Effects of Different Mould Coatings on Polymer Filling Flow in Thin-Wall
Injection Moulding

M. Sorgato', D. Masato', G. Lucchetta’

" Department of Industrial Engineering, University of Padova, via Venezia 1, 35131 Padova, Italy

Abstract

Injection moulding of parts having high flow length/thickness ratio is a challenging task for both micro and packaging
applications. In the filling phase, high-speed injection can cause a raise of cavity pressure, which prevents the
complete replication of the mould geometry. Therefore, in this paper, the effects of three mould coatings, such as
aluminium oxide, diamond-like carbon and silicon oxide, were investigated. In particular, the filing of a
representative micro-part was studied as a function of mould coating, injected polymer and different process
parameters, in order to identify the effects of heat conduction and wall slip related to the coatings.
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1. Introduction

Computer, communication, consumer electronics
and packaging industries are increasingly demanding
lighter and thinner parts due to economics and
environmental reasons. In fact, a reduction of the main
wall thickness generally leads to a smaller part volume
and, therefore, to a lower material cost and impact. A
thinner wall also results in a shorter cycle time,
decreasing the process environmental and
economical burdens [1]. Thin-wall designs are also
common in micro-structured components for optical
and biomedical applications, such as light guide plates
and micro fluidic devices. The very high flow
length/thickness ratio of thin-wall parts can cause a
raise of cavity pressure in the filling phase, which
prevents the complete replication of the mould
geometry, especially surface micro features [2]. A
reduction of flow resistance can be effectively
achieved by increasing the injection speed or the
mould temperature. High-speed injection moulding
permits the melt to fill the cavity before the growth of
the solidified skin layer hinders the flowing core.
However, it produces a non-uniform pressure
distribution in the cavity, which often generates quality
problems [3]. Alternatively, the flow resistance can be
reduced using Rapid Heat Cycle Moulding (RHCM)
technologies, which maintain the mould cavity surface
at a relatively high temperature during the filling phase,
counteracting the development of the solidified skin
layer [4]. As an alternative solution, Chen et al.
proposed the use of cavity surface coatings made of
low thermal conductivity materials for improving the
quality of ABS parts [6].

In this work the effects of three cavity surface
coatings, viz. aluminium oxide, diamond-like carbon
and silicon oxide, on the filling flow of polyethylene
terephthalate (PET) and polystyrene (PS) were
experimentally investigated under different injection
moulding conditions. A numerical model of the process
was calibrated by inverse analysis to identify the
thermal boundary conditions that characterize each
coating in relation to the filling pressure.
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2. Experimental
2.1. Mould design

The cavity used in the experiments is an open flow
micro channel characterized by a length of 40 mm, a
width of 6 mm and two alternative thickness value of
400 and 800 ym (Figure 1).

The mould was designed to mount, on its moving
half, inserts with different coatings, all characterized by
a depth of 400 pm. The thickness of the channel was
varied by changing the fixed side from a flat surface to
a 400 um deep channel.

2.2. Mould surface coatings

Three different mould surface coatings
technologies were selected: (i) atomic layer deposition
(ALD) of Al20s, (ii) diamond like carbon (DLC) and (iii)
plasma-enhanced chemical vapour deposition
(PECVD) of SiOx (Table 1).

Table 1
Main characteristics of the selected mould surface
coatings.

Insert Coating Coating Thickness in ym

A R R
B Al203 0.02-0.05
Cc DLC 0.5-5
D SiOx 0.5-5

The coated mould inserts were evaluated both in
terms of surface quality and channel geometry.
Morphology and continuity of the coated surface was
observed using scanning electron microscopy (FEI,
Quanta SEM 400). The surface roughness of the
coated inserts was characterized using a contact
stylus roughness tester (Zeiss-TSK Surfcom 1400A),
with a cut-off filter of 0.25 mm and a background noise
below 7 nm Ra. Results were not showing significant
differences in roughness parameters among coated
surfaces, with average values of Ra in the range 25-
45 nm.
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Fig. 1. Design of the mould cavity and of the part.

The mould cavity inserts were also characterized
in terms of form errors and depth uniformity of the
coated channel, using a coordinate measuring
machine (ZEISS, Prismo VAST 7) with contact
probing, to ensure that no significant geometrical
differences among channels exist after coating.

2.3. Cavity pressure measurements

The cavity pressure during the pyIM process was
directly measured using a Kistler 6182C piezoelectric
pressure sensor, positioned at 6 mm from the injection
location. The piezoelectric charge signal from the
sensor was then converted into an output voltage
using a Kistler Type 5039A charge amplifier, which
was monitored with a National Instruments NI 9205 16-
bit analog input module. The acquisitions were
performed with a number of samples of 10 at a rate of
80,000 s

2.4. Materials and manufacturing system

An amorphous polystyrene (PS, Total PS Crystal
1540) and a semi-crystalline  polyethylene
terephthalate (PET, Cepsa PET SR08) were
considered in the study (Table 2).

Table 2
Tested materials main properties.
Property  Unit M(Tjrf(t) g PS  PET
Density glcm?® ISZ(:)2c1)(1)23 1.04 1.33
MEL gomin  SOT133 a2 e
Tq o SOMVST 400 g0

The rheological characterization for both the
materials was performed by means of rotational (TA
Instruments, ARES) and capillary rheometer (Ceast,
Rheo 250). Drying cycles were performed for the PET
at 180 °C for 8 hours, with a dew point of - 45 °C. The
adsorbed moisture, and its influence on the Newtonian
viscosity, was related to the drying time by measuring
the residual humidity using a moisture meter
(Brabender, Aquatrac).

2.5. Experimental design

The flow of the polymer melt was experimentally
analysed by varying the injection speed (Vinj) for both
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polymers. The mould temperature (Tm) was varied only
for PS in order to study its effect above the glass
transition temperature. The melt temperature (Tv) was
varied only for PET in order to increase its viscosity
and so the shear stresses at the wall. The range
values for the selected variables were defined
considering the literature, recommendations of the
materials supplier and the technological limits of the
available experimental setup (Table 3). The tests were
performed using different depth of the coated channels
for the two polymers. In particular, a channel depth of
800 ym was adopted for PET, a depth of 400 pm for
PS, accordingly with their different rheological
properties. For each moulding condition 5 acquisitions
were collected, one every 5 cycles and each material
was taken from a single batch.

Table 3
Processing conditions for the experiments.

Parameter PS PET
Tmin°C 80, 120 15
. 300, 295, 285"
o 1 ’ s
Toin °C 240, 230, 210 280, 275, 270"
Vinj in mm/s 100, 200, 300, 450, 600, 750

" Temperature values set for each barrel zone
3. Modelling
3.1. Slit flow model

For a straight, rectangular channel having length,
L, width, w, and thickness, h, with the assumptions of
a fully developed steady state laminar flow with no-slip
on the wall, the apparent shear rate and real shear
stress in the slit model are given by:

Yuiapp) = 6Q [ (Wh?) M
and
Twirea) =wh [ [2 (w + h)] - (F-AP /L) (2)

where Q is the volumetric flow rate and AP the
pressure drop. According to the Walter correction [8],
the wall shear rate of a non-Newtonian fluid can be
determined by:

Ywireal) = Yw(app) (21 3 +n/3) (3)

where n is the power law index, which can be
calculated using the Schiimmer approximation:

x"=[(3n + 1) [ 4n]("-1) 4)

where x* is a weak function of n, which is 0.79 for
a slit geometry [8].

3.2. Numerical model

The non-Newtonian and non-isothermal filling flow
of the polymer melt was modelled using the injection
moulding simulation software Autodesk Moldflow. The
geometry of the mould cavity was discretized with a
dual domain mesh, with a global edge length of 0.2
mm and merge tolerance of 0.01
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Fig. 2. Cavity pressure measurements for PET at a) T, = 300 °C and b) T, = 280 °C.
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Fig. 3. Cavity pressure measurements for PS at a) T, = 120 °C and b) T, = 80 °C.

mm (~14,000 triangular elements).

The rheological data for the thermoplastic
materials were implemented considering the Cross-
WLF parameters obtained from the rheological
characterization of the polymer. The flow rate filling
control was set accordingly with the experimental
values of the injection speed and the diameter of the
injection plunger. The numerical value of the cavity
pressure was obtained in a mesh node positioned at
the same distance from the injection location as the
pressure sensor in the experimental setup.

The polymer flow during the injection moulding
process is inherently transient and includes a free
surface moving through narrow cavities, thus a good
model for the mould-melt heat transfer coefficient
(HTC) is essential to describe the non-continuous
temperature distribution at the interface and to predict
the cavity pressure.

The numerical model was employed in the study
to understand how the cavity pressure is influenced by
the injection speed and by the HTC value. Preliminary
results indicated that the HTC, in agreement with the
physics of the process and the results reported in the
literature, is the parameter responsible for the shifting
of the cavity pressure curves.

3.3. Inverse analysis

The value of the HTC that forces the numerical
results to fit the measured pressure values for each
coating was determined using an inverse analysis
approach. The differences between numerical and
experimental pressure values were minimized using
an iterative optimization algorithm. Artificial neural
networks (ANN) were used as a meta-model to locally
approximate the simulation results. The artificial neural
networks were trained to reproduce the results of the
simulation [9], for all the 12 experimental process
conditions. For each iteration and for the
corresponding values of the 12 input factors, the
neural networks previously trained approximated the
numerically calculated pressure values, in order to
compare them to the pressure experimentally
measured.

4. Results and discussions

Figures 2 and 3 show the relationship between the
steady-state cavity pressure and the injection speed
for PET and PS. Comparing the coated inserts with the
uncoated one it is clear that coatings reduce PET flow
resistance up to 8% at Tb = 300 °C. This effect is still
evident but less significant (-5%) at Tp = 280 °C. DLC
has a lower influence on pressure reduction at both
temperatures while Al203 and SiOx have a larger effect
but it is very sensitive to the melt temperature. The
same coatings have different effects on PS flow
resistance at Tm = 80 °C. While Al203 reduces the
pressure up to 3% at high injection speeds, DLC and
SiOx increase it up to 6%. At Tm = 120 °C the coatings
consistently show the same trend but with attenuated
effect. Considering the minor pressure reduction
obtained with PS further investigations were focused
only on PET.

In injection moulding the wall shear stress
increases with shear rate for a non-slip wall-polymer
interface. According to Mhetar and Archer, there are
three slip regimes: (i) a weak slip regime at low shear
stresses; (ii) a stick-slip regime at intermediate shear
stresses marked by periodic oscillations in slip velocity
and shear stress; (iii) a strong slip regime at high shear
stresses [11]. Figure 4 depicts the flow curves of PET
melts for the different inserts. For inserts A, C and D
the shear stress gradually increases with shear rate
with smaller slope and the polymer melt might be in the
weak slip regime.
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Fig. 4. Flow curves obtained for PET at T, = 300 °C.



For insert B the shear stress oscillates with an
increasing shear rate. This indicates that polymer melt
might be located in the stick-slip regime.

As wall slip is likely to occur at high shear rates
and the numerical model is based on a non-slip wall-
polymer interface, the numerical simulation was
calibrated using the experimental results obtained at
low values of injection speed. With reference to insert
A (uncoated) and C (DLC). Figure 5 shows a
comparison between experimental and numerical
results, the latter varying only the calibrated HTC
value. The numerical simulation fits well the pressure
results obtained for the uncoated insert even at high
injection speed. However, for insert C a constant value
of HTC is clearly incapable of reflecting the complex
behaviour of the polymer at the mould wall, which is
likely to be influenced by wall slip. This calibration
strategy allowed to separate the effects of heat
conduction from the wall slip related to the low-friction
coatings.

Table 4 reports the values of HTC determined for
each coating in relation to their characteristics in terms
of thickness and thermal conductivity, as provided by
the suppliers.

Table 4
HTC values determined for the different coatings.
_ HTC Therm_al_ C_oating
Insert Coating W/m2K Conductivity Thickness
W/mK um
A - 920 25-30 -
1.5-3 0.02 -
B Al203 758 0.05
C DLC 772 5-10 0.5-5
D SiOx 736 1-2 0.5-5

Insert D has the lowest value of HTC, due to the
low values of both thermal conductivity and thickness.
Even though SiOx and Al203 have the same thermal
conductivity the coating of insert B is thinner, which
results in a higher value of HTC. Eventually, insert C
has the highest HTC due to its elevated thermal
conductivity, which is still an order of magnitude lower
than the mould steel.

5. Conclusions

This work focused on the effects of Al2O3, DLC
and SiOx coatings on the reduction of filling flow
resistance in thin-wall injection moulding of PET and
PS. The flow curves of a slit cavity with thicknesses of
400 and 800 um were analysed and modelled.

The experimental results indicated that all the
coatings could be effectively exploited to reduce the
cavity pressure (up to 8%) for PET. For PS only Al203
caused a reduction of the filling pressure of (up to 3%).

The experiments also gave some insight into the
influence of the process parameters. In particular, for
PET the lower value of melt temperature attenuated
the coatings effect. With PS, an increase in mould
temperature reduced the influence of the coatings on
the filling pressure. High values of wall shear stress
indicated the onset of a slip regime. As wall slip occurs
at high shear rates, a numerical model was calibrated
using the experimental results obtained at low values
of injection speed.
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Fig. 5. Comparison between experimental and numerical
results for PET at T, = 300 °C.

In this way a HTC was identified for each coating,
separating the effects of heat conduction from the wall
slip. Experimental and numerical results clearly
indicate that the investigated mould coatings can be
effectively exploited to reduce the filling pressure of
PET, aiding the complete replication of the mould
geometry. In particular, SiOx is more effective in
lowering the HTC at low shear rates while Al20s
promotes the wall slip at the interface at high shear
rates.
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