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ABSTRACT

The most tedious task in designing injection molds, is
to determine the molding shrinkage. Accurate allowance for
shrinkage must be given to mold cavities and cores in order
to meet product specifications such as functional
tolerances, stress level or assembly requirements. This is
by far the wmost important variable that controls product
quality and cost. Several attempts have been made to
predict the shrinkage but few have been successful.

In this study, a set of models has been developed to
predict the volumetric and radial shrinkages for a HDPE
disk. Considerations have been given to-include the effects
'of molding variables and part geometry in these models.
Many experimental tests have been conducted to develop and
to validate these models. Also, practical results are in a
very good agreement with the predicted values of shrinkage
under different processing conditions.
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Dimensionning the cavity could be the wmost important
step during the design phase of an injection mold. The
thermal contraction of the molded plastic as well as the

thermal expansion of the cavity must be taken into.

conslderation. Molders and moldmakers are presently
estimating the molding shrinkage for a particular part
geometry and resin. Unfortunately, this first estimation is
causing problems such as lomnger debugging to meet part
specifications, mismatching during the assembly of different
components or difficulties during the ejection of parts.
This trial and error procedure is very expensive, especially
when the estimated shrinkage is far away from the actual
shrinkage under the normal range of operating conditions.
In this case, the cavity must be scraped or modified where
possible. Thus, .developing a model which predicts the
molding.-shrinkage will be of a great importance mnot only for
the design of the mold cavity but also for a better process
control. '

APPROACH

Several_attempts have been dome to model the volumetric

‘shrinkage on the basis of the pressure-volume-temperature
diagram (1, 2). Also, other experimental tests have been
performed to study the volumetric and linear shrinkage for
specific resins and mold geometries (3, 4, 5), However, the
flrst approach is limited to the precision of the P-V-T
diagram to properly describe the behaviour of the material
under the operating conditions.: Also, measurements of
variables (location dependent) such as pressure and
temperature are needed during the molding process.
Consequently, this method cannot be used during the design
phase of the mold.

In the present research, we have selected the second
approach which will be -applied to the development of
shrinkage models for baslic geometries (disk and plate).
Later on, these models will be combined to deal with more
complex parts. Future correlations should be dome in order
to extend the capability of these models to treat other
resins.

EXPERIMENTAL

a) Molds:
— Two cavity hot runner with:
Center gated disk of 3.5 in. diameter.
Separate temperature control for each cavity.
One pressure transducer and three thermocouples per
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cavity. ' . ® :
4 interchangeable cavity plates for molding disks of
variable thicknesses (.062, .092, .125, .187 in.).

~ One cavity sprueless or cold sprue mold for 8.25 in -

disk diameter.

b} Molding press:
- A 120 tons horizontal press.
- Closed loop process control for speed and pressure.
- Adaptive shot size control.
- Production control unit,

¢) Molding material:
- High density polyethylene resin with the following

characteristics:
Melt index = 7 g/10 min -
Density ., = 0.955 g/cm>

Average molecular weight: Mw = 70,000 , Mo = 7,800

_ The effects of elght molding parameters (melt and mold
temperature, injection and holding pressure, cooling and
injection time, injection speed and holding pressure
profiles) have been investigated. According to the
experimental results, the effects of the injection speed as
well as the speed and pregssure profiles on molding shrinkage
are mnegligible. ‘These variables were not taken into
consideration in the development of the mathematical models.

A practical molding range has been established for each
parameter and disk geometry. This was determined with the
criteria of having good quality parts (flash free, minimum
distorsion). An annealing test has been conducted for every
molding set—up to ensure that the residual stresses level 1s
acceptable under the corresponding operating conditions.
The #nfluence of each molding parameter has been studied
'geparately between the lower and upper limits while the
other parameters remained constant at their mean wvalues.
The mean values are referred to the basic operating
conditions in the present article. Twenty disks per set-up
were selected after the stabilization of the process has
been reached, The samples were cooled under ambient
conditions and measured 48 hours after molding.

RESULTS AND DISCUSSION

The experimental tests are summarized in Table 1. The
results are presented in cubic inch/cubic inch for the
volumetric shrinkage, and in dinch/inch for the linear
gshrinkage. Generally, the degree of influence of each
parameter on molding shrinkage can be placed in the
following order of dependence:




1. Holding pressure

2. Cooling time

3., Mold temperature _
4, Maximum Injection pressure
5. Melt temperature

For the 0,062 in. thick disks, the holding and injection
pressures are the most important factors.  However, the
cooling time becomes 1mportant as the disk thickness
increases. This is more evident on the radial shrinkage.
Also, it should be noted that for thicker disks (0,187 in.),
the influence of the mold temperature and holding pressure
are equivalent. Negative or reverse shrinkage on the disk
. thickness has been noted during these experiments. This was
mainly due to the elastlc recovery of a highly compressible
material such as the HDPE, when the wmolding pressure was
removed. ” R

During -the development of the models, it was found that
the shrinkage varies linearly with the molding. parameters.
For example, the volumetric and radial shrinkage are shown
in Figs. 1 and 2 as a function of the holding pressure. A
polynominal regression has been used for the development of

these  models. This 1s 4llustrated in Figs. 3 and 4

respectively for the cooling time and mold temperature as a
function .of the cavity radius. The following are the
corresponding models for a disk of 0.125 in. thick and 3.5
in. diameter:

S(r) = Sy(z) + iglﬁsi(r)

§ = shrinkage :

So= radial shrinkage at the basic operating conditions
A8;= radial shrinkage variation '

n = number of molding parameters

r = cavity radius

So(r) = r(1.582 x 1072) + 2,213 x 1077

AS1(r) = (M + MpeXy o+ MpeXy®) 4+ By, o+ BiXy
+B2X.i

My, M1, Mgz, By, Bj, By are constants given 1n
Table 2 and X; is the molding parameter variation in
relation to the hasic operating conditions.

Ten experimental tests have been performed in order to
validate these models.




As shown In Table 3, all molding parameters were changed
simultaneocusly between the lower and upper limits. Some
combinations of parameters were chosen to obtain the same
molding shrinkage as predicted by the models (points 5 and
6, 7 and 8, 9 and 10). = Also, other combinations were
"intentionally selected to have the minimum (point 4) and
maximum {poeint 3) values of shrinkage. 1In these particular
cases, the superposition of the extreme wvalues of the
molding parameters has lead to very low and very high.
molding shrinkage outside the mnormal range cbtained during
the development of the models. Although, as illustrated in
Tablas 4 and 5, the predicted shrinkage was in good
“agreement with the experimental one,

GCONCLUSIONS

An approach has been presented for modeling the
shrinkage. Alse, this article has shown that molding
shrinkage can be predicted for a HDPE disk shape over a wide
range of operating conditions. The shrinkage was governed
mainly by the holding pressure, cooling time and mold
temperature. These parameters are basically controlling
elastic recovery, erystallization rate and skin formation.
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FIGURE 2 -
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INFLUENCE OF CODLING TIME ON RADIAL SHRINKAGE
HMOPE DISK OF 3.5 IM. DIAMETER AND 2,125 IM. THICKNESE

FIGURE 3
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FIGURE 4
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INFLUENCE OF MOLD TEMPERATURE DN RADIAL SHRINKAGE
HOPE DISK OF 3.5 IN. DIRMETER AMD @. 125 IM. THICKMESS
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Table 2

Model parameters

Xy 0 My My
Holding _ :
Pressure 1,7513 E-02 | 3,0667 E-07 [-5.5889 E-11
Maximal Injection :
Pressure 1.5565 E~{(2 7.9895 E~08 |-1,4698 E~12:
Mold Temperatﬂfe 2,6299 E-02 {-2,7495 E-04 [-1.,7379 E-06
Melt Temperature 1.1099 E-01 |-4,3576 E~04 | 4.9724 E-07
Cooling Time 3.7977 E-02 {-1.6398 E-03 | 2.9642 E-05
Xi Bo Bl B2
Holding : _
Pressure 3.7492 E~03 [-2.324} E-07 | 6.1218 E-12
Maximal Injection :
Pressure 5.1975 E-03 [~3.1270 E-07 | 5.7525 E-12
Mold Temperature -9.8165 E~03 | 2.2745 E-04 |-1,0174 E-06
Melt Temperature =5.,4075 E-02 { 2.5742 E-04 {-2.9401 E-07
Cocling Time 1.4660 E-Q02 {~8.5648 E-04 | 1.3961 E-05
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Table 4

Comparison of predicted and experimental
results of volumetric shrinkage

Verification | Volumetric shrinkage | Volumetric shrinkage - Absolute

Point | model (in3/in3)' experimental (in371n3) error

i .035 0343 .0007

2. 060 .0552 .0048

3 .069 »0680 L0010

4 027 0242 .0028

5 .052 0514 .0006

6 052 0492 .0028

7 .036 .0322 L0038,

8 036 .0339 L0021

9 ) 044 0443 .0003

10 2044 .0370 .0070

Table 5
Comparison of predicted and experimental
results of radial shrinkage at r = 1f75 in.
Verificaticon Radial shrinkage Radial shrinkage Absolute

Point model {(in.) experimental (in.) | error {in.)

1 .028 022 »006

2 .038 2038 .000

3 044 045 .001

4 022 .020 .001

5 .030 .031 .000

% ER .030 ~.000

7 026 .023 .003

8 .026 . .023 .003

9 .029 .026 .003

10 .034 .032 002




