The different times can be of different lengths as a function of
the processing conditions.

Normally, however, the residence time or residual cooling
time accounts for the largest time span.

Filling time | Holding pressure time | cooling time| Ancillary time

Cooling time for a specific point in the cavity

-4 Cycetme——4mM8M8m

9. Heat content of a molten plastic
Before the requisite cooling capacity of the mold temperature
control system can be established, it is necessary to know

the heat content that is released by a molten plastic.

The mean quantity of heat to be eliminated per time unit is

m - Ah
Qp = t
Zyl
ém = Heat flow of the molded part
m = Mass of molded part

tzy = Cycle time

Ah = Specific enthalpy differential
between the melt and the
demolding temperature

The term specific enthalpy denotes the mass-related heat con-
tent of a material as a function of temperature and pressure.
The enthalpy values for plastics are frequently found in diagram
form, with the enthalpy plotted as a function of temperature.
Figure 22 shows specific enthalpy diagrams for a number of
amorphous and semicrystalline thermoplastics. Since the pres-
sure dependence of the specific enthalpy plays only a minor
role by comparison to its temperature dependence (order of
magnitude approximately 10%/1000 bar), the diagrams
measured at p = 1 bar can suitably be applied in practice.

A comparison of the two classes of material shows that semi-
crystalline materials have a considerably higher heat content
than amorphous materials in the molten range. Approxi-
mately twice the capacity is required to melt or cool semi-
crystalline molding compounds in the same period of time as
amorphous ones.

While amorphous thermoplastics display a more or less
steady decrease in their specific enthalpy, there is a sharp
bend in the curve for semicrystalline thermoplastics in the
crystallization interval.
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Fig. 22: Specific enthalpy as a function of temperature for a
number of thermoplastics; p = 1 bar

10. Summary

The thermoplastic being processed passes through different
thermodynamic states in the course of the injection molding
process. Knowledge of the state curve during processing
makes it easier to selectively control the processing sequence
and exert a positive influence on it.

The cooling behavior of the melt can be influenced to a pro-
nounced extent by the cooling in the mold. Different mold
surface temperatures can lead to dissimilar cooling times
inside the molded part. The solidification behavior, i.e. the
level of the glass transition or crystallization temperature, is a
function of the ambient conditions (pressure, cooling and
heating rate), where with amorphous and semi-crystalline
thermoplastics, elevated cooling rates relatively soon lead to
specific volumes that remain constant. The position of the
cooling channels also has an influence here. If the part is not
cooled uniformly then a dissimilar structure can develop
inside it, leading to dissimilar shrinkage and warpage behavior.

A carefully selected demolding temperature makes tempera-
ture contributes to more cost-efficient production.

Knowledge of the material’s state curve during processing —
and particularly during the cooling phase - is especially
important when engineering thermoplastics are to be pro-
cessed into highly-stressed, high-grade molded parts.
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Typical value

These values are typical values only. Unless explicitly agreed in written form, they do not constitute a binding material specification or warranted values. Values may be
affected by the design of the mold/die, the processing conditions and coloring/pigmentation of the product. Unless specified to the contrary, the property values given
have been established on standardized test specimens at room temperature.

General

The manner in which you use and the purpose to which you put and utilize our products, technical assistance and information (whether verbal, written or by way of
production evaluations), including any suggested formulations and recommendations, are beyond our control. Therefore, it is imperative that you test our products,
technical assistance and information to determine to your own satisfaction whether our products, technical assistance and information are suitable for your intended
uses and applications. This application-specific analysis must at least include testing to determine suitability from a technical as well as health, safety, and environmental
standpoint. Such testing has not necessarily been done by us. Unless we otherwise agree in writing, all products are sold strictly pursuant to the terms of our standard
conditions of sale which are available upon request. All information and technical assistance is given without warranty or guarantee and is subject to change without
notice. It is expressly understood and agreed that you assume and hereby expressly release us from all liability, in tort, contract or otherwise, incurred in connection with
the use of our products, technical assistance, and information. Any statement or recommendation not contained herein is unauthorized and shall not bind us. Nothing
herein shall be construed as a recommendation to use any product in conflict with any claim of any patent relative to any material or its use. No license is implied or in
fact granted under the claims of any patent.
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