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Abstract:

Many parameters influence the warpage devel oping at the corners of injection molded
plastic parts. One of the main causes of this deformation is the asymmetrical cooling of
the injection mold. This study presents an injection molding analysis of the heat flow
developing in injection molds. The analysis shows that significant temperature
difference appeared between the two sides of the mold after the hot polymer melt had
filled the cavity. It was highlighted that the unevenness of the cooling should be

considered during the mold design in order to avoid the warpage of the parts.
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Nomenclature
a«f  effectivethermal diffusivity

B viscosity coefficient
g gravity vector

k thermal conductivity
m flow index

n normal direction

p pressure

Pin inlet pressure

S thickness of the part

t time
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T temperature

To reference temperature
Teection €j €Ction temperature
Tm freezing temperature
Tmat  Melt temperature

Tw mold temperature
teonling COOliNg time

u velocity vector

X,y,Z  isthe Cartesian coordinate

Greek symbols

4 shear rate

v L aplace operation vector
d viscosity

o reference viscosity
P density

reference stress.

1. Introduction

The injection molding process is a high speed, automated process used to produce
plastic parts with complex geometries and fairly tight dimensional tolerance
requirements. The quality of the product is determined by the process parameters and
several defects can occur because of improper mold design or incorrect machine setup
[1, 2]. One of the main errors is shrinkage which derives from the decreasing volume of
the injection molded part during the cooling phase of the process. Shrinkage causes
warpage as it appears unequally throughout the geometry. The warpage is strongly
influenced by non-uniform cooling, differential shrinkage and orientation effect [3-5].
Differential shrinkage is caused by variation in crystalline content and volumetric
shrinkage. Orientation effect is the result of the ratio between the in-flow shrinkage and
the cross-flow shrinkage. Unfilled polymers shrink more in the flow direction (in-flow
shrinkage) compared to the direction perpendicular to flow (cross-flow shrinkage); on
the other hand reinforced plastics shrink more in the cross-flow direction than in the

direction of flow. This difference in shrinkage causes the orientation effect. Non-



uniform cooling can cause significant differences in shrinkage through the thickness of
the part as it cools from process temperature to room temperature. Non-uniform cooling
creates amore significant problem in areas such as corners, where there are differences
in the sizes of the core and cavity mold volumes required to be cooled down. The
cooling becomes asymmetric as the core side can be difficult to cool effectively
compared to the cavity side of the mold. Hotter surfaces of the plastic part shrink more
than cooler surfaces and therefore, due to stresses introduced during this cooling phase,
the corner angle of the part becomes smaller than the nominal mold one after gjection
from the mold. This phenomenon is known to be the main cause of corner warpage in
injection molding of thermoplastics [5, 6].

The use of injection molding simulation provides a method to analyze this effect. Not
only part models, but also injection mold designs, can be examined and optimized with
simulation [2, 7, 8]. Because of the high demand of productivity it is nowadays essential
to control the effectiveness of cooling system designs. To get accurate simulation
results, it is necessary to use the mathematical model of heat transfer in three-
dimensional flows[9, 10]. Most injection molding simulation software uses the
boundary element method to analyze the heat transfer which is similar to the boundary
integral formulation [11, 12]. In this study an injection molding analysisis presented

showing the heat flow ruling in an injection mold particularly at the corner geometry.

2. Experimental

2.1. Mathematical model

The mass, momentum and energy conversation governing equations for the non-
isothermal, generalized Newtonian fluid are given by Equation 1-10.:

Continuity Equation:
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The viscosity model of fluid:
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In this study the control volume finite element method was used to solve the equations
above [13].

2.2. Part and mold design

To measure the effect of the process conditions on the part quality at corners of
injection molded parts a special specimen was designed (Fig.1.). The dimensions of the
V-top specimen are 65 mm x 75 mm x 2 mm. The sides of the part create an angle of
90°, and the deformation caused by technological parameters and material properties
can be quantified by the change of thisangle.

To enable examination of the warpage of different mold design and mold cooling cases,
an injection mold was constructed with changeable and variable inserts (Fig.2.). The
gate types can be changed with the use of gate insertsin the mold. Both unidirectional
and bidirectional cavity filling can also be achieved with the use of rotatable insertsin
the mold. This makes it possible to analyze weld lines at the corners.

The cavity pressure can be measured at the gate and at the end of the flow with the two
mounted sensors, allowing the processes in the cavity to be followed and controlled.
Warpage is basically influenced by cooling and it is very significant at corners,

therefore to investigate the effect of different mold temperature, an efficient cooling



system design was required. In order to control the cooling, sensors are implemented to

measure the core and cavity temperatures in the mold.

2.3. Smulation analysis

Autodesk Moldflow Insight 2011 injection molding simulation software was used to run
the cooling analysis on the model assembly of the V-top specimen, and the mold cavity
inserts, to investigate the heat transfer during injection molding (Fig. 2.). The model
consists of one single cavity using the geometry of the injection mold. 3D mesh type
was used to represent the model, filling the volume with four-node and tetrahedral
elements. The materia used was Daplen HD120MO (Boredlis). The temperature of the
mold insert was 40°C and the polymer melt temperature was 230°C.

The temperature at the mold surface should be as uniform as possible at the different
points to reduce the warpage to a minimum. The results showed that the temperature
distribution in the mold inserts was uniformly 40°C at the moment of filling (Fig. 3/a.).
The contact between the hot polymer melt and the mold increased the mold wall
temperature near the cavity (Fig. 3/b. and 3/c.). After approximately 7 seconds the heat
from the injected melt caused a temperature increase of 2°C in a narrow range round the
cavity in the cavity plate of the mold. The temperature of the core plate of the mold also
increased but in this instance to 46°C, creating a difference of 4°C between the two
sides of the mold. As aresult of the mold cooling circuits, approximately 21 seconds
after the cavity filling took place, the temperature of the stationary side of the mold was
generally at 40°C, with only arelatively small area close to the part surface indicating a
temperature slightly above 40°C (Fig. 3/d.). In contrast , the temperature of the moving
side of the mold was still seen to beincreasing. After 33 seconds the temperature of the
entire stationary half of the mold was cooled uniformly towards 40°C but the moving
side of the mold still continued to show an increase in temperature (Fig. 3/e.). After 50
seconds the moving side of the mold reached a temperature of 47.5°C, resulting in a
differential of 7.5°C between the two mold inserts (Fig.3/f, and Fig. 4.).

The time required to reach the required g ection temperature of 93°C through the entire
thickness of the part was studied in 3 positions: A, B and C (Fig.1.). At al 3 positions
an asymmetrical change of the required cooling time was observable (Fig. 5.). At the
corner of the part (position A), atime difference of 2 seconds was observed (at a
distance of 0.33mm or 16.67% in from the side surfaces). At position B, the largest
difference was 1 second (0.67mm or 33.33% from the walls). The largest differencein



the time needed to reach g ection temperature was at position C where atime of 4
seconds was seen (0.33mm or 16.67% from the walls).

The asymmetry can be observed in the cooling of the cross section of the part (Fig.6.). It
can be seen that whilst both outer surfaces of the part cooled rapidly towards the initial
mold temeprature of 40°C, the centre of the part cooled at a slower rate. The cooling
effect of the core half of the mold is less than that of the cavity due to the smaller
surface area available, resulting in aless efficient heat transfer. Thisin turn resultsin an
increase in the temperature of the core surface of the part as the heat cannot escape as
rapidly as on the cavity side.

After 33 seconds, comparing the temperature through the cross section of the part, it can
be seen that the average temperature was highest at position A and lowest at position C
(Fig.7). Moreover the temperature distribution through the thickness became more
symmetrical away from the corner. At position A atemperature difference of
approximately 10°C throughout the cross-section of the part is observable. At position C
this difference fell off to 6°C. This non-uniform change led to different shrinkage and
thus to the deformation of the part.

The cooling time can be determined for a plate-like part after Equation 11. [14]:

2
t =

cooling 2

L T Z Ty 5 (12)

Comparing the simulation results and the analytical result it can be seen that the

anal ytical method gives only an average value for the required cooling time. In contrast,
the simulation results showed that the corners actually required alonger cooling period
before g ection should take place.

4. Conclusion

In this study the temperature distribution ruling in injection molds, especially at corners
was anayzed with Autodesk Moldflow Insight 2011 injection molding simulation
software. The analysis showed that significant temperature difference appeared between
the two sides of the mold. Moreover the cooling of the injected part became
asymmetrical. This uneven cooling caused anisotropic shrinkage in the part which isthe

main cause of corner deformation.

Acknowledgment



This paper was supported by the Janos Bolyai Research Scholarship of the Hungarian
Academy of Sciences. Thiswork is connected to the scientific program of the
"Development of quality-oriented and harmonized R+D+l strategy and functional
model at BME" project. This project is supported by the New Hungary Development
Plan (Project ID: TAMOP-4.2.1/B-09/1/K M R-2010-0002).

References

[1] K. Prashantha, J. Soulestin, M.F. Lacrampe, E. Lafranche, P. Krawczak, G. Dupin,
M. Claes, Taguchi analysis of shrinkage and warpage of injection-moulded
polypropylene/multiwall carbon nanotubes nanocomposites, Express Polymer Letters
3(10) (2009) 630-638.

[2] J.G. Kovacs, B. Siklo, Experimental validation of simulated weld line formation in
injection moulded parts, Polymer Testing 29(7) (2010) 910-914.

[3] R. A. Malloy, Plastic Part Design for Injection Molding, Hanser, Munich 1994, pp.
63-84.

[4] H. Kikuchi, K. Koyama: Warpage, Anisotropy and Part Thickness, Polymer
Engineering and Science 36 (1996) 1326-1335.

[5] B. Mlekusch, The warpage of corners in the injection moulding of short-fibre-
reinforced thermoplastics, Composites Science and Technology 59 (1999) 923-1931.
[6] A. Ammar, V. Leo, G. Régnier, Corner deformation of injected thermoplastic parts,
International Journal of Forming Processes 6 (2003) 53-70.

[7] A. Oroszlany, J. G. Kovécs, Gate type influence on thermal characteristics of
injection molded biodegradable interference screws for ACL reconstruction,
International Communications in Heat and Mass Transfer 37 (2010) 766-769.

[8] K.K. Kabanemi, H. Vaillancourt, H. Wang, G. Salloum, Residual stresses,
shrinkage, and warpage of complex injection molded products: Numerical simulation
and experimental validation, Polymer Engineering and Science 38(1) (1998) 21-37.
[9] H.D.M. Hettiarachchi, M. Golubovic, W. M. Worek, W.J. Minkowycz, Three-
dimensional laminar slip-flow and heat transfer in arectangular microchannel with
constant wall temperature, International Journal of Heat and Mass Transfer 51 (21-22)
(2008), 5088-5096.



[10] A. Hgji-Sheikh, E.M. Sparrow, W.J. Minkowycz, Heat transfer to flow through
porous passages using extended weighted residuals method—a Green’s function
solution, International Journal of Heat and Mass Transfer 48 (7) (2005) 1330-1349.
[11] P. K. Kennedy: Practical and scientific aspects of injection molding simulation,
PhD thesis, Technische Universiteit Eindhoven, Eindhoven, The Netherlands, 2008.
[12] M. Rezayat, T. E. Burton, A boundary-integral formulation for complex three-
dimensional geometries, international Journal of Numerical Methods in Engineering 29
(1990) 263-273.

[13] Y.K. Shen,W.Y. Wu, S.Y. Yang, H.M. Jian, C-C.A. Chen, Study on numerical
simulation and experiment of lightguide plate in injection molding, Journal of
Reinforced Plastics and Composites 23 (11) (2004) 1187-1206.

[14] G. Menges, P. Mohren, Anleitung zum Bau von SpritzgieBwerkzeugen, third
ed.,Carl Hanser, Munich, 1991, pp. 290.



position
A

position

| i

Fig.1. V-top specimen
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Fig.2. Theinjection mold with the model for the numerical simulation
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Fig.3. Temperature gradient through the injection molded part and the mold
a) at the end of filling, b) 3 seconds after filling, ¢) 7 seconds after filling, d) 21 seconds
after filling, €) 33 seconds after filling, f) 50 seconds after filling
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Fig.4. Mold temperature change at the corner as a function of time
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Fig.5. Time to reach gjection temperature at the corner along part thickness
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Fig.6. Temperature of the part at position A through the cross section
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Fig.7. Temperature of the part 33 seconds after cavity filling



