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0  INTRODUCTION

In recent years, the rapid growth of the computer, 
communication and consumer electronics industries 
has driven demand for producing plastic parts 
with high-quality finishes. The surface gloss of 
thermoplastic parts is an essential characteristic as it 
affects the optical behaviour and the aesthetics of the 
parts [1]. Gloss varies with the refractive index of the 
polymer, the angle of incidence and the topography of 
the surface [2]. 

Previous studies on polymer injection moulding 
have indicated that gloss improves with increasing 
mould temperature [3] for some rubber-modified 
thermoplastics and for pigmented polypropylene [4]. 
Mould temperature was shown to have a significantly 
higher influence on gloss than melt temperature, the 
effect of the latter being negligible for acrylonitrile-
butadiene-styrene (ABS) [5]. Increasing the values 
of the holding time even out the gloss of ABS 
mouldings after an initial improvement [5], while an 
increase of packing pressure improves the gloss for 
the same polymer [6]. Cooling time has a negligible 
effect on gloss, both for stochastic [7] and geometric 
micro-structures [8]. Oliveira et al. [9] studied the 
modifications of the surface morphology and micro-
topography of injection-moulded ABS parts caused 
by the processing conditions and they related them 
with gloss. This work showed that the surface finish 
and appearance of injection-moulded parts are highly 
dependent on the process parameters and in particular 
on the mould temperature.

Moulding gloss can be substantially improved by 
increasing the cavity surface temperature. However, 
this solution involves higher manufacturing costs due 
to the significantly longer cooling time. Therefore, 
technologies for rapid mould temperature variation, 

known as rapid heat cycle moulding (RHCM), have 
been developed especially in the last decade [10]. 
In this process, a mould is first heated to a pre-set 
high temperature before melt injection, then kept 
at the high temperature during filling and packing, 
and finally cooled to solidify the polymer melt for 
demoulding. For amorphous polymers, the tool 
is heated up to a temperature that is 10 °C higher 
than the glass transition (Tg). The use of RHCM 
has come to prominence recently, mainly as a result 
of a commercial incentive to produce high-gloss 
mouldings without visible weld lines.

Among all available heat generation technologies, 
electrical resistive heating is the most widely used 
mechanism for rapid mould heating. It is usually 
accomplished by passing direct or alternating current 
in cartridge heaters or in a thin electrical conductive 
layer [11]. The first solution is robust but energy 
inefficient and slow while the latter is rapid but the 
thin conductive layer wears out extremely quickly. 

Alternatively, high-frequency electrical current 
can be generated at the surface of a large mould 
mass by the skin effect from a high-frequency 
electromagnetic field. Two useful technical 
approaches for implementing this skin effect are 
induction heating [12] and proximity heating [13]. 
Induction heating has been effectively used to 
improve the appearance of moulding surfaces [14] and 
to assist the micro-injection of high aspect ratio micro-
features [15]. This technology was also employed in 
compression moulding [16]. Infrared radiation has 
also been applied for heating the cavity surface [17] 
and [18]. However, induction, proximity and infrared 
heating require high initial investments in equipment. 

Another solution to thermally cycle the mould 
temperature is by alternating two heating and cooling 
fluids in the mould [19]. These fluids impose a 
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convective heat flux at the fluid-solid interface. The 
hot fluid may be circulated inside the mould or directly 
introduced to the mould surface from the cavity. 

Efficient heating can be achieved using either 
superheated steam [20] or pressurized hot water 
circulating in conformal cooling channels [21] or 
ball bearing-filled slots located in proximity of the 
cavity wall and connected in a series with the cooling 
channels [22]. Both the conformal channels and ball 
bearing filling allow rapid and uniform heating of the 
cavity and provide mechanical support to contrast 
high injection pressures. However, conformal cooling 
channels are expensive to produce while ball bearing-
filled slots can be realized only for parts with plane 
geometry.

In this work, an innovative RHCM system has 
been developed to overcome the limitations of the 
available technologies [23] and [24], and has been 
used to analyse the effect of rapid variation of the 
mould temperature on moulding gloss. The proposed 
solution is based on the ball filling technology but 
replaces ball bearings with inserts made of open-
cell aluminium foam, which possesses high strength 
for structural applications, and elevated convection 
coefficients for heat transfer [25]. 

1  MOULD DESIGN

The heating and cooling system geometry is of 
considerable importance because it affects the heating/
cooling efficiency and temperature uniformity. In this 
work, a new mould, based on the use of open-cell 
aluminium foam, was designed. A 64×24×2 mm cover 
plate was chosen as a test case to study the efficiency 
of the proposed solution (Fig. 1). 

Fig. 1.  Cover plate used as a case study

Fig. 2 is a schematic representation of the new 
RHCM mould. A K-type thermocouple was placed 
1 mm from the cavity surface to detect the mould 
temperature profile during the moulding cycle. The 
layout of the heating/cooling system in the cavity 
insert is reported in Fig. 3. 

Fig. 2.  Model of the RHCM mould

Fig. 3.  Layout of the heating/cooling systems in the cavity insert

   a)                                  b)                                    c)
Fig. 4.  Layout of the different RHCM systems: a) 90×33×20 

mm aluminium foam, b) 90×30×10 mm aluminium foam and c) 
90×30×10 ball filling

Two slots were realized at a distance of 6 mm 
from the cavity surface and were filled with three 
different inserts (Fig. 4). First, two inserts of open 
cell aluminium foam of 90×33×20 mm were used. 
The metal foam, supplied by ERG Materials and 
Aerospace Corporation, has 5 pores/cm (Fig. 5). In 
the second arrangement, a 90×30×10 mm insert of 
aluminium foam was used. For comparison, the cover 
plate was produced replacing the aluminium foam 
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with a ball bearing filling. The balls have a diameter 
of 10 mm (Fig. 6). 

Fig. 5.  Insert made of open cell aluminium foam

Fig. 6.  Mould slot filled with bearing balls

2  EXPERIMENTAL METHOD

The polymer used in this study is an ABS (BASF 
Terluran KR 2922). The material was characterized 
by means of a differential scanning calorimeter (TA 
Instruments Q200). The measured glass transition 
temperature is 95.35 °C. 

The injection speed and the melt temperature 
were set to the highest limits of the moulding window 
in order to decrease the viscosity of the polymer 
during the injection phase. The experimental tests 
were conducted on a 1100 kN injection moulding 
machine (Wittmann-Battenfeld HM110). Before the 
injection phase, the mould was heated with water 
circulating at a temperature of 140 °C until the 
temperature in correspondence of the thermocouple 
position reached 100 °C. After the packing phase, it 
was cooled with water at 30 °C. A high-performance 

thermal unit equipped with two conditioning systems 
and a valve exchange unit (Wittmann-Battenfeld 
Tempro plus C160 Vario) was used to rapidly vary 
the cavity surface temperature. The valve exchange 
device alternates the heating water and the cooling 
water into the channel system by switching the status 
of the corresponding control valves. When the mould 
is still open, the hot water flows into the channel by 
opening the valve. The energy transferred from the 
hot water to the mould plate heats the cavity surface. 
The velocity of the cooling water must be high 
enough to maintain the turbulent flow for cooling the 
mould. When the cavity surface is heated to a high 
temperature, the mould is closed in preparation for the 
filling process. When the heating process is finished, 
the temperature at the cavity surface reaches the target 
value for assistance in the filling and packing of the 
melt. At this time, the valve control is switched to the 
cold water flowing into the channels, and the cooling 
process begins. 

Fig. 7.  Comparison of temperature profiles relevant to the different 
heating/cooling systems

As shown in Fig. 7, the first technology, based on 
the single use of metal foam, allows drastic reductions 
of the heating and cooling times, by about 7 and 16 s, 
respectively. Table 1 reports the heating and cooling 
rate values for the three tested RHCM systems. 

Table 1.  Heating and cooling rate values for the three tested RHCM 
systems

Heating rate [°C/s] Cooling rate [°C/s]
20 mm foam 5.0 2.4
10 mm foam 1.9 2.4
10 mm ball bearing filling 1.7 2.0

For RHCM, the required heating and cooling 
time of the mould mostly depends on the mass of the 
cavity/core to be heated and cooled. A mould with a 
low thermal mass exhibits a low thermal inertia and 
can be rapidly heated and cooled. With an increase of 
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the thickness of the metal foam inserts, the volume of 
the material being heated is reduced with a consistent 
improvement in cycle time.

3  EFFECT OF RHCM ON THE PRODUCT APPEARANCE

All heating/cooling systems allow producing high-
gloss parts without visible weld lines, which should 
be located near each hole (Fig. 3) of the cover frame 
shown in Fig. 8 if this part was moulded using a 
conventional injection moulding process. This is due 
to the fact that all of the tested systems were able 
to reach mould temperature values higher than the 
glass transition temperature of the ABS used in the 
experiments. 

Fig. 8.  High quality cover plate

Only the cover plates produced using the new 
RHCM technology with metal foam of 90×33×20 
mm were chosen for the gloss analysis. Surface gloss 
is a subjective impression created by the light flux 
reflected by a part. In industrial practice, surface gloss 
is often expressed in relation to the reflection from an 
ideal polished black surface in the specular direction 
[26] and [27]. Gloss is measured with a glossmeter, 
and the results are expressed in gloss units (GU), 
which are calculated as the reflectometer reading for 
the surface concerned calibrated with respect to that 
of a standardized black glass plate with a known 
refractive index. Spectrophotometers operating in 
the reflection mode and diffractive optical sensors 
have also been used to study the gloss differences of 
injection-moulded plastic products. 

In this study, the effect of the rapid variation of 
the mould temperature on surface gloss was analysed 
using a UV/VIS spectrophotometer (Jasco, V-570) 
operating in reflection mode. The total reflectance 
at point A was measured (Fig. 9). The angle of 
incidence of the spectrophotometer is fixed to 8° to 

the perpendicular direction. The diameter of the probe 
beam of the spectrometer was adjusted to 3 mm. 
The diffuse reflectance was measured by trapping 
and removing the specular component. The specular 
reflectance was calculated by subtracting the diffuse 
reflectance from the total reflectance. 

Fig. 9.  Measurement location

The process variables that were analysed in the 
experimental design were the mould temperature 
values measured by the thermocouple at the injection 
(T1) and the ejection (T2) phases. A simple one-
factor-at-a-time design was used, according to values 
reported in Table 2. Each experiment was replicated 
four times. 

Table 2.  One-factor-at-a-time experimental design

Experiment T1 [°C] T2 [°C]
A 60 60
B 80 60
C 100 60
D 100 50
E 100 70

Keeping heating and cooling water temperatures 
at constant values of 140 and 30 °C, respectively, T1 
and T2 were set by varying heating and cooling times 
according to the temperature profiles shown in Fig. 7.

Fig. 10 shows the comparison of average 
reflectance results (as mean reflectance values per 
treatment). A one-way ANOVA conducted on the first 
three experiments revealed that the mould temperature 
at injection (T1) has a significant influence on the 
reflectance (Fig. 11). The results show a significant 
difference in surface gloss between the conventional 
injection moulding process (T1 of 60 °C, experiment 
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A) and RHCM with mould temperature higher than 
Tg (experiment C). Such high-glossy surface can be 
explained by the fact that only at temperatures higher 
than Tg can the mirror-finished surface of the cavity 
be entirely replicated onto the moulding surface, 
because the injected polymer melt cannot solidify at 
first mould contact.

Fig. 10.  Specular reflectance from the test location

Fig. 11.  Influence of the mould temperature at injection (T1) on 
reflectance

A one-way ANOVA conducted on the last three 
experiments revealed that the mould temperature 
at ejection (T2) has a negligible influence on the 
reflectance. This setting is, however, essential for 
keeping cycle time values low.

5  CONCLUSIONS

In this work, an innovative RHCM system has been 
developed and used to analyse the effect of the rapid 
variation of the mould temperature on appearance 
of injection-moulded parts. The proposed solution is 
based on the ball filling technology (BFMOLDTM) 
but replaces ball bearings with inserts made of open-
cell aluminium foam, which allow increasing the 
heat exchange surface as compared to the traditional 

cooling channels. A prototype mould was designed 
and realized. Two inserts of open-cell aluminium 
foam were placed just under the cavity surface and 
were integrated in the conditioning system of the 
mould. The metallic foam allows the flowing of a fluid 
at a controlled temperature and generates a cavity 
structure that favours an evenly spread tempering 
system immediately below the mould surface. 

The temperature profile near the cavity surface 
was detected by a thermocouple and was compared 
with experimental values measured in the same 
reference point, using thinner metallic foam inserts 
and ball bearing filling. The comparison between the 
ball bearing filling technology and the RHCM system 
with metal foams shows that the solution proposed in 
this work allows an improvement in the cycle time 
of about 16 s. Furthermore, the mould cavity heating 
combined with the rapid cooling of the moulded part 
contributed to eliminating the development of visible 
weld lines and to producing high-gloss parts.

The innovative RHCM system was used to 
analyse the effect of rapid variations of the mould 
temperature on the specular reflectance of the 
moulding surface. The rapid heating and cooling to 
the mould surface leads to a significant improvement 
in surface gloss when heating the mould up to a 
temperature higher than Tg. This is mainly because the 
high cavity surface temperature can prevent the melt 
from freezing prematurely in the filling and packing 
stage and improve the replication of the mirror-
finished cavity surface, resulting in superior aesthetics 
(no visible weld line) and higher gloss.
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