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bedingungen.
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1 Introduction 

The injection molding of thermoplastics is a form of 
processing 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 plas-
tic 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 plas-
tic. 

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: 

• Nozzle/gate geometry 
• Wall thickness of the molded part 
• Filling rate 
• Molding compound temperature 
• 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 ∆ϑM can be described in approximate terms as a function 
of the pressure loss ∆p, whereby there is assumed to be no 
exchange of heat with the mold (adiabatic => Qab = 0). 

∆ϑM 	 =     ∆p    
		  ρ · cp 
∆ϑM 	 = Mean temperature increase in the melt 
∆p 	 = �Pressure differential (pressure loss) in a flow section 

of the runner/gate system 
ρ 	 = Melt density 
cp 	 = 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 men-
tioned, 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 tempera-
ture 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 to-
wards the center of the channel. This situation is depicted in 
Fig. 2.
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plastics is a form of processing in
which highly complex physical pro-
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The moulding compound to be pro-
cessed first has to be melted, before
being injected at high pressure into a
“cold” mould. Since the mould is cooler
than the compound, the shaped plastic
part cools down and can be removed
from the mould once it has solidified.

The individual process stages of
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The temperature control system of the
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production of injection-moulded parts.
This control system is known to
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such as surface appearance and
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Efficient mould temperature control
also helps to save costs, however,
since the cooling time, and hence the
cycle time as well, can be optimised in
this way.
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importance of cooling in an injection
mould, it is wise to take a look at the
thermodynamic processes that prevail
during the injection moulding process.
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2. Melt temperature

2.1 Melt temperature during
moulded part filling

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

be quite pronounced, forms over the
cross-section of the flow channel as a
result of the elimination of heat via the
mould wall. Figure 1 shows a typical
temperature profile of a flowing plastic
melt in a cooled injection mould.

Right next to the mould 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 mould wall
temperature). In the centre of the flow
channel, there is a uniformly high
temperature distribution. Peaks such
as those shown on the diagram can
develop between the centre of the
channel and the mould 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 dif-
ferent points of the cavity (close to the
gate, remote from the gate). Hence, an
increasingly large frozen edge layer
can cause the maximum temperature
(the temperature peaks in Fig. 1) to
shift towards the centre of the channel.
This situation is depicted in Fig. 2.

Fig. 1: Temperature profile in a
flowing plastic melt [1]

Once the injection signal has been
given, the screw moves forwards 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
stressing on the melt. The chief
parameters that affect this stress are
the:
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Wall thickness of the moulded part
Filling rate
Moulding compound temperature
Mould wall temperature

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

Experimental investigations into differ-
ent gates and different materials [1]
have shown that the mean tem-
perature increase of ΔϑM can be
described in approximate terms as a
function of the pressure loss Δp,
whereby there is assumed to be no
exchange of heat with the mould
(adiabatic => Q
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cp = 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 rheo-
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influence on the temperature of the
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Fig. 1: �Temperature profile in a flowing plastic melt [1]
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2.2 �Melt temperature in the holding pressure and cooling 
phases 

Once the mold has been volumetrically filled, the holding 
pressure phase commences. In the course of this phase, 
melt is conveyed into the mold cavity for as long as possible, 
in order to offset volumetric contraction. Since the flow of 
melt is very small by comparison to the flow that prevails 
during the filling phase, there is no further increase in 
temperature as a result of internal friction. The temperature 
of the melt experiences a steady fall. 

Immediately after the holding pressure phase comes the 
residual cooling phase. During this phase, the temperature of 
the molten plastic, which has now almost completely solidi
fied, falls to the demolding temperature. 

Fig. 3 shows computed temperature profiles over the cross-
section of a molded part during the cooling phase  
(panel s = 3 mm, material ABS). The temperature profile flat-
tens out increasingly with time. After approximately 16 s, the 
temperature in the middle has fallen to the demolding tem-
perature. 

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 
temperature of the runner/gate system, the mold cooling 
system also has a major influence on the temperature of the 
melt. The cooling of the mold, in particular, largely deter
mines how uniformly and how rapidly heat is eliminated from 
the plastic in order to permit demolding. 

What happens in a plastic melt as it cools? At what tempera-
ture does it freeze? How high is its heat content, i.e. how 
much heat energy is required to heat or cool plastics? The 
answers to these questions will be provided in the section 
that follows.
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2.2 Melt temperature in the holding
pressure and cooling phases

Once the mould has been volume-
trically filled, the holding pressure
phase commences. In the course of
this phase, melt is conveyed into the
mould cavity for as long as possible, in
order to offset volumetric contraction.
Since the flow of melt is very small by
comparison to the flow that prevails
during the filling phase, there is no
further increase in temperature as
a result of internal friction. The tem-
perature of the melt experiences a
steady fall.

Immediately after the holding pressure
phase comes the residual cooling
phase. During this phase, the tem-
perature of the molten plastic, which
has now almost completely solidified,
falls to the demoulding temperature.

Figure 3 shows computed temperature
profiles over the cross-section of a
moulded part during the cooling phase
(panel s = 3 mm, material ABS). The
temperature profile flattens out in-
creasingly with time. After appro-
ximately 16 s, the temperature in the
middle has fallen to the demoulding
temperature.

It is evident from what has just been
said that the melt temperature is
subject to constant change during the
injection moulding process. Apart from
the processing parameters of injection
time, temperature of the injected
compound and temperature of the
runner/gate system, the mould tem-
perature control system also has a
major influence on the temperature of
the melt. The cooling of the mould, in
particular, largely determines how
uniformly and how rapidly heat is
eliminated from the plastic in order to
permit demoulding.

What happens in a plastics melt as it
cools? At what temperature does it
freeze? How high is its heat content,
i.e. how much power is required to
heat or cool plastics? The answers to
these questions will be provided in the
section that follows.

Fig. 2: Temperature profile at different flow locations at the time when the
moulded part is full [1]

Fig. 3: Temperature profiles in a cooling thermoplastic melt at different
points in time (computed)
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Fig. 2: ��Temperature profile at different flow locations at the time when the 
molded part is full [1]
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perature of the molten plastic, which
has now almost completely solidified,
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profiles over the cross-section of a
moulded part during the cooling phase
(panel s = 3 mm, material ABS). The
temperature profile flattens out in-
creasingly with time. After appro-
ximately 16 s, the temperature in the
middle has fallen to the demoulding
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It is evident from what has just been
said that the melt temperature is
subject to constant change during the
injection moulding process. Apart from
the processing parameters of injection
time, temperature of the injected
compound and temperature of the
runner/gate system, the mould tem-
perature control system also has a
major influence on the temperature of
the melt. The cooling of the mould, in
particular, largely determines how
uniformly and how rapidly heat is
eliminated from the plastic in order to
permit demoulding.

What happens in a plastics melt as it
cools? At what temperature does it
freeze? How high is its heat content,
i.e. how much power is required to
heat or cool plastics? The answers to
these questions will be provided in the
section that follows.
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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 be
comes 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). 

Vg	 =	 Vm + Vf 
Vg	 =	 Overall volume 
Vm	 =	� Partial volume of molecules  

(oscillation expansion volume) 
Vf	 =	 Free volume (vacancy volume)  

VTK (0)

VG (0)

VK (0)

Glassy state Supercooled
fluid

Fluid

free
volume

partial
volume

p = konst.

0 TK KTG = TE
Temperature T

4

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 second-
ary valence fields. The melt becomes
highly viscous.

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

Vg = Vm + Vf
Vg = overall volume
Vm = partial volume of molecules

(oscillation expansion volume)
Vf = free volume (vacancy volume)

ϑ1

Vf

Vm

ϑ1 > ϑ2

ϑ2

The overall volume V G is obtained
from the sum of the partial volume of
molecules Vm (oscillation expansion
volume of molecules) and the vacancy
volume, or free volume Vf. 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-ϑ
diagram) (Fig. 5).

The bottom curve in Fig. 5 is the profile
for a purely crystalline material. At the
crystallisation temperature, TK, the
material becomes fully crystallised.
The free volume is then zero. In the
further course of the process, only the
oscillation expansion volume under-
goes any change.

In the case of amorphous thermo-
plastics (top curve), the melt is seen to
suffer undercooling as the temperature
falls. Once the temperature has fallen
below the glass transition temperature
TG, the specific volume falls less
sharply (the straight lines have a low
gradient). At below the glass transition
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 constant in the
glassy state.

The middle curve shows the volume/
temperature behaviour 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 ma-
terials, these materials have a crys-
tallisation interval instead of a crys-

tallising point. Apart from the semi-
crystalline domains, there are amor-
phous domains present too. Once the
temperature falls below T G, these
assume the glassy state. The free vo-
lume is smaller than for purely amor-
phous materials – on account of the
crystalline component.

The superposition of the state curves
for amorphous and semi-crystalline
thermoplastics that is shown on the
diagram means that there is a certain
amount of time at each temperature in
which the attendant 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 plastics melt is subjected to pres-
sure and then cooled, lower specific
volumes will result at each tem-
perature. The glass temperature (in
the case of amorphous thermo-
plastics) and the crystallisation tem-
perature (semi-crystalline thermo-
plastics) will be shifted towards higher
temperatures.

Figure 6 shows the correlation be-
tween specific volume and temperature
at different pressures for both an
amorphous plastic (left) and a semi-

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

Fig. 5: Pressure-volume-temperature diagram (p-v-ϑ diagram)

semi-crystalline

amorphous

crystalline

S
pe

ci
fic

 v
ol

um
e 

v

Fig. 4: ��Free-volume model according to [2]
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Fig. 5: Pressure-volume-temperature diagram (p-v-𝛝 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 amor-
phous domains present too. Once the temperature falls be-
low TG, 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 thermoplas-
tics) and the crystallization temperature (semi-crystalline 
thermoplastics) 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 thermo
plastics on account of the crystallizing component of the 
structure. 

p =const.
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crystalline 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 thermo-
plastics on account of the crystallising
component of the structure.

With semi-crystalline materials, the
curve displays a sharp kink. This
sudden change in specific volume is
due to the start of crystallisation. The
point of discontinuity marks the
crystallising point ϑK. 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 crystallisation. When
both of these are superimposed, 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 similarly 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 be-
comes shorter. It is already impossible
for a state of equilibrium to develop at
high temperatures.

Figure 7 shows the shift in glass tran-
sition 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.

Fig. 6: p-v-ϑ Diagram of a slowly cooling amorphous (left) and semi-crystalline (right) plastic (Source: IKV)

Fig. 7: Comparison of slow and rapid isobaric cooling of an amorphous
thermoplastic (Source: IKV)
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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 thermo-
plastics on account of the crystallising
component of the structure.

With semi-crystalline materials, the
curve displays a sharp kink. This
sudden change in specific volume is
due to the start of crystallisation. The
point of discontinuity marks the
crystallising point ϑK. 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 crystallisation. When
both of these are superimposed, 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 similarly 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 be-
comes shorter. It is already impossible
for a state of equilibrium to develop at
high temperatures.

Figure 7 shows the shift in glass tran-
sition 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.

Fig. 6: p-v-ϑ Diagram of a slowly cooling amorphous (left) and semi-crystalline (right) plastic (Source: IKV)
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Fig. 6: ��p-v-𝛝 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 ϑK. Below this temperature, the reduction 
in specific temperature is due not only to the reduced ther-
mal 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 
impossible for a state of equilibrium to develop at high tem
peratures. 

Fig. 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 vol-
ume and glass transition temperature strive towards a limit 
value.
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crystalline 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 thermo-
plastics on account of the crystallising
component of the structure.

With semi-crystalline materials, the
curve displays a sharp kink. This
sudden change in specific volume is
due to the start of crystallisation. The
point of discontinuity marks the
crystallising point ϑK. 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 crystallisation. When
both of these are superimposed, 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 similarly 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 be-
comes shorter. It is already impossible
for a state of equilibrium to develop at
high temperatures.

Figure 7 shows the shift in glass tran-
sition 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.

Fig. 6: p-v-ϑ Diagram of a slowly cooling amorphous (left) and semi-crystalline (right) plastic (Source: IKV)

Fig. 7: Comparison of slow and rapid isobaric cooling of an amorphous
thermoplastic (Source: IKV)
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Fig. 8 shows the correlation between the specific volume at 
RT, in a normal atmosphere, and the cooling rate and pressure 
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.

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 crystal-
lization is lower and the specific volume becomes larger. At 
an elevated cooling rate, however, the crystallization temper-
ature 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 dimen-
sional deviations 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 
conditions, then this will mark a major step in the direction of 
identical molded part properties.

4 Melting temperature

It is clear from the p-v-ϑ 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 
thermoplastics. 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.  

Fig. 10 shows the difference between slow isobaric cooling 
and heating at ambient pressure, and at 400 bar, for a poly-
propylene grade. It is only when the crystallization tempera-
ture established in the slow cooling test has been surpassed 
by a considerable margin that the straightline curve for the 
melt is attained. The point of contact characterises crystal-
lite melting, and is denoted as the crystalline melting point 
ϑKS. 
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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 fur-
ther increase comes about in specific
volume, however, and there is no fur-
ther change in the glass transition
temperature. The specific volume and
glass transition temperature strive
towards a limit value.

Figure 8 shows the correlation be-
tween the specific volume at RT, in a
normal atmosphere, and the cooling
rate and pressure 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.

In the case of semi-crystalline plastics,
a greater specific volume is similarly
seen with higher cooling rates. The
crystallisation conditions deteriorate.
The degree of crystallisation is lower
and the specific volume becomes
larger. At an elevated cooling rate,
however, the crystallisation tem-
perature remains virtually constant.
With these high cooling rates, it must
be born in mind that post-crys-
tallisation and hence a subsequent
reduction in the specific volume can
occur. This is frequently the cause of
warpage and dimensional deviations
in moulded parts.

Efficient, uniform mould cooling is
thus essential in the case of semi-
crystalline plastics. The properties of
the moulded part are determined
by the “processing operation in the
mould”. If, for instance, identical
cooling rates are achieved in all the
areas of the moulded part, through
identical cooling conditions, then this
will mark a major step in the direction
of identical moulded part properties.

Fig. 9: Comparison of slow and rapid isobaric cooling of a semi-crystalline
thermoplastic at two different pressures (Source: IKV)

Fig. 8: Specific volume as a function of the cooling rate and pressure of an
amorphous thermoplastic (Source: IKV)
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Fig. 8: �Specific volume as a function of the cooling rate and pressure of an 
amorphous thermoplastic (Source: IKV)
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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 fur-
ther increase comes about in specific
volume, however, and there is no fur-
ther change in the glass transition
temperature. The specific volume and
glass transition temperature strive
towards a limit value.

Figure 8 shows the correlation be-
tween the specific volume at RT, in a
normal atmosphere, and the cooling
rate and pressure 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.

In the case of semi-crystalline plastics,
a greater specific volume is similarly
seen with higher cooling rates. The
crystallisation conditions deteriorate.
The degree of crystallisation is lower
and the specific volume becomes
larger. At an elevated cooling rate,
however, the crystallisation tem-
perature remains virtually constant.
With these high cooling rates, it must
be born in mind that post-crys-
tallisation and hence a subsequent
reduction in the specific volume can
occur. This is frequently the cause of
warpage and dimensional deviations
in moulded parts.

Efficient, uniform mould cooling is
thus essential in the case of semi-
crystalline plastics. The properties of
the moulded part are determined
by the “processing operation in the
mould”. If, for instance, identical
cooling rates are achieved in all the
areas of the moulded part, through
identical cooling conditions, then this
will mark a major step in the direction
of identical moulded part properties.

Fig. 9: Comparison of slow and rapid isobaric cooling of a semi-crystalline
thermoplastic at two different pressures (Source: IKV)

Fig. 8: Specific volume as a function of the cooling rate and pressure of an
amorphous thermoplastic (Source: IKV)
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Fig. 9: ��Comparison of slow and rapid isobaric cooling of a semi-crystalline 
thermoplastic at two different pressures (source: IKV)
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4. Melt temperature

It is clear from the p-v-ϑ diagram that
thermoplastics do not possess a
melting point in the sense of a specific
temperature at which the material
changes its aggregate state (melt
−> solid). Thermoplastics have a melt-
ing 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 thermo-
plastics. 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 thermo-
plastics, reference is made to the
crystallisation temperature. This crys-
tallisation 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 thermo-
plastics.

Figure 10 shows the difference be-
tween slow isobaric cooling and
heating at ambient pressure, on the
one hand, and at 400 bar, on the other
hand. It is only when the crystallisation
temperature established in the slow
cooling test has been surpassed by a
considerable margin that the straight-
line curve for the melt is attained. The
point of contact characterises crys-
tallite melting and is denoted the
crystalline melting point ϑKS.

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

With the cooling rates encountered in
practice (>> 0.02 °C/s) the fall in
crystallisation temperature is more or
less constant (Fig. 11).

Fig. 10: Slow isobaric cooling and heating of a semi-crystalline thermoplastic
(Source: IKV)

Fig. 11: Influence of cooling rate on crystallisation temperature (Source: IKV)
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Fig. 10: �Slow isobaric cooling and heating of a  
semi-crystalline thermoplastic (source: IKV)
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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 con-
stant (Fig. 11).

5 State curve during injection molding 

Using the p-v-ϑ 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 
cooling phase. 

This is done by transferring the pressures and temperatures 
that prevail during the different process stages to a p-v-ϑ di-
agram, 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-ϑ 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 
6	 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 

Based on state curves like this, it is possible to make mean-
ingful statements on the course of shrinkage and on the 
movement of the melt at each stage of the process. Point 7 
on the Figures (the attainment of atmospheric pressure) is im-
portant for the start of shrinkage. This point can occur at dif-
ferent temperatures with different holding pressure profiles 
and cooling conditions. It is possible to influence shrinkage in 
this way.
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4. Melt temperature

It is clear from the p-v-ϑ diagram that
thermoplastics do not possess a
melting point in the sense of a specific
temperature at which the material
changes its aggregate state (melt
−> solid). Thermoplastics have a melt-
ing 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 thermo-
plastics. 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 thermo-
plastics, reference is made to the
crystallisation temperature. This crys-
tallisation 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 thermo-
plastics.

Figure 10 shows the difference be-
tween slow isobaric cooling and
heating at ambient pressure, on the
one hand, and at 400 bar, on the other
hand. It is only when the crystallisation
temperature established in the slow
cooling test has been surpassed by a
considerable margin that the straight-
line curve for the melt is attained. The
point of contact characterises crys-
tallite melting and is denoted the
crystalline melting point ϑKS.

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

With the cooling rates encountered in
practice (>> 0.02 °C/s) the fall in
crystallisation temperature is more or
less constant (Fig. 11).

Fig. 10: Slow isobaric cooling and heating of a semi-crystalline thermoplastic
(Source: IKV)

Fig. 11: Influence of cooling rate on crystallisation temperature (Source: IKV)
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Fig. 11: ��Influence of cooling rate on crystallization temperature  
(source: IKV)

0

100

200

300

400

bar

500

Te
m

pe
ra

tu
re

 T

P
re

ss
ur

e 
p

0 5 10 15 20 25 30 s 35
0

100

300

200

mean molding compound
temperature in mold TM

mould pressure
start of shrinkage6 71

52

3
4

8

Time t

8

°C

5. State curve during injection
moulding

Using the p-v-ϑ diagrams that have
been presented, it is possible to
portray the thermodynamic state curve
prevailing during injection moulding
for the three process stages of mould-
ed part filling, holding pressure phase
and residual cooling phase.

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

The meanings of the state points
plotted on Figs. 12 and 13 are as
follows:

1 Start of mould filling
(melt touches pressure sensor)

2 Mould 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

6 Gate has frozen

7 Pressure has sunk to atmos-
pheric pressure
(start of shrinkage)

8 Mean melt temperature has
attained freezing temperature

9 Demoulding

10 Moulded part has reached room
temperature

Taking state curves like this, it is pos-
sible to make meaningful  statements
on the course of shrinkage and on the
movement of the melt at each stage of
the process. Point 7 on the Figures
(the attainment of atmospheric pres-
sure) is important for the start of
shrinkage. This point can occur at dif-
ferent temperatures with different
holding pressure profiles and cooling
conditions. It is possible to influence
shrinkage in this way.

1.02

0.98

0.96

0.95

cm3

g

1.00

1.04
Material: polystyrene

~ volumetric
   shrinkage
      ∆V

0 50 100 150 200 °C 250
Temperature T

200
400

600
800

1000
1200

1400
1600

1800

1

2

3
45

67

8

9

10

Fig. 12: Pressure and temperature profile during the injection moulding
cycle [4]

Fig. 13: State curve during injection moulding

S
pe

ci
fic

 v
ol

um
e 

v

Fig. 12: ��Pressure and temperature profile during the injection molding  
cycle [4]

0

100

200

300

400

bar

500

Te
m

pe
ra

tu
re

 T

P
re

ss
ur

e 
p

0 5 10 15 20 25 30 s 35
0

100

300

200

mean molding compound
temperature in mold TM

mould pressure
start of shrinkage6 71

52

3
4

8

Time t

8

°C

5. State curve during injection
moulding

Using the p-v-ϑ diagrams that have
been presented, it is possible to
portray the thermodynamic state curve
prevailing during injection moulding
for the three process stages of mould-
ed part filling, holding pressure phase
and residual cooling phase.

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

The meanings of the state points
plotted on Figs. 12 and 13 are as
follows:

1 Start of mould filling
(melt touches pressure sensor)

2 Mould 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

6 Gate has frozen

7 Pressure has sunk to atmos-
pheric pressure
(start of shrinkage)

8 Mean melt temperature has
attained freezing temperature

9 Demoulding

10 Moulded part has reached room
temperature

Taking state curves like this, it is pos-
sible to make meaningful  statements
on the course of shrinkage and on the
movement of the melt at each stage of
the process. Point 7 on the Figures
(the attainment of atmospheric pres-
sure) is important for the start of
shrinkage. This point can occur at dif-
ferent temperatures with different
holding pressure profiles and cooling
conditions. It is possible to influence
shrinkage in this way.

1.02

0.98

0.96

0.95

cm3

g

1.00

1.04
Material: polystyrene

~ volumetric
   shrinkage
      ∆V

0 50 100 150 200 °C 250
Temperature T

200
400

600
800

1000
1200

1400
1600

1800

1

2

3
45

67

8

9

10

Fig. 12: Pressure and temperature profile during the injection moulding
cycle [4]

Fig. 13: State curve during injection moulding

S
pe

ci
fic

 v
ol

um
e 

v

Fig. 13: State curve during injection molding [4]



COV00073621/Page 8 of 12
www.plastics.covestro.com 
Edition 2016-03

9

tk

100

60 130ϑE
0

(s)

Demolding temperature
(°C)

6 mm

4 mm

2 mm

ϑE

ϑW
x

Wanddicke s

Wanddicke s
x

ϑE

ϑW

6. Demoulding temperature
and cooling time

An injection moulded part cannot, or
should not be demoulded 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
moulding.

If the target of a short cycle time is to
be fulfilled, then it is essential for the
material-dependent demoulding tem-
perature to be known. Mouldings are
frequently left in the mould for too
long, in order to be on the safe side,
although the cooling time to the
demoulding temperature has long
since elapsed.

Knowledge of the demoulding tem-
perature is important on economic
grounds. Figure 14 shows the in-
fluence of the demoulding temperature
on the expected cooling time. The
lower the demoulding temperature is,
the longer the cooling time will be.

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

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

Fig. 14: Influence of demoulding temperature on cooling time

Fig. 15: Temperature profile in a thermoplastic
moulding at the time of demoulding,
demoulding temperature ϑE in the centre

Fig. 16: Mean demoulding temperature ϑE

Wall thickness s

Wall thickness s

Fig. 14: Influence of demolding temperature on cooling time

9

tk

100

60 130ϑE
0

(s)

Demolding temperature
(°C)

6 mm

4 mm

2 mm

ϑE

ϑW
x

Wanddicke s

Wanddicke s
x

ϑE

ϑW

6. Demoulding temperature
and cooling time

An injection moulded part cannot, or
should not be demoulded 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
moulding.

If the target of a short cycle time is to
be fulfilled, then it is essential for the
material-dependent demoulding tem-
perature to be known. Mouldings are
frequently left in the mould for too
long, in order to be on the safe side,
although the cooling time to the
demoulding temperature has long
since elapsed.

Knowledge of the demoulding tem-
perature is important on economic
grounds. Figure 14 shows the in-
fluence of the demoulding temperature
on the expected cooling time. The
lower the demoulding temperature is,
the longer the cooling time will be.

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

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

Fig. 14: Influence of demoulding temperature on cooling time

Fig. 15: Temperature profile in a thermoplastic
moulding at the time of demoulding,
demoulding temperature ϑE in the centre

Fig. 16: Mean demoulding temperature ϑE

Wall thickness s

Wall thickness s

9

tk

100

60 130ϑE
0

(s)

Demolding temperature
(°C)

6 mm

4 mm

2 mm

ϑE

ϑW
x

Wanddicke s

Wanddicke s
x

ϑE

ϑW

6. Demoulding temperature
and cooling time

An injection moulded part cannot, or
should not be demoulded 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
moulding.

If the target of a short cycle time is to
be fulfilled, then it is essential for the
material-dependent demoulding tem-
perature to be known. Mouldings are
frequently left in the mould for too
long, in order to be on the safe side,
although the cooling time to the
demoulding temperature has long
since elapsed.

Knowledge of the demoulding tem-
perature is important on economic
grounds. Figure 14 shows the in-
fluence of the demoulding temperature
on the expected cooling time. The
lower the demoulding temperature is,
the longer the cooling time will be.

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

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

Fig. 14: Influence of demoulding temperature on cooling time

Fig. 15: Temperature profile in a thermoplastic
moulding at the time of demoulding,
demoulding temperature ϑE in the centre

Fig. 16: Mean demoulding temperature ϑE

Wall thickness s

Wall thickness s

Fig. 15: �Temperature profile in a ther-
moplastic molding at the time 
of demolding, demolding 
temperature ^𝛝E  in the center

Fig. 16: ��Mean demolding tempera-
ture 𝛝E

Abbreviations Thermoplastics Mean demolding 
temperatures (°C) 
(Guide values)*

PC-HT Apec® HT 150

(PC+ABS) Bayblend® 110

PC Makrolon® 130

* �It may be necessary to deviate from the values in the table depending on 
the product grade.

Fig. 17: ��Recommended mean demolding temperatures for a number of  
thermoplastics [5]

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 sta-
ble. 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 tempera-
ture 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. Fig. 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. Fig. 15 shows 
a temperature profile in a thermoplastic molding at the time 
of demolding. 

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

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

First of all, the raw materials manufacturers issue recom-
mendations 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  –
ϑE  

or temperature in the center of the molded part ^ϑE, must not 
lie within the range where the plastic “yields” and is not able 
to absorb any force. It is possible to establish this tempera-
ture 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 di-
mensional stability is no longer guaranteed. The maximum 
possible demolding temperature is thus approximately 
106 °C. 

ϑE 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-ϑ diagrams described above. In 
the case of amorphous materials, this can be the softening 
temperature 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 soften-
ing temperature from the p-v-ϑ 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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PA Durethan 100

PC Makrolon 130
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PBT Pocan 130
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• How can the correct
demoulding temperatures for
a specific case be established?

First of all, the raw materials manu-
facturers issue recommendations as to
the mean demoulding temperatures for
their products (Fig. 17).

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

To ensure successful demoulding, the
meantemperatur ϑE or temperature in
the centre of the moulded part ϑE,
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 demoulding temperature is
thus approximately 106 °C.

ϑE max = 106 °C

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

If no curves are available, then the
demoulding temperature can be taken
as being equivalent to the heat de-
flection temperature (Vicat tempera-
ture).

Fig. 17: Recommended mean demoulding temperatures for a number of
thermoplastics [5]

Fig. 18: Determination of the maximum demoulding temperature from a shear
modulus curve
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Fig. 18: ��Determination of the maximum demolding temperature from a shear 
modulus curve, material ABS
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• Measurement of the
demoulding temperature [7]

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

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

The maximum value measured should
be taken as the demoulding tem-
perature, since this ultimately con-
stitutes a measure of the mean
moulded part temperature. Measuring
the demoulding temperature is im-
portant not only for optimising the
cooling time but also for monitoring the
temperature of the mould. With an
effective form of mould temperature
control (which presupposes no major
differences in wall thickness over the
moulded part) the mean demoulding
temperature measured should be as
constant as possible over all the dif-
ferent regions of the moulding. Any
differences would suggest that the
mould temperature control has not
been efficiently configured.

Temperature-controllable contact sen-
sors or noncontact infrared measuring
cells can suitably be used for meas-
uring the demoulding temperature.

Fig. 19: Demoulding temperature from the p-v-ϑ diagram, material ABS

Fig. 20: Temperature profile in a plastics moulding before and after demoulding
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Fig. 19: ��Demolding temperature from the p-v-ϑ diagram, material ABS

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.
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stability of the demoulded part. This
should therefore be verified as
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due to the equalisation of the tem-
perature profile that developed during
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cooling time but also for monitoring the
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ferent regions of the moulding. Any
differences would suggest that the
mould temperature control has not
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7. Cooling time 

Strictly speaking, the cooling phase in injection molding com-
mences 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).
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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”). 
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7. Cooling time

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

Measures should be taken, however,
to prevent the mould from freezing
during the filling phase. The loss of
heat to the mould wall should be offset
by the flow heat. The main quantity of
heat is released during the residence
time (holding pressure phase and re-
sidual cooling phase).

Pure cooling equations can be
employed for estimating the cooling
time, or the time by which the de-
moulding 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
ATI 892e, Thermal Mould Design, by
the same author):

tK = cooling time
s = wall thickness
aeff = effective temperature

conductivity
ϑM = molding compound

temperature at end of filling
phase

ϑW = mean mold wall temperature
ϑE = demolding temperature at

centre of molded part

The fact that the correct demoulding
temperature also has a decisive in-
fluence on the cost efficiency of pro-
duction has already been mentioned in
the previous chapter. A simple ex-
ample will be given to illustrate this.

The recommended demoulding tem-
perature for a moulded part in ABS is
approximately 100 °C. How is the
cooling time affected if the part is
demoulded at approximately 80 °C
instead of at 100 °C?

Example: “Demoulding temperature”

Panel with a wall thickness of: s = 3 mm
Effective thermal diffusivity of ABS: aeff = 0.08 mm2/s
Moulding compound temperature after filling: ϑM = 240 °C
Mean mould wall temperature: ϑW =   50 °C
Demoulding temperature at centre of moulded part: ϑE1 = 100 °C

ϑE2 =   80 °C

Cooling time 1:

tK1 = 11.3986 · 1.5766

tK1 = 18 s

Cooling time 2:

tK2 = 11.3986 · 2.0874

tK2 = 24 s

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

The length of the cooling time is in-
fluenced not only by the demoulding
temperature but also by the mould wall
temperature. (For the influence of the
wall thickness s and the melt tem-
perature, and also the influence of the
mould temperature on the quality of
moulded parts see ATI 892e, Thermal
Mould Design by the same author.)

Figure 21 shows the computed mould
surface temperature on the nozzle
side for a box-shaped moulded part.

The temperature distribution shown is
obtained as a result of the cooling
channel positions and the other
temperature control conditions (cool-
ing medium temperature, flow rate).
The temperature control for the top
and lateral surfaces of the moulded
part is not optimally configured.

The box has a uniform wall thickness
yet, despite this, different cooling
times result for the different regions on
account of the dissimilar mould sur-
face temperatures.

The example already set out above
will be used once again to show how
the cooling time can be estimated for
the different wall temperatures.

Example: “Mold temperature”

Wall thickness: s = 3 mm
Effective thermal diffusivity of ABS: aeff = 0.08 mm2/s
Demolding temperature: ϑE = 100 °C
Melt temperature after filling: ϑM = 240 °C
Wall temperature 1 – Centre of top and lateral surfaces: ϑWD ≈ 50 °C
Wall temperature 2 – Edge of top ϑWR ≈ 30 °C

tK1 =                        · In32 mm2

π2 · 0.08 mm 2/s
4
π

240 °C – 50 °C
100 °C – 50 °C·( (

tK2 = 11.3986 · In 4
π

240 °C – 50 °C
80 °C – 50 °C·( (

tK =            · Ins2

π2 · aeff

4
π

ϑM – ϑW
ϑE ϑW

·( (
 tK	=	 Cooling time 
s	 =	 Wall thickness 
aeff	 =	 Effective temperature conductivity 
ϑM	 =	 Molding compound temperature at end of filling phase 
ϑW	 =	 Mean mold wall temperature 
^ϑE	 =	 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 
affected if the part is demolded at approximately 80 °C 
instead of at 100 °C? 

Example: “Demolding temperature”
Panel with a wall thickness of: 	 s	 = 3 mm
Effective thermal diffusivity of ABS:	 aeff	= 0,08 mm2/s
Polymer melt temperature after filling:	 ϑM	 = 240 °C
Mean mold wall temperature:	 ϑW	 = 50 °C
Demolding temperature at center 
of molded part:	 ^ϑE1	= 100 °C
	 	 ^ϑE2	= 80 °C 
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approximately 100 °C. How is the
cooling time affected if the part is
demoulded at approximately 80 °C
instead of at 100 °C?

Example: “Demoulding temperature”

Panel with a wall thickness of: s = 3 mm
Effective thermal diffusivity of ABS: aeff = 0.08 mm2/s
Moulding compound temperature after filling: ϑM = 240 °C
Mean mould wall temperature: ϑW =   50 °C
Demoulding temperature at centre of moulded part: ϑE1 = 100 °C

ϑE2 =   80 °C

Cooling time 1:

tK1 = 11.3986 · 1.5766

tK1 = 18 s

Cooling time 2:

tK2 = 11.3986 · 2.0874

tK2 = 24 s

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

The length of the cooling time is in-
fluenced not only by the demoulding
temperature but also by the mould wall
temperature. (For the influence of the
wall thickness s and the melt tem-
perature, and also the influence of the
mould temperature on the quality of
moulded parts see ATI 892e, Thermal
Mould Design by the same author.)

Figure 21 shows the computed mould
surface temperature on the nozzle
side for a box-shaped moulded part.

The temperature distribution shown is
obtained as a result of the cooling
channel positions and the other
temperature control conditions (cool-
ing medium temperature, flow rate).
The temperature control for the top
and lateral surfaces of the moulded
part is not optimally configured.

The box has a uniform wall thickness
yet, despite this, different cooling
times result for the different regions on
account of the dissimilar mould sur-
face temperatures.

The example already set out above
will be used once again to show how
the cooling time can be estimated for
the different wall temperatures.

Example: “Mold temperature”

Wall thickness: s = 3 mm
Effective thermal diffusivity of ABS: aeff = 0.08 mm2/s
Demolding temperature: ϑE = 100 °C
Melt temperature after filling: ϑM = 240 °C
Wall temperature 1 – Centre of top and lateral surfaces: ϑWD ≈ 50 °C
Wall temperature 2 – Edge of top ϑWR ≈ 30 °C

tK1 =                        · In32 mm2

π2 · 0.08 mm 2/s
4
π

240 °C – 50 °C
100 °C – 50 °C·( (

tK2 = 11.3986 · In 4
π

240 °C – 50 °C
80 °C – 50 °C·( (

tK =            · Ins2

π2 · aeff

4
π

ϑM – ϑW
ϑE ϑW

·( (

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 exam-
ple 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 
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	 = 3 mm
Effective thermal diffusivity of ABS: 	 aeff	 = 0.08 mm2/s
Demolding temperature: 	 ϑE 	 = 100 °C
Melt temperature after filling: 	 ϑM 	 = 240 °C
Wall temperature 1 – Center of top and  
lateral surfaces:	 ϑWD	≈ 50 °C
Wall temperature 2 – Edge of top: 	 ϑWR	≈ 30 °C

Employing the cooling time formula and the conditions 
specified, two cooling times are obtained for the two wall tem-
peratures: 
Center of top and lateral surfaces: tWR ≈ 18 s 
Edge of top: tWD ≈ 15 s  

Since the demolding temperature ϑE = 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, sur-
face 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.
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Employing the cooling time formula
and the conditions specified, two
cooling times are obtained for the two
wall temperatures:

Centre of top and lateral surfaces:
tWD ≈ 18 s

Edge of top: tWR  ≈ 15 s

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

Different mould wall temperatures
mean different cooling rates and
hence different properties, such as
shrinkage, surface appearance, struc-
ture and warpage.

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

8. Cycle time

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

Cycle time = filling time + holding
pressure time + residence time (resi-
dual cooling time) + ancillary time.

(Opening and closing of the mould,
ejection, switchover time and, where
appropriate, plasticisation 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.

Fig. 21: Computed mould surface temperature on the nozzle side of a box-shaped moulded part
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Cooling time for a specific point in the cavity

Cycle time

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

7. Kühlzeit
Die Kühlzeit beim Spritzgießen von
Thermoplasten beginnt genau genom-
men mit dem Einspritzsignal und endet
mit dem Signal �Werkzeug öffnen“.
Denn sobald die heiße Kunststoff-
schmelze die kältere Werkzeugwand
an irgendeiner Stelle im Werkzeug be-
rührt, beginnt für diesen Bereich die
Kühlung.

Allerdings soll während der Füllphase
das Einfrieren der Schmelze verhin-
dert werden. Der Wärmeverlust zur
Werkzeugwand soll durch die Fließ-
wärme ausgeglichen werden. Die
Hauptwärmemenge wird in der Stand-
zeit (Nachdruckphase und Restkühl-
phase) abgegeben.

Zur Abschätzung der Kühlzeit bzw.
des Zeitpunktes, bis die Entfor-
mungstemperatur (siehe oben) er-
reicht ist, können reine Abkühl-
gleichungen verwendet werden. Für
eine flächige Platte, bei der nur der
Wärmeaustausch in Dickenrichtung
erfolgt, kann man mit nachfolgender
Gleichung die Kühlzeit abschätzen
(weitere Kühlzeitgleichungen siehe
ATI 892, Thermische Werkzeug-
auslegung, gleicher Autor):

tK =            · Ins2

π2 · aeff

4
π

ϑM – ϑW
ϑE –�ϑW

·( (
tK = Kühlzeit
s = Wanddicke
aeff = effektive Temperaturleitfähigkeit
ϑM = Massetemperatur nach Ende

der Füllphase
ϑW = mittlere Werkzeugwand-

temperatur
ϑE = Entformungstemperatur in der

Formteilmitte

Im vergangenen Kapitel wurde er-
wähnt, daß die richtige Entformungs-
temperatur auch entscheidend die
Wirtschaftlichkeit der Produktion be-
einflussen kann. Ein einfaches Bei-
spiel soll dies belegen.

Für ein ABS-Formteil wird eine Ent-
formungstemperatur von ca. 100 °C
empfohlen. Wie verändert sich nun die
Kühlzeit, wenn anstatt bei 100 °C bei
ca. 80 °C entformt wird?

Beispiel: �Entformungstemperatur”

Platte mit Wanddicke: s = 3 mm
Effektive Temperaturleitfähigkeit für ABS: aeff = 0,08 mm2/s
Massetemperatur nach der Füllung: ϑM = 240 °C
Mittlere Werkzeugwandtemperatur: ϑW = 50 °C
Entformungstemperatur in der Formteilmitte: ϑE1 = 100 °C

ϑE2 = 80 °C

Kühlzeit 1:

tK1 =                        · In32 mm2

π2 · 0,08 mm 2/s
4
π

240 °C – 50 °C
100 °C – 50 °C·( (

tK1 = 11,3986 · 1,5766

tK1 = 18 s

Kühlzeit 2:

tK2 = 11.3986 · In 4
π

240 °C – 50 °C
80 °C – 50 °C·( (

tK2 = 11,3986 · 2,0874

tK2 = 24 s

Dieses einfache Beispiel zeigt – auch
wenn es sich nur um eine Abschät-
zung handelt –, daß sich bei zu niedri-
ger Entformungstemperatur die Kühl-
zeit stark ändert. Im Beispiel wird
durch die um 20 °C niedrigere Ent-
formungstemperatur die Kühlzeit um
ca. 30 %(!) verlängert.

Neben der Entformungstemperatur hat
auch die Werkzeugwandtemperatur
einen Einfluß auf die Länge der Kühl-
zeit. (Einfluß der Wanddicke s und der
Massetemperatur sowie Einfluß der
Werkzeugtemperatur auf die Qualität
der Formteile siehe ATI 892, Ther-
mische Werkzeugauslegung, gleicher
Autor)

Im Bild 21 ist eine berechnete Werk-
zeugoberflächentemperatur auf der
Düsenseite für ein kastenförmiges

Formteil dargestellt. Aufgrund der
Lage der Kühlkanäle und der übrigen
Temperierverhältnisse (Kühlmedium-
temperatur, Strömungsgeschwindig-
keit) ergibt sich die dargestellte Tem-
peraturverteilung. Die Deckfläche und
die Seitenflächen des Kästchens wer-
den nicht optimal temperiert.

Das Kästchen besitzt eine gleichmäßi-
ge Wanddicke, und trotzdem ergeben
sich aufgrund der unterschiedlichen
Werkzeugoberflächentemperaturen
unterschiedliche Kühlzeiten für die je-
weiligen Bereiche.

Zur Abschätzung der Kühlzeit bei den
verschiedenen Wandtemperaturen
wird das obige Beispiel erneut aufge-
griffen.
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Wandtemperatur 2 – Deckelrand: ϑWR ≈ 30 °C
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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. 
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Employing the cooling time formula
and the conditions specified, two
cooling times are obtained for the two
wall temperatures:

Centre of top and lateral surfaces:
tWD ≈ 18 s

Edge of top: tWR  ≈ 15 s

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

Different mould wall temperatures
mean different cooling rates and
hence different properties, such as
shrinkage, surface appearance, struc-
ture and warpage.

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

8. Cycle time

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

Cycle time = filling time + holding
pressure time + residence time (resi-
dual cooling time) + ancillary time.

(Opening and closing of the mould,
ejection, switchover time and, where
appropriate, plasticisation 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.

Fig. 21: Computed mould surface temperature on the nozzle side of a box-shaped moulded part
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9 Heat content of a molten plastic

Before the requisite cooling capacity of the mold tempera-
ture 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 
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9. Heat content of a
molten plastic

Before the requisite cooling capacity of
the mould 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

The term specific enthalpy denotes the
mass-related heat content of a ma-
terial as a function of temperature and
pressure. The enthalpy values for
plastics are frequently found in dia-
gram form, with the enthalpy plotted
over the temperature. Figure 22 shows
specific enthalpy diagrams for a
number of amorphous and semi-
crystalline thermoplastics. Since the
pressure 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 ma-
terials in the molten range. Appro-
ximately twice the capacity is required
to melt or cool semi-crystalline mould-
ing compounds in the same period of
time as amorphous ones.

Whilst amorphous thermoplastics
display a more or less steady de-
crease in their specific enthalpy, there
is a sharp bend in the curve for semi-
crystalline thermoplastics in the
crystallisation interval.

Fig. 22: Specific enthalpy as a function of temperature for a number of thermoplastics; p = 1 bar
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A comparison of the two classes of
material shows that semi-crystalline
materials have a considerably higher
heat content than amorphous ma-
terials in the molten range. Appro-
ximately twice the capacity is required
to melt or cool semi-crystalline mould-
ing compounds in the same period of
time as amorphous ones.

Whilst amorphous thermoplastics
display a more or less steady de-
crease in their specific enthalpy, there
is a sharp bend in the curve for semi-
crystalline thermoplastics in the
crystallisation interval.

Fig. 22: Specific enthalpy as a function of temperature for a number of thermoplastics; p = 1 bar
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The term specific enthalpy denotes the mass-related heat 
content of a material as a function of temperature and pres-
sure. The enthalpy values for plastics are frequently found in 
diagram form, with the enthalpy plotted as a function of tem-
perature. Figure 22 shows specific enthalpy diagrams for a 
number of amorphous and semicrystalline thermoplastics. 
Since the pressure dependence of the specific enthalpy 
plays only a minor role by comparison to its temperature de-
pendence (order of magnitude approximately 10 %/1000 
bar), the diagrams measured at p = 1 bar can suitably be ap-
plied 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. 
Approximately 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 semi-crystalline thermoplastics in the 
crystallization interval.
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Fig. 22: ��Specific enthalpy as a function of temperature for a number of ther-
moplastics; p = 1 bar

10 Summary 

The thermoplastic being processed passes through differ-
ent thermodynamic states in the course of the injection 
molding process. Knowledge of the state curve during pro-
cessing 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 war-
page 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.

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, information and recommendations 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 Covestro. 
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 recommen-
dation 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.

With respect to health, safety and environment precautions, the relevant Material Safety Data Sheets (MSDS) and product labels must be observed prior to working 
with our products.
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