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1 The concept of “shrinkage”

When thermoplastics are processed by injection molding,
the dimensions of the molded part change as the part cools.
Often, these changes are referred to as either “shrinkage” or
"warpage".

Strictly speaking, shrinkage is due to the compressibility
and thermal expansion of plastics. When thermoplastics
shrink, they undergo a volume change. With warpage, by
contrast, the shape changes while the overall volume remains
constant.

For this reason, the mold builder has to predict the differ-
ence, due to shrinkage, between the dimensions of the mold
cavity and those of the molded part. In many cases, this is
not an easy task, since shrinkage is influenced by a large
number of parameters.

Apart from process control (temperatures, pressures) and
the properties of the material (e. g. its pvT behavior, filler con-
tent, and its amorphous or semi-crystalline nature), the stiff-
ness and wall thicknesses of the molded part also have an
effect on shrinkage.

Although shrinkage is based on thermal contraction, the
effective reduction in dimensions after demolding is less
than would be expected for pure thermal contraction.

Additional mechanisms are involved in shrinkage that lead
to a lower level of thermal contraction than would otherwise
result. The chief mechanisms involved here are:

- inherent stresses, influenced by
* the temperature profile during cooling
* the cavity surface temperature

- crystallization in the case of semi-crystalline
thermoplastics, influenced by
e cavity surface temperature
* cooling profile

— mechanical obstruction of shrinkage, influenced by
* mold constraint
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Apart from this, thermal contraction is influenced by the
thermodynamic process sequence in injection molding, and
particularly through

« the pressure profile during cooling

« the action of pressure and the stressing of the melt due to
the design and position of the gate

 the melt temperature and other processing conditions

The influence of the thermodynamic process profile on
shrinkage behavior is presented in a very clear fashion on a
pressure (p), volume (v) and temperature (T) diagram —
known simply as the pvT diagram —which characterizes:

* compressibility
change in volume with a change in pressure

and

 thermal behavior
change in volume with a change in temperature

Pressure p; < py < p3.p; = Ibar oo Py

Influence of
pressure

Start of
shrinkage

Influence of
temperature

>
)
£
3
)
>
%)
£
v
9
o
n

Temperature T

Fig. 1: Schematic pressure (p), volume (v) and temperature (T) diagram

0 — 1 volumetric filling

1 — 2 compression

2 — 3 action of holding pressure

3 — 4 pressure reduction to ambient pressure
4 — 5 cooling to demolding temperature (Tp)
5 — 6 cooling to ambient temperature (T,)

The pvT diagrams supply information on the volume shrink-
age, S,, from (AV = V,,,. — V,) and show shrinkage potentials.
Volume shrinkage is defined below:

When it comes to the practical design of injection molds,
however, it is the linear shrinkage that is more important.

Shrinkage is a relative value and is given in the form of a
percentage.

A real-life part cannot shrink uniformly in all three directions
(over its length, width and thickness). Only over the thick-
ness of the part does virtually unimpeded shrinkage take
place. Most of the volume shrinkage, therefore, is “used up”
in the shrinkage of the wall thickness of the molded part.
Even if the mold does not impede shrinkage in any way, the
fact that the layers of the molding freeze from the outside
towards the inside means that shrinkage is obstructed over
the length and width of the part.

The following shrinkage situation generally results from
shrinkage that is due to the mold and internally obstructed
shrinkage.

o Shrinkage over thickness

Shrinkage SL/W does not make allowance for any anisotro-
pic shrinkage that may occur on account of fillers and
reinforcing materials.
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—— Mold contour

Fig. 2: Internal obstruction of shrinkage in a cooling plastic panel [4]

Since shrinkage is a time-dependent parameter, the point
in time after demolding at which the shrinkage is measured
must be specified in order to achieve a precise definition.

Fig. 3: Change in a molded part dimension over time through shrinkage

1 = Mold dimension

2 = Thermal expansion of mold

3 = Demolding shrinkage SE

4 = Molding shrinkage SM

5 = Post-shrinkage SP

6 = Overall shrinkage Stotal

7 = Potential length increase through conditioning,
e. g. for polyamides

A = Cold mold

B = Hot mold

C = Molded part after demolding

D = Molded part after 24h in standard atmosphere

E = Molded part after a prolonged period or after storage
in heat

F = Molded part after water absorption, e. g. polyamides

A distinction is drawn between demolding shrinkage SD,
which is measured immediately after the injection molded
part has been ejected, molding shrinkage SM and post-
shrinkage SP.

According to DIN 16901, the molding shrinkage (SM) of
engineering plastics in injection molding is specified as the
difference between the dimensions of the cold mold and
those of the molded part after 16 hours' storage in a stan-
dard climate [3]. With continued storage at high tempera-
tures, a further change in dimensions can occur, which is
then known as post-shrinkage (SP).

Molding shrinkage S,

_w-Tr

The reasons for post-shrinkage are the relaxation of inher-
ent stresses, together with re-orientation processes and, in
the case of semi-crystalline materials, potential post-crys-
tallization [1].

With a number of thermoplastics, conditioning (water ab-
sorption) can also take place, in addition to post shrinkage.
This effect is seen particularly with polyamides.

The level of post-shrinkage can be quite considerable if the
processing is not correctly tailored to the material.

The term "overall shrinkage” is defined as follows:
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2 Factors that influence shrinkage

Plastic

Molding process

Shrinkage

Molded part

Fig. 4: Factors influencing shrinkage [2]

The interplay between the different influencing factors is
highly complex. There are factors which mutually influence
one another and which are dependent on one another.
Hence, a poorly dimensioned gate (molded part) can have a
direct negative influence on the effect of the holding pres-
sure (processing).

The interaction between the different influencing factors
is not covered in what follows. Instead, the basic way in
which shrinkage is influenced is explained on the basis of
these factors.

The decisive point in this observation is that the correlation
between the influencing factors and the shrinkage is always
viewed in terms of the mechanisms listed at the outset:

» thermodynamic state profile, inherent stresses
and crystallization.

This makes it possible to explain the dependence of shrink-
age on the influencing factors in a clear manner.

2.1 Material
2.1.1 Amorphous and semi-crystalline thermoplastics

The dissimilar shrinkage behavior of the two material types
can be presented particularly clearly on the pvT diagram.

Uncooled
liquid

Glass-like state

Specific volume V

p = constant

Temperature T

Fig. 5: Qualitative pressure, specific volume and temperature
diagram (pvT diagram) for an amorphous and a semi-crystalline ther-
moplastic
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Amorphous materials

The green curve in Fig. 5 shows the
dependence of the specific volume
on the temperature of an amor-
phous thermoplastic (e. g. ABS, PC).
Undercooling of the melt is evident
here as the temperature falls. Below
the glass transition point TG, the
volume undergoes a less pro-
nounced reduction (lower gradient),
and the material is in a glass-like
state — “undercooled liquid".

The free volume remains virtually
constant during this phase [5].

Pressure p

Po

Free
volume

Freezing line

Glass 2

Specific volumeV

Temperature T

Semi-crystalline materials

The red curve in Fig. 5 shows the
path of the specific volume as a
function of temperature for a semi-
crystalline polymer (e. g. PA, PBT).

In the case of semi-crystalline ther-
moplastics, crystallization takes
place during cooling. If the plastic
falls below the crystallization tem-
perature, TC, then linear, or only
slightly branched, chains with easily
alignable repeat units will reconfig-
ure themselves into an ordered (crystalline) state with a lo-
wer free enthalpy. The polymer chains lie parallel to one
another, tightly packed in some cases, forming fine crystalli-
tes in which almost complete order prevails, with the excep-
tion of a few defect points. Contrary to the case with purely
crystalline materials, there is no single point of crystallizati-
on here but a transition range instead [5].

The superposition of advancing crystallization and thermal
contraction leads to the parallel-shaped curve profile in the
semi-crystalline range. Higher shrinkage values are seen
than with purely amorphous materials.

The influence of the pressure that prevails during cooling on
the specific volume is shown in Fig. 6.

Ogy > O > Olgy Pressure p
Po
Melt
' Oso
Solidification line
P
3
2 Os) -

P2
| Semi-crystalline Olgy
) range
£
2
g B
(%)
g L
g B
L}
o
(7]

Temperature T

Fig. 6: pvT diagram of an amorphous (left) and semi-crystalline (right) plastic during slow cooling under different pressures p0, p1, p2

Figure 6 shows that the higher “packing density” that re-
sults with rising pressure causes an upward shift in the
glass transition point TG for amorphous plastics and in the
crystallization temperature TC for semi-crystalline plastics
[5]. The specific volume achieved at room temperature

under a high pressure is lower than the specific volume at
atmospheric pressure. When the pressure is removed, the
plastic attempts to achieve the specific volume at a normal
pressure of 1 bar.
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Figure 7 shows linear shrinkage ranges for a number of
amorphous and semi-crystalline thermoplastics. These
shrinkage ranges result from the influence of processing,
the process, the mold and the molded part (e. g. the wall
thickness) and the fillers or reinforcing materials. The
shrinkage of the non-reinforced amorphous polymers

Amorphous
thermoplastics

Established on shrinkage measurement plaques
(150 x 90 x 3 mm) under the recommended processing
conditions. Holding pressure approx. 500 bar.

(Bayblend®, Makrolon®, Apec®) is less than 1 %, while that of
the non-reinforced semi-crystalline polymers thermoplas-
tics is more than 1 %. With the reinforced materials (GF), an
increased anisotropy (directional dependence) is observed
in the shrinkage.

Semi-crystalline
and reinforced

Shrinkage values relate to the product class and not to
individual grades and cannot be used for the precise de-
sign of a mold.

Bayblend® (PC+ABS) |

_

HEE [ongitudinal

(PC+ABS), GF

E transverse

Makrolon®

N isotropic

Shrinkage %

Fig. 7: Shrinkage ranges for amorphous and semi-crystalline thermoplastics [2]

2.1.2 Crystallization behavior

In the case of semi-crystalline thermoplastics, crystalliza-
tion occurs during cooling. This crystallization process is
time- and temperature-dependent. The cooling rate has a
major influence on nucleation and nucleus growth and
hence on the structure that develops.

The more slowly cooling takes place (through high cavity
surface temperatures), the higher the degree of crystalliza-
tion — and the greater the level of shrinkage.

If the temperature falls too rapidly, then it is possible for
nucleation and nucleus growth to be suppressed. This will
give rise to a structure with a low degree of crystallization
and hence to a low molding shrinkage. This can then lead
to more pronounced post-crystallization and hence to un-
desirable post-shrinkage.
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2.1.3 Fillers and reinforcing materials

Fillers of a spherical shape lead to reduced shrinkage on thus leads to lower shrinkage values. Perpendicular to the
account of their lower CLTE when compared with plastics direction of orientation, the fibers act in the same way as the
[1]. fillers referred to above and similarly reduce shrinkage, al-

beit to a lesser extent [4].
Glass fibers have an even more pronounced effect on
shrinkage than spherically-shaped fillers [6]. The glass fibers  Table 1 shows that, in polyamide 6, it is possible to influence
constitute an additional internal restraint, which impedes shrinkage to a large extent through the filler content and
thermal contraction in the direction of the glass fibers and filler type.

Shrinkage

longitudinal / transverse

non-reinforced 1.0/ 1.2

Table 1: Influence of fillers on the shrinkage behavior of polyamide PA6 (holding pressure: 500 bar)

Through the use of glass fibers, it is possible to reduce This is illustrated in Figure 8, which shows how the shrinkage
shrinkage by 50 to 80 % in the longitudinal fiber direction. changes with varying glass fiber content and progresses
Adding more than 20 to 25 % glass fiber has no further ef- towards a limit in semi-crystalline polyamide resin.
fect on the shrinkage behavior of semi-crystalline thermo-
plastics [2].

1.4 Bl [ongitudinal

Bl transverse

Molding shrinkage in %

Fig. 8: Influence of glass fiber content on shrinkage for
semi-crystalline polyamide AKV (PA66, GF)
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2.2 Processing

The qualitative correlations between the individual process
parameters and the molding shrinkage are displayed in Fig. 9.

()] (]
00 0o
[$] (s]
= =
c c
- =
£ L
(7] (7]

Holding pressure time —»

Holding pressure level

The correlations between molding shrinkage and process
parameters are explained in more detail below.

Shrinkage

— [ Cavity wall temperature —»

Shrinkage
Shrinkage

Melt temperature

Fig. 9: Influence of processing parameters on shrinkage behavior [2]

2.2.1 Holding pressure time

The purpose of the holding
pressure is to offset materi- 4
al shrinkage by conveying
more melt into the cavity.
Under the action of the hold-
ing pressure, the material in
the cavity is compressed
and volumetric contraction
due to the cooling process
is offset. The holding pres-
sure time thus has a major influence on the amount of extra
melt injected and on the shrinkage compensation. The lon-
ger the hold time, the lower the shrinkage.

Shrinkage

Holding pressure time =

With amorphous materials, the holding pressure time has
slightly less influence than with semi-crystalline materials
due to the reduced additional volume conveyed into the
cavity [1].

Using large gates with generous cross-sections dramati-
cally increases the time over which holding pressure can
act. Always position gates where wall sections are thickest.

Injection velocity

Shrinkage

Demolding temperature —»

2.2.2 Holding pressure level

With both amorphous and
semi-crystalline thermo-
plastics, the level of holding
pressure has a decisive in-
fluence on the degree of
shrinkage. The higher the
holding pressure, the lower
the mold shrinkage.

8
s
2
=
I
£
(0]

Holding pressure level >

The extent to which shrin-

kage can be influenced by holding pressure is regressive,
however. In other words, as the holding pressure increases,
the reduction in shrinkage becomes less pronounced.

With an optimally designed gate system and molded part, it
is possible to reduce shrinkage by up to 0.5 % in semi-
crystalline thermoplastics by increasing the holding pres-
sure. With amorphous materials, values of no more than

0.2 % are achieved on account of the lower shrinkage po-
tential [1].
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Figure 10 shows how dissimilar shrinkage occurs due to the
dissimilar action of the holding pressure close to and remote
from the gate.

»Dome« warpage

|
!
Intended shape |

200 bar

Fig. 10: Dissimilar action of holding pressure close to and
remote from the gate with a centrally-gated circular disk in a non-
reinforced thermoplastic [2]

2.2.3 Cavity wall temperature

The molding shrinkage increases with the cavity wall temper-
ature. Due to the influence of cavity wall temperature, vari-

ous different factors are superimposed which affect the flow
process (holding pressure phase), the crystallization and the

inherent stress profile. This holds true for semi-crystalline
materials in particular.

&
5]
S
c
=
£
2]

Cavity wall temperature —

Apart from enhancing or impairing the action of the holding
pressure, the mold wall temperature also has a strong influ-
ence on the cooling rate (Fig. 11).

A low mold temperature TW (40 °C) leads to high cooling
rates and hence to a low level of crystallization in the
polyamide, as shown in Fig. 11. This leads to low molding
shrinkage followed by high post-shrinkage.

With a high cavity temperature TW (120 °C), a greater pro-
portion of molding shrinkage takes place right away (high
degree of crystallization). The post-shrinkage potential is
drastically reduced. Overall shrinkage is more or less
identical at both processing temperatures (Fig. 13).

Bl Molding shrinkage
Bl Post-shrinkage

S
=
)
00
N
X
=
1 S
<
7))

Fig.11: Shrinkage as a function of the cavity surface
temperature for non-reinforced polyamide PA6
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2.2.4 Melt temperature

The melt temperature also

has an influence on shrink- 4
age behavior. Two counter-
acting effects are involved
here. Firstly an elevated
melt temperature increases
the potential for thermal
contraction in the resin (in-
creased shrinkage, A) and,
secondly, itleads to a
reduction in the melt viscosity and hence to better packing
and, ultimately, to a reduction in shrinkage (B). As a general
rule, curve profile B is measured and observed. The improv-
ed packing predominates over the contraction potential. If,
however, an unfavorable wall thickness situation and poor
packing conditions exist, then raising the melt temperature
can actually increase shrinkage (sink marks, curve profile
A)[1].

Shrinkage

Melt temperature

When optimizing other process parameters, it is often hel-
pful to maintain a constant melt temperature.

2.2.5 Injection velocity

The injection velocity has
almost no influence on 4
overall shrinkage. Appa-
rently, counter effects such
as orientation vs. re-orien-
tation and shear heating vs.
pressure distribution can-
cel each other out.

Shrinkage

Injection velocity

2.2.6 Ejection temperature
(longer cooling time, increased mold restraint)

The longer the part remains

in the mold, the longer the 4
cooling time and the lower
the ejection temperature
will be. At the same time,
the part will see increased
mold restraint. Particularly
with semi-crystalline ther-
moplastics, lower ejection
temperatures typically
cause less mold shrinkage.

Shrinkage

Demolding temperature —»

With higher ejection temperatures (shorter cooling times),
a more pronounced temperature increase occurs in the
outer layers of the molded part. A kind of virtual “heat
storage” takes place. This relieves surface stresses and in-
creases shrinkage [6].
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2.3 Molded part geometry
2.3.1 Wall thicknesses

When the thickness of the molded part is varied, this leads to
a quantitative change in all the other variables that affect
shrinkage (such as the action of holding pressure or the
cooling rate).

Given identical melt and mold temperatures, a thinner molded
part will cool more rapidly than a thick one. All the different
thermally-conditioned processes (such as crystallization and
internal stresses due to cooling) thus have less time in which
to act. Because the boundary conditions change with wall
thickness it is very difficult to make a general statement on
the influence of thickness [4].

Despite this, it is still possible to point to basic correlations
between the shrinkage and the thickness of the molded part.

PA6, non-reinforced

Figures 12 and 13 show the correlation between shrinkage
and wall thickness for semi-crystalline and amorphous ther-
moplastics. Especially in the case of non-reinforced semi-
crystalline thermoplastics (Fig. 12 left), the wall thickness is
seen to have a major influence on shrinkage. The thicker walls
lead to slower cooling, and thus give rise to more favorable
crystallization conditions. The degree of crystallization is
higher, increasing the level of shrinkage.

These figures show that there can be large shrinkage diffe-
rentials if there are different wall thicknesses in a plastic
molded part. If dissimilar shrinkage occurs, then warpage can
result. This is more pronounced with semi-crystalline thermo-
plastics than with amorphous thermoplastics (Fig.13).

PA6, GF30

=

Fig. 12: Correlation between shrinkage and wall thickness for semi-crystalline thermoplastics

A: Makrolon®2805 (PC, non-reinforced)
B: Makrolon 8035/9425 (PC, GF)

(TRTA A

|t
et
I
|t

| L A A

ABS, non-reinforced

Fig. 13: Correlation between shrinkage and wall thickness for amorphous thermoplastics
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2.3.2 Reduced wall thickness at the end of the flow path

As Fig. 14 shows, the holding pressure has less of an effect
farther from the gate than close to the gate. This leads to
higher shrinkage at points far from the gate, which means
that it is useful to reduce the wall thickness at these points (at
the end of the flow path). The wall thickness reduction means
that there is a lower “shrinkage potential” in these areas, so
that the shrinkage differential compared with the region close
to the gate is no longer so pronounced.

Fig. 14: Lower tendency to warp through a reduced wall thickness at the
end of the flow path on a centrally injected circular disk in a non-
reinforced thermoplastic

2.3.3 Ribs

Ribs can have a pronounced influence on molded part shrink-
age and, in particular, on the uniformity of shrinkage. Ribs
should be made thinner than the wall to which they are at-
tached, observing a specific rib wall thickness to nominal wall
thickness ratio. The correlations between shrinkage and wall
thickness referred to above mean that the ribs generally
shrink less (i. e. they “remain longer"”) than the other molded
part dimensions. The result can be a warped part.

Fig. 15: Warpage due to differences in the rib wall thickness and nominal
wall thickness [2]
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2.4 Mold
2.4.1 Heating/cooling

Different levels of heating and cooling in different areas of
the molded part produce dissimilar shrinkage and hence dis-
similar molded part properties (Fig. 16).

When a different mold temperature exists on the inside and
outside of the molded part, the plastic on the hotter side will
undergo more pronounced shrinkage. During this uneven
cooling, there will be a shift in the temperature profile in the
solidifying melt, and hence dissimilar shrinkage potentials
and cooling stresses will result. This type of differential
shrinkage is similar to the effect that dissimilar metals expe-
rience when coupled together as in a bi-metallic structure
and then are exposed to a certain temperature range (asin a
thermostat gage). Differing degrees of thermal expansion
and contraction occur within each metal.

| Temperature
Stress

>

Temperature 60 °C
Temperature 60 °C

AN

D

Temperature 60 °C
Temperature 90 °C

Fig. 16: Warpage as a result of heating/cooling differentials in the mold

Warpage can occur in the molded part as a result of the
asymmetrical stress distribution that develops (see lower
part of Fig. 16).

Therefore, take care to ensure a uniform mold wall tempera-
ture in the injection mold. The influence of heating/cooling in
the mold is considerably greater with non-reinforced ther-
moplastics than with glass fiber reinforced thermoplastics,
for example.

In the case of glass fiber reinforced thermoplastics, it is the
influence of the fibers on the shrinkage that predominates
(Chapter 2.1.3).

2.4.2 Gate type

Different molded part geometries frequently call for different
types of gating.

Design gates to allow good packing regardless of gate type
(e. g. film, pin-point or tunnel gate, etc.). Then, the holding or
packing pressure is much more effective at minimizing
shrinkage.

The modified tunnel gate depicted in Fig. 17 will only provide
optimum conditions for an effective holding pressure phase
(in terms of the influence on shrinkage) if it is of the optimum
design in terms of the plastic and the molded part.

The version with an unfavorable design not only reduces the
effect of the holding pressure but also imposes greater ther-
mal and mechanical stressing on the melt during injection.

Fig. 17: Recommended design for a modified tunnel gate [2]

2.4.3 Gate position

Position the gate in the thickest area of the part, when possi-
ble. This allows shrinkage differentials to be minimized
through wall thickness adjustment, if neccessary.
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3 Phenomena of relevance to shrinkage

Due to the large number of influencing parameters a large
number of shrinkage effects occur, as shown in Fig. 18.

7

N
2

A number of these phenomena are explained in greater

detail in the following pages.

m Linear shrmkage Inherent stress

Sv P To) ')
:‘ I
Es—>I:::] r.—_,- SIZ ) )
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0="=0 SH

Stress cracks

-

Fig. 18: Shrinkage and warpage phenomena [1]

3.1 Warpage

Warpage always results from differing degrees of shrink-
age. This can take the form of

- a shrinkage differential in the direction of flow and at right
angles to this direction for glass fiber reinforced materials

- shrinkage differentials due to dissimilar molded part wall
thicknesses

- shrinkage differentials due to locally dissimilar mold tem-
peratures

- shrinkage differentials due to locally dissimilar holding
pressure action

The high shrinkage potential of semi-crystalline plastics
means that these materials generally suffer greater war-
page than amorphous plastics (Chapter 2.1.1). Fig. 19
shows a molded part made of three different plastics:
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Itis clear from Fig. 19 that greater warpage occurs in
semi-crystalline materials than in the amorphous PC with
30 % GF.

The reason for this is that the shrinkage potential and the
difference in directionally-dependent shrinkage behavior is
greater in the semi-crystalline PA and PBT and thus gives
rise to more pronounced warpage.

Fig. 19: Warpage of a support plate in different
thermoplastics [2]
- PBT, 30 GF (top)
- PAG6, 30 GF (center)
- PC, 30 GF (bottom)



Fig. 20 shows the basic warpage of a circular plate in glass fi-
ber reinforced thermoplastic. The different warpage variants
that can occur are evident here.

Figure 20: Warpage of a circular plate in glass fiber thermo-
plastic [2]

Fig. 21 shows that it is possible for different warpage behavi-

or to result in reinforced and non-reinforced materials when
identical geometries and gate types are employed.

In glass fiber reinforced plastics, shrinkage is caused less
through the correlation with wall thickness and more by the
orientation.

Fig. 21: Dissimilar shrinkage behavior in non-reinforced and
reinforced thermoplastics [2]

Even when the glass fibers display a uniform orientation,
warpage can still occur in flat panels (Fig. 22). This is due to
the glass fibers turning around at the end of the flow path,
which leads to shrinkage differentials between the center
section of the panel and the area at the end of the panel. If
the inherent rigidity of the panel is too low (wall thickness),
then warpage will result. This warpage can be reduced by
making changes to the geometry (Fig. 23).

Fig. 22: Glass fiber orientation at the end of the flow path [2]

Fig. 23: Eliminating warpage on flat panels [2]
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Fig. 24 and 25 show how the relocation of the gate changed 3.2 Internal stresses
the glass fiber orientation and reduced the amount of
warpage of a waffle-iron in PBT 35 GF. Positive interlocking with the mold can prevent certain
dimensional changes in the molded part while it is still in the
mold. When forces act on the molded part from the outside
Current situation they are known as external contraction restraints. Internal
contraction restraint can also exist.

The solidification model according to STITZ /4/ can be used
to explain the phenomena that prevail with an internal
restraint.

Fig. 26 shows the molded part wall thickness divided up in-
to layers. As a result of the temperature profile over the wall
thickness (A), the individual layers have a different shrink-
age potential. If the layers are viewed in the uncoupled
state, then they can slide over one another and thus con-
tract to differing extents (B).

Fig. 24: Warpage due to unfavorable orientation of the glass
fibers

Optimization

A —Temperature profile

Molded part
thickness s

TA T w T= f()’)
B — Without mechanical coupling of layers

Fig. 25: Reduced warpage through longitudinal orientation
of glass fibers [2]

s>¢s >5”

C —True profile (mechanically coupled)

1 1
Thermal contraction

T = Ambience Temperature; T,, = Mold Temperature

Fig. 26: Thermal contraction in the layer model [4]

Since the layers are coupled to one another, however, they
are prevented from sliding over. The inside layers are
extended and the outer layers compressed (C).

This coupling makes it difficult for the inside sections to
undergo thermal contraction in the longitudinal and
transverse directions. Since there is no resistance to defor-
mation over the thickness of the part, the volume reduction
is achieved primarily through a reduction in the thickness.

All forms of obstruction to thermal contraction produce
internal stresses in the molded part, which, in turn, affect
the level of shrinkage.
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3.3 Sink marks/voids

In the case of sink marks, volume contraction leads to local
depressions on the molded part surface, since the solidi-
fied edge layer is not yet stable enough to absorb the inter-
nal contraction forces.

3.4 Corner warpage

The phenomenon of corner warpage is similarly attributable to
shrinkage. The uneven cooling behavior in the corners causes the
inside of the corner to shrink to a greater extent (Fig. 28). This then
leads to stresses and forces which produce corner warpage.

Sink marks occur primarily at points where a hot melt core
and a thin edge are present at the same time. The forces of
contraction will be all the greater the bigger the melt core is
by comparison to the overall cross-section. This is particu-
larly true with ribs, since heat elimination is less efficient on
the side facing the rib (Fig. 27, top).

Voids are air cavities inside the molded part cross-section.
They occur when the solidified edge layer withstands the

contraction forces and the inside layers become detached
from the outer layers with further cooling (Fig. 27, bottom).

Fig. 28: Corner warpage due to uneven thermal behavior
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Fig. 27: Voids and sink marks as shrinkage phenomena

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 suit-
able 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 guar-
antee 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.

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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